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RELAXATION PHENOMENA IN NMR
OF PARAMAGNETIC SPECIES

The coupling between unpaired electrons and
resonating nuclei affects the NMR parameters.
The nature of the isotropic shifts is well unders-
tood in principle and applications in biochemistry
are numerous and well documented [1,2]. We will
here discuss the factors affecting nuclear relaxa-
tion from the point of view of: 1) determining the
electronic relaxation times; 2) understanding
which metal ions provide reasonably sharp NMR
lines; 3) how to affect the electronic relaxation ti-
mes; 4) providing a method for assigning the va-
rious resonances; 5) understanding which magne-
tic field is more suitable for a given system. This
background is essential for any NMR experiment.
The investigation of solvent 1 H T 1 as a function
of magnetic field (nuclear magnetic relaxation dis-
persion, NMRD) in presence of paramagnetic me-
tal ions in a large magnetic field range may provi-
de the electronic relaxation time of the metal ion
together with structural and dynamic information.
Of course such information can be obtained only
if the correct equations are used to describe the
nucleus-unpaired electron(s) coupling. We have
definitely shown which parameters of the spin
hamiltonian cannot be neglected in the treatment
of each particular case [3].
Nuclear T 1 measurements, even at a single fre-
quency, provide a helpful tool to proceed with the
assignment of the resonance lines and give a
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rough idea of the correlation time for the nucleus-
-unpaired electron(s) coupling. Such informations
are contained also in the linewidth (T 2 ) which,
however, is affected by many other contributions.
One contribution to the linewidth is due to the
rotation of the time-averaged magnetic moment of
a single molecule (Curie relaxation). Such value
increases with the square of the applied magnetic
field and affects the nuclear relaxation inversely
to the sixth power of the nucleus-electron distan-
ce. NMR experiments at different (large) magnetic
fields provide an independent tool for signal as-
signment [4].
Magnetic coupling between paramagnetic metal
ions in the same molecule dramatically affects the
electronic relaxation times specially of the slower
relaxing metal ion. This route may allow to inves-
tigate, via NMR, systems which otherwise would
provide signals far beyond detection. For exam-
ple, in copper-zinc superoxide dismutase the iso-
tropically shifted signals are too broad to be de-
tected. Insertion of cobalt(II) in the place of zinc
provides an excellent system to be investigated
through 'H NMR spectroscopy [5].
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THE DOMAIN STRUCTURE
OF CALMODULIN:
SOME RECENT BIOPHYSICAL STUDIES

1 — INTRODUCTION

Calmodulin (CaM) is an important Ca 2+ depen-
dent regulatory protein (M r = 16,700) that is pre-
sent in seemingly all eucaryotic cells [1]. The pri-
mary sequence of CaM from a number of sources
has been determined and these studies show: (i)
that the amino acid sequence of CaM is highly
conserved throughout evolution; (ii) the presence
of four homologous regions predicted to have the
secondary structure «helix-loop-helix» with the
loop constituting a potential Ca 2 + binding site of
the «EF-hand» type (fig. 1)

NHAc IMO OM NM INI
	

COOH

TR i C 	 TRZC

Fig. I

Schematic structure and tryptic cleave sites of CaM

At the time of writing the X-ray structure of CaM
is not yet known although considerable progress
has been reported. The molecular properties of
CaM have over the last few years or so been sub-
ject to study by biochemical and biophysical —
primarily spectroscopic — techniques. A recent
line of research that has proved to be particularly
fruitful is the study of different proteolytic frag-
ments of CaM. One of the most striking results of
these studies has been that many of the physical
properties of CaM can be closely represented by a
superposition of the properties of the two tryptic
fragments, TR, C and TR 2 C — essentially com-

prising the N-terminal and C-terminal half of the
native molecule (cf. fig. 1) [2-6]. In this lecture we
will discuss some recent biophysical studies of
CaM and its tryptic fragment — studies that illus-
trate to what extent CaM indeed can be consi-
dered as consisting of two largely independent
domains. We will also address the question of
cooperative binding of Ca 2

+.

2 — NMR STUDIES

NMR studies of CaM and its proteolytic frag-
ments illustrate well the versatility of the NMR
method and the complementary information that
can be obtained through studies of different mag-
netic nuclei. 'H NMR can be used to detect con-
formation changes in the protein induced by metal
ion binding. 43 Ca NMR has provided data on the
kinetics of ion binding — data that has only
recently been supplemented by stopped-flow mea-
surements. 13 Cd NMR is uniquely suited to deter-
mine metal ion populations at individual ion bin-
ding sites and has given convincing evidence for
cooperative ion binding in CaM and TR 2 C. In
addition 113 Cd NMR is useful for monitoring con-
formation changes in the protein as a result of
drug binding etc.

tH NMR

In 'H spectra of CaM two distinct phases are
observed as Ca 2+ is successively added to the Ca 2'
free protein. The first two Ca 2+ ions to bind cause
conformation changes that are in slow exchange

(k exch< 10 s - '). The spectrum during this phase is
a superposition 'of two spectra with varying rela-
tive intensities — one increasing as the other
decreases [4-10]. The obvious interpretation is that
only CaM and (Ca) 2 CaM coexist to a measurable
degree. A completely analogous behaviour is
shown by the fragment TR 2 C indicating that here
only TR 2 C and (Ca) 2 TR 2 C coexist in solution. By
contrast '1-1 spectral changes of CaM upon addi-
tion of the third or fourth Ca 2+ or of TR,C upon
addition of two Ca 2+ are continuous indicating
conformation changes in fast exchange

(kexch> 500 s - '). Thus 1 H NMR indicates (i) the
strong (slowly dissociating) Ca 2+ sites are III and
IV; (ii) Ca 2+ binding to sites III and IV is positi-
vely cooperative in both CaM and TR 2 C.
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tt3Cd NMR

'H NMR spectra of CaM, TR 1 C and TR2 C are
almost identical whether Cat+ or Cd 2+ is added
thus justifying the use of Cd 2+ as a probe for
Cat. . When 13 Cd 2+ is added to either CaM or
TR 2 C two well resolved NMR signals at about
—100 ppm are observed [3,4,9]. These signals in-
crease in intensity in parallel up to a Cd/CaM (or
TR 2 C) ratio of 2:1. This behaviour is observed
both at low ionic strength (I = 0.030) and at high
ionic strength (0.15 KCI). We consider this very
convincing evidence for cooperative metal ion bin-
ding to the pair of sites III and IV. The chemical
shifts of the two 13 Cd signals are virtually the
same in CaM and TR 2 C providing evidence for
the structural autonomy of the C-terminal half of
CaM [3].

43Ca NMR

From the temperature dependence of the 43 Ca
NMR signals in the presence of either CaM or
TR 1 C values of k °ff for the two weakly bonded
Cat* ions have in both cases been determined
to = 10 3 s - ' at 25°C [3,11].

3 — STOPPED-FLOW KINETIC STUDIES

Through the use of the newly developed fluores-
cent Cat' chelator «Quin 2» [12] it has recently
been possible to determine directly the rates of
dissociation of Cat* from CaM, TR 1 C and TR 2 C
[13,14]. Two exponential rate processes can
clearly be resolved. For CaM at 19°C and low io-
nic strength (20 mm pipes) the fast rate was

k óff 550 s - ' and the slow rate k 'off .= 5 s -1 . The
amplitude factors obtained convincingly show that
both processes correspond to the release of two

Cat' ions. Since the off rates differ by two orders
of magnitude it is reasonable to attribute the two
processes to dissociation of Cat+ from the two
strong (III and IV) and two weak binding (I and
II) sites respectively. The picture does not qualita-
tively change in the presence of 100 mm KCI. Stu-
dies of the fragments TR 1 C and TR 2 C revealed
several interesting facts. Under similar experimen-
tal conditions the rates of Cat* dissociation from
TR 1 C (koR'c 400 s - ' ) and TR2C (k oR ,C = 10 s - ')
are nearly equal to those for the fast and slow
processes in CaM!
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4 — THERMOCHEMICAL STUDIES

A comparative study of the enthalpy change asso-
ciated with the binding of Cat+ to CaM, TR 1 C
and TR 2 C has recently been made by SELLERS
et al. [ 15,16]. The enthalpy change is negative at
ambient temperatures in line with results for ho-
mologous Cat+ binding proteins. LH cam and
OH TR2C are closely linear with the Cat+/CaM ratio
in the range O to 2 — a behaviour compatible
with cooperative Ca?+ binding. At 25°C the total
enthalpy change for the binding of 4 Cat . to CaM
is HM== —33 kJ/mol. At the same temperature
the enthalpy changes accompanying the binding of
2 Cat+ to tryptic fragments are: AH TR,C nn —16
kJ/mol and AHTR2C a —14.5 kJ/mol. The sum
AH TR,C + AH TR2 C _30.5 kJ/mol, is strikingly
close to AH cam . The entropy change associated
with Cat+ binding to CaM, TR 1 C and TR 2 C is
positive in all cases.

5 — CONCLUSION

The data briefly outlined above convincingly show
that the binding of Cat+ ions to sites III and IV is
a cooperative process in both CaM and TR 2 C —
of sites I and II we still know too little to say.
Within a small margin CaM may in many respects
be considered to be constructed from two do-
mains comprising the N-terminal and C-terminal
half of the molecule. This should however not
lead one to think that the sum of the two halves
equals the whole under all circumstances. In parti-
cular the interplay between CaM and other mole-
cules, drugs and/or target proteins, will be depen-
dent on the presence of the unbroken protein allo-
wing for joint interaction of different regions as
clearly demonstrated by the unability of fragments
to activate target proteins [17].
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DESIGN OF CORECEPTOR MOLECULES
FOR POLYNUCLEAR
AND PHOTOACTIVE METAL ION
COMPLEXES

Coreceptor molecules containing several metal
binding subunits arranged in a macropolycyclic
framework may form various types of polynuclear
complexes in which the distance and arrangement
or the cations, held inside the molecular cavity,
may be controlled via ligand design. They allow
to study cation-cation interactions (magnetic cou-
pling, electron transfer, modified redox proper-
ties) as well as the inclusion of bridging substrates
to yield cascade complexes, of potential interest
for bioinorganic modelling and multicenter-mul-
tielectron catalysis.
Depending on the nature and number of binding
subunits and of connecting bridges used as buil-
ding blocks, a variety of macropolycyclic structu-
res may be envisaged. Ligands containing two
units of chelating, tripodal or macrocyclic type,
bind two metal ions to form dinuclear cryptates
of various types.
Receptors combining several subunits have the
potential ability of assembling metal ions and
bridging species within their molecular cavity to
form cluster cryptates.
Metalloreceptors incorporating selective binding
subunits for the simultaneous complexation of
both metal ions and organic species form mixed-
-substrate supramolecular species, as shown for
instance by a structure containing metalloporphy-
rin centers and a bound diammonium ion.

[5]
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The introduction of photoactive groups (such as
porphyrin or 2,2'-bipyridine) leads to complexes
which may act as photosensitizers and units for
charge separation centers in the design of systems
for artificial photosynthesis.
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STRUCTURE AND MAGNETISM
OF IRON-SULFUR CLUSTERS IN PROTEINS

Recent research has shown that iron-sulfur pro-
teins provide us with an ever expanding variety of
cluster structures. Although studies of the
T. thermophilus Rieske protein [1] have yielded
interesting new information (ligands other than
cysteine coordinate to [2Fe-2S] clusters) the major
new developments involve proteins containing 3Fe
and 4Fe clusters.
Although 3Fe clusters were discovered only a few
years ago, present evidence suggests that such
clusters occur with different Fe/S stoichiometries
and different structures. The only available X-ray
crystal structure is that of ferredoxin I from
A. vinelandii; the data reveal a [3Fe-3S] cluster
which is a nearly planar ring, with Fe-Fe distances
of 4.1 A. On the other hand, EXAFS and Reso-
nance Raman studies, as well as analyses of Fe/S
stoichiometries, show that the 3Fe clusters of
most proteins have the classic cubane-type struc-
ture with one Fe atom missing, and are probably
of the [3Fe-4S] type [2]. Recent studies of the
enzyme aconitase have demonstrated that the
[3Fe-4S] cluster (electronic spin S = 1/2) of inacti-
ve aconitase can be converted into a [3Fe-4S] clus-

Rev. Port. Quím. , 27 (1985)

ter (S = 5/2) with a linear arrangement of iron
atoms [3].
Spin-coupling models have been published for
both the S =1 /2 [4] and S = 5/2 [3] states of oxi-
dized 3Fe clusters. MCD studies have shown that
one-electron reduced S=1/2 3Fe clusters have
cluster spin S = 2, and MÕSssbauer studies have re-
vealed that the cluster contains one ferric site and
two irons at the 2.5' oxidation level. MÕssbauer
studies of D. gigas ferredoxin II show that the
pair of Fe25' is ferromagnetically coupled and
that the pair, in turn, is antiferromagnetically
coupled to the ferric ion [5].
In the presence of Fee+ the [3Fe-4S] clusters of a
variety of proteins can be converted, with good
reversibility, into [4Fe-4S] clusters. The con-
version has been used to label subsites of the
[4Fe-4S] cluster selectively with 57 Fe and thus pro-
be more deeply into the electronic structure of
[4Fe-4S] clusters with Mossbauer spectroscopy.
This labeling has been very useful for the study of
the [4Fe-45] cluster of aconitase. Studies of this
enzyme in the presence of substrates and inhibi-
tors have shown that these compounds bind to the
«labile» iron of the [4Fe-4S] cluster, resulting
in an expansion of the iron environment to 5- or
6-coordinate, with the development of a trapped
Fee" valence [6].
Recent studies have shown that the [4Fe-4S] 1+ core
can be stabilized in various spin states. The «nor-
mal» ground state has S = 1/2 and yields the clas-
sical g = 1.94 signal. Recently an S = 7/2 state has
been implicated for the Se-reconstituted [4Fe-4Se]
clusters of the C. pasteurianum ferredoxin [7].
The Fe-protein of nitrogenase has puzzled resear-
chers for over a decade. We have just obtained
evidence from EPR, susceptibility and Mossbauer
studies [8] that this protein contains a mixture of
[4Fe-4S] clusters, one form with S =1 /2 and the
other with S = 3/2. If the P-clusters of nitrogenase
turn out indeed to be cubane [4Fe-4S] clusters,
then the cluster can also be stabilized with an
S = 5/2 ground state.

In the enzyme sulfite reductase a [4Fe-4S] cluster
in coupled via some unknown ligand to the iron
atom of a siroheme, an Fe-isobacteriochlorin.
This system has been studied in 14 complexation
and oxidation states and the exchange coupling
between the cluster and heme iron has been eva-
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luated for some states [9]. It has been found that
this coupling can be ferromagnetic or antiferro-
magnetic [9].
It is well established now that one iron atom can
be abstracted from many [4Fe-4S] clusters to yield
[3Fe-4S] clusters. Recently it has been suggested
for A. vinelandii ferredoxin I [10] that a sulfur
can be removed to yield a structure with a
[4Fe-3S] core. A similar situation may occur in
C. pasteurianum hydrogenase [11].
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CONCURRENT CRYOKINETIC
AND CRYOSPECTROSCOPIC
CHARACTERIZATION OF INTERMEDIATES
IN METTALLOENZYME ACTION

The detection and definition of intermediates in
reaction pathways, a problem central to the deli-
neation of structure-function relationships in
enzymology, have resisted solution by and large.
We have developed an approach capable of wide
application to such studies through a combination
of cryokinetics with cryospectroscopy. Such cryos-
pectrokinetic studies provide concurrent structu-
ral, kinetic, and chemical data on short-lived in-
termediates in the course of the interactions of
enzymes with their substrates and inhibitors. Sub-
zero temperatures extend the lifetimes of these in-
termediates and, combined with rapid-mixing and
rapid-scanning instrumentation, allow simulta-
neous measurement of both their physical-chemi-
cal and kinetic characteristics.
Carboxypeptidase A has served as our model
system. The studies have been performed with a
low-temperature stopped-flow instrument which
also serves as a cryospectrometer [1]. The interme-
diates have been monitored directly through fluo-
rescence generated by radiationless energy transfer
(RET) between enzyme tryptophans and the
dansyl group of enzyme-bound, rapidly hydroly-
zed peptide and ester substrates which provide the
basis for measurement of the rates of formation
and breakdown of intermediates. N-Dansylated
oligopeptides and their ester analogues exhibit Mi-
chaelis-Menten kinetics over the temperature ran-
ge —20 to +20°C with kcal/Km values of
(0.3-3) x 10 7 m-1 s ' at + 20°C, pH 7.5. The cryo-
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solvent, aqueous 4.5 M NaCl, alters neither the
kinetic nor spectral properties of zinc or cobalt
carboxypeptidases.

Sub-zero radiationless energy transfer kinetic
studies of the zinc and cobalt enzymes disclose
two intermediates in the hydrolysis of both
peptides and esters and furnish all the rate and
equilibrium constants for the reaction scheme
E + S ES, ES, .= E + P. The chemical and
kinetic data show that neither of these is an acy-
lenzyme intermediate. The cryokinetic data de-
monstrate for the first time the existence of two
intermediates during the hydrolysis of both pepti-
des and esters [2]. At -20°C, the formation, inter-
conversion and breakdown of these intermediates
results in three distinct fluorescence steps during
substrate hydrolysis: (1) a rapid increase in signal
intensity reflects the formation of the Michaelis
complex, ES 1 , in <15 ms; (2) a slower exponen-
tial increase in signal intensity signifies formation
of a second hitherto unknown intermediate, ES 2 ;
(3) a slow decrease in signal intensity reflects sepa-
ration of the dansyl product from the enzyme.

The reversible interconversion of ES 1 and ES,
shows that the C-terminal product is not liberated
prior to the rate-limiting step and, hence, deacyla-
tion cannot be rate limiting. The electronic and
paramagnetic spectral properties of a chromopho-
ric enzymatically functional cobalt carboxypepti-
dase A have served to identify transient interme-
diates in its catalysis of very rapidly hydrolyzed
dansyl oligopeptides and their ester analogues [3].

They also reveal the corresponding structures of
the resultant active site cobalt coordination com-
plexes at subzero temperatures. The visible ab-
sorption spectra of these intermediates are recor-
ded with the same rapid-scanning, low-temperatu-
re, stopped-flow spectrometer that served to esta-
blish the kinetics of previously unknown interme-
diate, ES 2 ; at -20°C it forms in less than 500 ms
and then is converted to products over a much
longer period of time.

Both the absorption and EPR spectra of the pep-
tide and ester intermediates, ES 2 , differ signifi-
cantly from one another and from those of the
cobalt enzyme itself, its complexes with affinity
labels, substrate analogue inhibitors, or products.

The two types of substrates generate both new
and different absorption bands and maxima of
the visible spectrum. The corresponding EPR
spectra differ most strikingly in the resolved
hyperfine splitting of their g, resonances but also
in their three apparent g values. The absorption,
electron paramagnetic resonance, and magnetic
circular dichroic spectra of the intermediates iden-
tify catalysis-related, dynamic alterations in the
active site metal coordination sphere clearly dis-
tinct from those observed under static conditions.
The systematic changes in the cobalt spectra of
carboxypeptidase when forming the peptide and
ester intermediates correlate with the formation of
the ES, complex and thus render these data the
first experimental test of the entatic-state hypothe-
sis. Both absorption and EPR spectra of the ES,
reaction intermediates consistently demonstrate
(i) the formation of transient metal complexes, (ii)
differences between the effects induced by pepti-
des and esters, and (iii) strong similarities between
those induced by all peptides on the one hand and
all esters on the other. The marked alterations of
the cobalt spectra likely reflect the coordination
of a substrate carboxyl and/or carbonyl group to
the metal at a critical step in the course of cataly-
sis [4].

In rapid quench studies at sub-zero temperatures
there is a burst in product formation for ester but
not for peptide hydrolysis. This indicates that the
scissile bond of esters breaks prior to the rate de-
termining step, but that of peptides does not.

These studies further predict that the peptide in-
termediate can be stabilized by approaching the
equilibrium from the reverse direction of the reac-
tion, i.e. E+13 ,1- P 2  ESZ � ES, � E + S.
Cryospectroscopy in combination with HPLC
analysis of the concentration of P 1 , P2 and S con-
firm that an ES 2 peptide intermediate forms in
this manner.

The cryospectrokinetic approach developed here
in the mechanistic study of this metalloenzyme is
applicable to the examination of transients of
biochemical reactions in general. It will allow
molecular characterization of previously elusive
intermediates and greatly magnify the range of
mechanistic questions that can be answered.
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ELECTRON TRANSFER AT FIXED
DISTANCES IN METALLOPROTEINS

Work in our laboratory has shown that pentaam-
mineruthenium(III) (a 5 Ru 3+) can be attached to
histidine 33 in horse heart cytochrome c, histidine
83 in Pseudomonas aeruginosa azurin, and histi-
dines 12, 48, 81, and 116 in sperm whale myoglo-
bin (Mb). Intramolecular electron transfer from
Rue . to Fe 3+ (or Cue+) in these derivatives has
been studied over a range of temperatures by
flash photolysis methods. In the experiment, the
surface a s Ru(His) 3 + group is reduced by electroni-
cally excited Ru(bpy)3+ (bpy = 2,2'-bipyridine), and
in the presence of sacrificial donors (to reduce
Ru(bpy)3+) this event is followed by intramolecu-
lar a s Ru(His) 2 + — Fe 3+ (or Cue*) electron transfer.
The rate of a s Ru(His-33) 2+—Fe3+electron transfer
in a s Ru(His-33)cytochrome c is between 20 and
40 s -1 over the temperature range O - 80°C
(above 80°C, the protein structure changes subs-
tantially, and intramolecular electron transfer is
not observed). The rate of a s Ru(His-83) 2 + —. Cu 2 +
electron transfer in a s Ru(His-83)azurin also

is temperature-independent (2 s-1 between —10
and 55°C). Analysis of the results for
a s Ru(His-33)cytochrome c and as Ru(His-83)azu-
rin suggests that the reorganizational enthalpies of
the protein electron transfer sites are less than
7 kcal mol -1 , which accords with the view that
solvation effects are minimal in these protein inte-
riors. Unlike the results obtained for cytochrome
c and azurin, the intramolecular electron transfer
rate in a 5 Ru(His-48)Mb (the closest His-48 to he-
me distance is 13.3 A) is strongly dependent on
temperature (k increases from 0.05 s -1 at 20°C to
0.5 s -1 at 50°C), thereby indicating that the reor-
ganizational enthalpy of the high-spin heme is
greater than 10 kcal mo1 -1 . It is likely that a subs-
tantial fraction of this activation is attributable to
partial dissociation of the axial water ligand in the
high-spin ferriheme. The rates of intramolecular
Rue*— Fe 3+ electron transfer in the other three
a s RuMb derivatives fall well below 0.01 s -1 at
25°C (the closest His-heme distances in these deri-
vatives are all greater than 19 A).

The heme in each of the four a 5 RuMb derivati-
ves can be replaced with other mettalloporphy-
rins. Preliminary results on a s Ru(His-48)Mó
(Ru 3 +MIX) and a s Ru(His-12)Mb(Ru 3 'MIX) show
that electron transfer from a s Ru(His-48) 2' to the
low-spin Ru 3 +-porphyrin is two orders of magnitu-
de faster than the corresponding transfer to the
high-spin ferriheme. The rate of electron transfer
from a s Ru(His-12) 2 + to the low-spin Ru 3 +-
-porphyrin is only a factor of 50 less than that
from a s Ru(His-48) 2+, which is somewhat surpri-
sing in view of the large difference in the distance
from the two donors to the Ru 3 '-porphyrin (22 A
from His-12; 13.3 A from His-48). Examination
of the electron transfer properties of the
a 5 RuMb(Ru 3+) derivatives is now being extended
to include experiments on a s Ru(His-116)Mb(Ru 3

+)

and a 5 Ru (His-81)Mb(Ru 3
+)

8	 Rev. Port. Quím., 27 (1985)
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THE ELECTROCHEMISTRY
OF REDOX PROTEINS

Over the past few years, it has been possible to
devise electrodes at which the electron transfer
reactions of representatives of the major classes of
redox proteins proceed rapidly and reversible. The
guiding hypothesis is that the surface provided by
the electrode should resemble that offered to the
given redox protein by others with which it inte-
racts in vivo. Thus in both instances, we are con-
cerned with the nature of interfaces. Most current
models of protein-protein complexes emphasize
the electrostatic nature of the binding and pay
particular attention to short-range interactions.
Some proteins require no extensive electrode mo-
dification e.g., Pseudomonas aeruginosa azurin or
some cytochromes c 3 . However most require the
modification of the electrode surface, or at least
the electrode-solution interface, before rapid hete-
rogeneous electron transfer rates are observed. We
have been concerned principally with three types
of electrode: metal (especially) gold surfaces upon
which are adsorbed bi- or poly-functional molecu-
les; oxidized pyrolytic graphite surfaces with, or
without, poly-valent cations; conducting metal
oxide surfaces, especially RuO 2 .

The most intensive investigations have been car-
ried out on horse heart cytochrome c. This highly
basic protein appears to have the following requi-
rements: a negatively-charged surface, or at least
one in which any adsorbate molecules have the
negative end of the dipole disposed towards the
solution; a hydrophilic surface; a surface upon
which adsorption of the protein is reversible; the
absence of competing poly-valent cations. These
conditions are met by gold upon which is adsor-

bed molecules of the type, X — Y where X is a
group which adsorbs on to the gold and Y is a ne-
gatively-charged group (or exposes the negative
end of a dipole). 4,4'-Bipyridyl is the archetype of
this class of adsorbate but there are now twenty
or so compounds that act, when adsorbed on
gold, as effective promotors of the electroche-
mistry of horse heart cytochrome c. Pyrolytic gra-
phite, when carefully oxidized, also functions well
as does the metallic oxide, ruthenium dioxide.
Acidic proteins require a different surface. There
are a few compounds which, when adsorbed on
gold, present a positive surface to the solution.
The most straightforward method of promoting
the electrochemistry of proteins such as plastocya-
nin is to have present in solution polyvalent ca-
tions such as magnesium(II) or hexamminochro-
mium(III). Two effects appearing to be operating:
a general effect on the electrode-solution interface
and a specific effect which involves binding of the
cation to the protein surface. Evidence for the lat-
ter comes from NMR spectroscopy. Recently com-
pounds have been discovered that, when adsorbed
on gold, allow the electrochemistry of either aci-
dic or basic proteins to proceed.
Having gained rapid electrode reactions of redox
proteins, what use can be made of them? Exam-
ples will be given of coupling of these reactions to
enzyme-catalysed reactions and their use in
synthesis and sensors.

Rev. Port. Qulm., 27 (1985)	 9
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tion peaks to phenolate-to-metal charge transfer
transitions is substantiated by resonance Raman
spectroscopy showing characteristic tyrosyl vibra-
tional modes [2] similar to those observed with
the transferrins and intradiol dioxygenases [3].
Little change in secondary structure of uteroferrin
as it undergoes conversion between pink and
purple forms can be discerned from circular
dichroism spectra [4].

THE BINUCLEAR IRON CENTER
OF UTEROFERRIN

Uteroferrin is a single-chain glycoprotein of MW
close to 35,000 found in the uterine secretions of
pregnant or hormone-treated, pseudopregnant
pigs and other mammals with similar placental
structures. The protein bears two exchangeable
iron atoms per molecule, and has been postulated
to function in trans-placental iron transport. Ori-
ginally thought to be a member of the transferrin
class of proteins, and named accordingly, utero-
ferrin is now known to belong to the class of
iron-tyrosinate proteins with acid phosphatase
activity [1]. Whether the enzymatic properties of
the protein, or its reversible iron-binding activity,
are actually involved in its physiological function
is not yet clear.
Perhaps the most striking feature of uteroferrin
is its capacity to assume either of two interconver-
tible forms: purple, or oxidized, and pink, or
reduced. The purple form is enzymatically inert
and EPR silent, while the pink form exhibits both
acid phosphatase activity and a novel g' = 1.74
EPR signal. The structural basis of the purple-to-
-pink transformation is the focus of this report.

Optical Properties

When treated with mild oxidants such as ferricya-
nide uteroferrin is driven to its purple form
having an absorption maximum at 575 nm. The
pink form, correspondingly obtained with mild
reductants such as mercaptoethanol, has its ab-
sorption maximum near 510 nm, with an integra-
ted intensity in the visible region very close to that
of its purple partner. Assignment of these absorp-

Magnetic Studies

Like the acid phosphatase from bovine spleen,
an enzyme with which it has much in common,
uteroferrin in its purple form is very nearly dia-
magnetic and EPR silent. In its pink state, howe-
ver, uteroferrin exhibits a striking EPR signal of
rhombic symmetry with principal g-values 1.93,
1.74 and 1.59. The signal is observable only at
temperatures below about 35 K, broadening be-
yond detectability above this limit. Spectroscopic
and magnetic susceptibility measurements as a
function of temperature suggest that the signal
arises from a center with S= 1/2. That this center
is actually a binuclear iron cluster has been ele-
gantly demonstrated by Mbssbauer spectroscopy
of 57 Fe-enriched protein, showing all the iron
to be ferric in purple, oxidized uteroferrin, but to
exist as both Fe(II) and Fe(III) in the pink, redu-
ced form [5]. An antiferromagnetically spin-cou-
pled model, with an exchange energy near 14 cm - '
in the pink protein but considerably higher in the
purple, appears to account for most of the mag-
netic properties of uteroferrin.
Further insight into the structure of the binuclear
iron center has been gleaned from ' H NMR stu-
dies. By comparison with synthetic Fe complexes,
isotropically shifted resonances could be assigned
to protons of tyrosine and histidine coordinated
to the binuclear iron center [6]. A possible struc-
ture of the center in its pink and purple states is
suggested below.
The spin-coupled iron pair of uteroferrin is sensi-
tive to a variety of perturbants. Orthophosphate,
even in the absence of detectable oxygen, forces
the pink protein to its purple, oxidized, EPR-si-
lent form. Molybdate, in contrast, quantita-
tively converts pink uteroferrin's initially rhombic
EPR signal into an axial signal which then

Rev. Port. Qulm., 27 (1985)10
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ACTIVE SITE OF UTEROFERRIN:
PROPOSED MODEL

remains invariant to subsequent addition of phos-
phate. Remarkably, however, the protein remains
pink, demonstrating a dissociation between color
and oxidation state. Guanidine causes a sizeable
red shift in the pink protein's visible absorption
maximum, thus demonstrating dissociation of
color and oxidation state in a complementary
way. Whether these effects reflect coordination
of the perturbants to the active site of uteroferrin
remains to be determined.  

PL9 — FR
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METALLOPORPHYRINS IN BIOCHEMISTRY

The reversible binding and storage of dioxygen is
carried out by the hemeproteins hemoglobin and
myoglobin [1]. The activation of bound dioxygen
is achieved by the cytochromes P-450 [2] and the
cytochrome oxidases [3]. The former function by
reducing the bound dioxygen to "peroxide",
which then generates water and an active oxidi-
zing species capable of alkane hydroxylation and
alkene epoxidation, while the latter add a further
two electrons and make two molecules of water
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from the dioxygen. On the other hand, the catala-
ses and peroxidases use exogenous peroxide to
achieve active oxidizing species, which in the case
of catalase oxidize a second equivalent of hydro-
gen peroxide, while the peroxidases oxidize, by
one-electron processes, phenols and aromatic ami-
nes [4]. In addition, a closely related family of pe-
roxidases, namely chloro- and myelo-peroxidase,
function in a similar fashion but oxidize chloride
to hypochlorite [4].

Studies on simple metalloporphyrins, devoid of
tilt protecting protein, have expanded conside-
rably our knowledge of the natural function of
these hemoproteins. Thus, it is known for both
dioxygen and carbon monoxide binding that distal
side steric effects are almost entirely reflected in
the control of association rate constants in both
model systems and in the proteins. The dissocia-
tion rate constants, however, remain fairly cons-
tant over a wide range for hemeproteins and hin-
dered model systems. The changes in dissociation
rates for dioxygen and carbon monoxide that are
observed can be correlated to the size, shape and
polarity of the environment around the coordina-
ted gas molecule and a variety of model iron
porphyrins such as the cylophanes (1) of TRAY-

LOR [5], the picket-pocket complexes (2) of CoLL-
MAN [6], the capped (3) systems of BASOLO and
BALDWIN [7] and the hydrophobic durene systems
(4) of DOLPHIN [8] are but a few of the many
synthetic models that have thrown light on the na-
tural systems.
Studies on the redox chemistry of a wide variety
of metalloporphyrins have shown that the porphy-
rin macrocycle can be readily oxidized [9] and this
has lead to the observation, in both green plant
and bacterial photosynthesis, that the porphyrin
7r-cation radicals play important roles [10]. This is
also true in the catalases and peroxidases, where
the enzymatically important high oxidation states
are shown to be oxo-iron(IV)-porphyrin cation
radicals [11].
More recently, model studies with iron [12], chro-
mium [13], manganese [14] and ruthenium
porphyrins [15] have shown that the same oxo-like
species are involved in the systems mimicking
cytochrome P-450, suggesting that these enzymes,
like the catalases and peroxidases, function via an
oxo-iron(IV)-porphyrin 7r-cation radical. Indeed,

studies with cytochrome oxidase [16] suggest that
those proteins like the catalases, peroxidases and
cytochromes P-450 all function via a homolytic
cleavage of the O-O bond of coordinated "peroxi-
de" to generate a high oxidation state intermedia-
te, which then performs its natural function under
the direction and control of the protein. This
"common intermediate" requires that these diffe-
rent proteins should, on occasion, perform the
same chemistry. Such is the case, and thus cata-
lase can mimic P-450 by causing the N-demethyla-
tion of methylamine [17], while P-450 can act as
an oxidase and bring about the four-electron
reduction of dioxygen to water [18].
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CARBON MONOXIDE AND DIOXYGEN
BINDING BY IRON(II) PORPHYRINS

A substantial body of detailed kinetic and ther-
modynamic data now exists on model systems for
the vertebrate hemoproteins. Structural data for
these model systems are much more limited. An
understanding of the trends in ligand binding,
especially of CO and 0 2 , in these models is of
considerable importance in the qualitative assess-
ment of structure-function relationships in the
hemoproteins. In addition, interpretation of re-
sults from the model systems poses an interesting
problem in inorganic chemistry.
Table I presents succinct results on 0 2 and CO
binding in selected hemoglobins as well as repre-
sentative model systems. The data for the model
systems have been selected for their comparability
in terms of solvent and temperature.

Table I

Values of P112 (in Torr) for CO and 02 Binding to Selected

Hemoglobin and Iron(II) Porphyrinato Imidazole Systems

Compound	Po: 	OCO

	

I/2	 I/2 P°'2/P112 Ref.       

Hb Ascaris 1-4	 10-3 1	 10-1 =0.04 [11
legHb 4.7	 10-2 7.4 10 -4 64 [2]

Hb A R 0.15-1.5 1-4 10-3 200-250 [3]

HbA T 9-160 1-2.8	 10 -1 32-1600 [3]

Fe(Chel-MesoP)

(flat-open) 5.6 2.5 10 -4 2.2	 104 [4]

Fe(TpivPP)

(1,2-Me 2 1m) (picket) 38 8.9 10-3 4.3	 103 [3,5]
Fe(PocPiv)

(1-Melm)	 (picket) 0.36 1.5 10 -3 2.7	 102 [6]
Fe(6,6-cyclophane)

(1,5-Cy2 Im)	 (strap) 1.4 9.1 10 -4 1.5	 10 3 [3]
Fe(C 2 Cap)

(1,2-Mc 2 1m)	 (cap) 4.0 103 2.0 10-1 2.0 104 [7,8]

Some interpretations of these various binding data
will be offered. In these interpretations we make
certain assumptions about the comparability of
tetraphenylporphyrins and protoporphyrins, about
tail-under porphyrins and picket-fence porphyrins,
and about bases such as 1,5-disubstituted imidazo-
les compared with 1-methylimidazole. Factors that
affect ligand binding to be discussed include (i)
distal and proximal effects (Fig. 1), (ii) molecular
reorganization, (iii) solvation energy effects, and
(iv) intrinsic affinities. Where possible these

0

B	 ^O

_ C3—Fe 	 t	 Fe	 —Fe — 	Fe

ring	 face	 springboard	 central	 peripheral

Fig. I

Schematic Representation of Proximal and Distal Effects

various effects are related to known structural
features that may be inferred from the limited
structural data on these modified porphyrin
systems.
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The talk will give examples of these and will
present extensions of this analytic technique intro-
duced by other groups in attempts to remove
ambiguities in the Truth Diagrams.SL2 — MO
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METAL EPR TRUTH DIAGRAMS
REVISITED 15 YEARS LATER  

SL3 — MO

In 1969 JACK PEISACH and I presented some dia-
grams which summarized the results of Electron
Paramagnetic Resonance experiments on low spin
ferric heme compounds. These diagrams presented
the EPR parameters in the form of «structural
parameters», but these referred to the spin Hamil-
tonian rather than the molecular structure in the
vicinity of the iron atom. Extensive measurements
on compounds of hemoglobin were presented on
one diagram, and the question was asked «Do all
low spin ferric heme compounds have structures
analogous to those of hemoglobin?» Diagrams for
other heme proteins and model compounds provi-
ded «yes» and «no» answers to the questions of
structural similarity. Thus these diagrams were
quickly nicknamed «Truth Diagrams». Summaries
of EPR structural data have later been cast in
similar formats using the same philosophy for re-
sults of experiments on other types of biological
metal binding sites. Notable among these are the
Cu(II) EPR experiments on copper proteins and
model compounds and the EPR of paramagnetic
states of the two-iron ferredoxins. As work has
continued on EPR studies of paramagnetic metal
sites and their model compounds, both in our
own laboratories and in the laboratories of others,
over the intervening 15 years numerous additions
have been made to these diagrams. How have
they held up after this time interval? Have they
been useful in assigning molecular structure?
Have they had predictive value in suggesting other
types of experiments relating to molecular struc-
ture? Many published experiments can be called
upon to provide answers to these questions.

F. ANN WALKER
V.L. BALKE
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THE EFFECT OF HYDROGEN-BONDING
OF AMIDES ON THE STABILITY
OF AXIAL LIGAND COMPLEXES
OF METALLOPORPHYRINS

Several lines of evidence have recently suggested
that amide groups impart unique chemical and
physical properties to certain metalloporphyrin
complexes: We have shown [1] that the contact
shifts of the pyrrole protons of low-spin
Fe(III)TPP complexes having an amide group ap-
pended to the ortho, meta, or para position are
«anomalous» in comparison to other mono-substi-
tuted TPP complexes of LS Fe(III), and that the
Fe(III)/Fe(II) redox potentials of the same com-
plexes are also «anomalous» [2]. However, the
EPR spectra of the same complexes are not distin-
guishably different from other LS Fe(III) comple-
xes [3]. LEXA and coworkers have shown [4] that
amide-linked «basket handle» TPP complexes of
Cu, Zn, and Mg undergo simultaneous 2-electron
oxidation to the porphyrin dication, while TPP
complexes of these metals having substituents
other than amides undergo stepwise oxidation.
MOMENTEAU and LAVALETTE [5] have shown that
the kinetics of dioxygen binding to several «han-
ging base-basket handle» TPPFe(II) derivatives
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are unique when the linking group for the «basket
handle» is an amide. They suggest that the diffe-
rence is due to H-bonding between the amide N-H
and bound 0 2 , which slows down the rate of dis-
sociation of 0 2 . MISPELTER and coworkers [6]
have presented NMR evidence for this stabili-
zation.
Four lines of investigation in our laboratory have
recently confirmed the strong tendency of amide
substituents to engage in H-bond donation, not
only to dioxygen in M(II)-0 2 complexes, but also
to anions in M(III)L 2`Cl- complexes of amide-
-substituted TPPs. The results obtained point to
the latter interaction as the explanation of the
«anomalous» contact shifts [1] and redox poten-
tials [2] reported earlier. The four lines of eviden-
ce are as follows:

(1) The two-step equilibrium constants, 13 2 , for
addition of N-methylimidazole to (o-, m-, and p-
-NHCOCH 3 ) 1 TPPFeC1 are «anomalously» large
compared to those of other TPPFeCI derivatives
[7]. The pattern of enhancement in 132 (m > p > o)
is consistent with the steric requirements involved
in H-bond stabilization of the displaced chloride,
as are results from H-bond competition studies
and alkyl substitution of the amide.
(2) The ligand exchange rates of N-methylimida-
zole from TPPFe(NMeIm)2`Cl - derivatives, mea-
sured by NMR techniques, are greatly enhanced
for one ligand. The second ligand's exchange rate
is affected less by the presence of the amide, yet
in an order consistent with the acidity of the H-
-bonding group involved (o-NHCOR > o-OH > o-
-COOH). We thus speculate that H-bonding to
displaced Cl - decreases the rate of exchange of the
ligand on the same side of the plane as the amide
or other substituent.
(3) The binding constant of 0 2 to
(o-NHCOCH 3 ) 1 TPPCoL is five times as large as
that to (m- or p-NHCOCH 3 ) 1 TPPCoL or
(p-Cl)4 TPPCoL at —56°C in toluene solution
(L = 3-picoline). This suggests thermodynamic
H-bond stabilization of the Co-O 2 complex. Inte-
restingly, the binding constant of 0 2 to the
corresponding «Picket fence» derivative
(o-NHCOC(CH3)3)1 TPPCoL is twice as large as
those to the TPPCoL complexes incapable of
engaging in H-bond donation. This suggests that
approximately a factor of 8 stabilization in the

dioxygen complex of the «Picket fence» porphyrin
[8] may be attributable to H-bond interactions
between the amides and bound 0 2 . This suggests
that the importance of the «flat» vs. «protected»
argument of COLLMAN et al. [8,9], with respect to
the role of porphyrin plane solvation in determi-
ning 02 complex stability is of less importance
than assumed by these workers.
(4) The temperature dependence of the EPR
spectrum of the dioxygen adduct of (o-
-NHCOCH 3 ) 1 TPPCo(NMelm) in toluene solution
is totally different from that of the corresponding
para-amide complex, indicating clearly that dioxy-
gen is prevented from rotating freely around the
Co-O bond axis in the former, but not the latter
case. The nature of the averaging processes which
produce the deceptively simple, apparently
(though not truly) isotropic eight-line EPR spectra
of Co-O 2 complexes over the temperature range
—90° to ca. 0°C, which have been reported by
numerous scientists over the past fifteen years,
will be discussed.
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THE INFLUENCE OF ELECTROSTATIC
INTERACTIONS BETWEEN
BURIED GROUPS ON THE STRUCTURE
AND PROPERTIES
OF GLOBULAR PROTEINS

Electrostatic interactions are generally recognised
to be a central feature of the structure and func-
tion of many proteins even though they are poorly
understood. One class of such interactions, those
involving charges buried within a protein, are of
especial importance to many metalloproteins, par-

ticularly redox proteins. This is because most
redox centres are buried within the protein and
carry a charge in at least one of its biochemically
important oxidation states. The presence of the
buried charges may have important consequences
for the structure and properties of the protein and
this will be demonstrated by reference to the mo-
nohaem Class I cytochromes c.
The most commonly studied Class I cytochrome c
mitochondrial cytochrome c but there are many
bacterial analogs. These are characterised by a
common protein fold that results in the burial of
most of the haem and its axial ligands. Not only
is the iron buried, but at least one of the haem
propionates is as well. In some of these cytochro-
mes, the buried propionate is ionised. Experimen-
tal observation demonstrate the importance of
these buried charges in
1) controlling the level of the redox potential;
2) coupling the change in oxidation state to the

protein conformational state;
3) modulating the protein stability.
The general significance of these observations will
be considered with reference to other kinds of
redox proteins.
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STRUCTURES OF GLYCINATO COMPLEXES
OF BIOCHEMICALLY IMPORTANT
DIVALENT TRANSITION-METAL IONS
IN SOLUTION

Structures of mono-, bis- and tris(glycinato)
complexes of biologically important divalent tran-
sition-metal ions such as nickel(II) [1,2],
copper(II) [3], and zinc(II) [2,4] ions were deter-
mined by the X-ray diffraction [1,3,4] and
EXAFS [2] methods in solution at 25°C. The
structural data of these complexes are summarized
in Table I. The structure of the bis(glycinato)cop-

per(II) complex was not determinable even by the
EXAFS method because of its low solubility in
water.
All the complexes investigated were octahedral.
The length of an M 2+-0H 2 bond increased with
the introduction of glycinato ions in the coordina-
tion sphere of the M2° ion, as we have seen in the
case of ethylenediamine complexes of the metal
ions [5-8]. Thus, water molecules coordinated to a
metal ion became more labile and easier replace-
able with an entering ligand at the formation of a
higher complex than a lower one.
In the mono(glycinato)copper(II) complex [3], the
axial Cu-OH 2 (ax) distance was longer than the
equatorial Cu-OH 2 (eq), Cu-O(eq) and Cu-N(eq)
distances (O and N denote carboxylic oxygen and
amino nitrogen atoms, respectively, within a che-
lated glycinato ion). Therefore, the mono-complex
had a distorted octahedral structure. On the other
hand, the tris-complex, Cu(gly)3, was regular
octahedral.
All the zinc(II) complexes with glycinato ions were
regular octahedral and the Zn-O and Zn-N distan-
ces were practically invariable with varying num-
bers of glycinato ions in the coordination sphere.
On the contrary, the nickel(II) glycinato comple-

Table I

M-OH2 , M-O and M-N bond lengths (A) in the iM(gly),,,(H 2 0)„ t24n)+ complexes in aqueous solution at 25°C

a) not separable into each distance.
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xes, except for the mono-complex which was regu-
lar octahedral, had shorter Ni-O bonds than Ni-N
bonds, and the differences between the Ni-O and
Ni-N distances were more enhanced in the tris-
-complex than in the bis-complex.
Stepwise formation constants of the glycinato
complexes decreased with the number of glycinato
ions within the complexes. However, the stepwise
formation reactions were more exothermic at a
higher complex than a lower one in the case of
nickel(II) and zinc(II) ions, except for the forma-
tion of Zn(gly)3. A more negative value in DII° at
a higher complex is explained in terms of wea-
kened M-OH, bonds in the complex, the water
molecules being more easily replaced by an enter-
ing glycinate ion. A large rate constant of forma-
tion of a higher complex may also be due to water
molecules which become more labile in the com-
plex by the elongation of the M-0H 2 bond.
The structures of the complexes thus determined
were compared with those of metal complexes
with other amino acids and biologically interesting
ligands and with structures of carboxypeptidase,
carbonic anhydrase and thermolysin in the crystal-
line state.
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CAN COPPER(II) IONS ACTIVATE
BIOLOGICALLY SMALL PEPTIDE
MOLECULES?

Many small peptide molecules show very high bio-
logical activity, particularly in the central nervous
system where many are active as neurotransmitters
or as opioids. Very frequently these peptides con-
tain proline or tyrosine residues.
Copper is a biologically essential element which is
distributed unevenly throughout the body, with
relatively high concentrations being found in the
brain. In some cases traces of copper have been
shown to increase the activity of biologically acti-
ve small molecules (e.g. aspirin and cimetidine

[ 1 , 2]).
The biologically active form of oligopeptides is
usually of an organized structure containing e.g.
one or more beta-turns. The proline residue en-
courages the formation of such beta-turns [3] and
is unique among biological peptide residues in
that it contains a secondary nitrogen atom which,
when part of a peptide chain, is not bonded to an
ionizable proton and hence cannot coordinate to
copper(II). It therefore acts as a «break-point» to
metal coordination since it allows the two ends of
the chain to coordinate independently. Since a
proline residue also encourages a beta-turn, the
effect is to bring the two chains close together
where they can be bridged by a copper ion [4-6].
Hence the copper can be regarded as locking the
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peptide into the biologically active conformation,
so promoting its biological activity ]7].
The specificity of a proline residue as a «break-
-point» is also seen in its influence on the binding
capability of other amino acid residues present in
the peptide sequence, such as tyrosine [8] and lysi-
ne [9] residues. The involvement of ionized tyro-
sine phenolate oxygen in metal ion binding may
be an important factor in peptides which display
opioid activity such as casomorphin [10].
Copper(II) ions can also affect adversely the biolo-
gical activity of peptides by binding (and so bloc-
king) their active residues or can promote the acti-
vity by «bridging» the peptide to its receptors.
This latter situation is most likely in the case of
metal-TRF system [11,12].
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DIOXYGEN BINDING AND ACTIVATION
IN DINUCLEAR COPPER COMPLEX
SYSTEMS

Studies of the reactivity of dioxygen with model
mono- and dinuclear copper(I) centers are of inte-
rest because of their relevance to the copper pro-
teins such as hemocyanin, a dioxygen carrier, and
tyrosinase and dopamine beta-hydroxylase which
are monooxygenases involved in oxygen activation
[1].  Such model studies may also help in the deve-
lopment of synthetic reagents or catalysts for the
oxidation of organic substrates. Here, we will
summarize our latest findings in several systems
involving Cu(I)-dioxygen interactions or reactivity.
The first deals with a monooxygenase model
system where the reaction of dioxygen with a
dinuclear Cu(I) complex II results in the oxygena-
tion of the ligand and concomitant formation of
the phenoxo- and hydroxo- bridged dinuclear
complex III. Studies using isotopically labelled
dioxygen and the observed stoichiometry of reac-
tion (Cu:0 2 = 2:1) demonstrate that this reaction
is directly analogous to that shown by the copper
mono-oxygenase enzymes [2].
Recent insights into the mechanism of this reac-
tion will be presented. The reaction of a dinuclear
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Cu(II) derivative of the ligand I with aqueous
hydrogen peroxide also gives high yields of the
oxygenated product III. By contrast, neither the
reaction of dioxygen with a Cu(I) monomeric ana-
log of I nor the reaction of H 2 0 2 with the Cu(II)
form give hydroxylated products. Together, the
evidence suggests that a peroxo-bridged dinuclear
Cu(II) unit is involved as an intermediate in the
reaction of II - III [3].
Thus, due to the interest in stabilizing and charac-
terizing peroxo-Cu(II) compounds (i.e. dioxygen
adducts resulting from the addition of 0 2 to
Cu(I),), we have studied the intermediate pro-
ducts of the reaction of dioxygen with Cu(I) com-
plexes of dinucleating ligands such as II and IV.
We have isolated and structurally characterized
a Cu(I) dinuclear complex of ligand IV (V); it

contains a bridging phenoxo group and a vacant
potential bridging position (Cu...Cu = 3.6 A).
Compound V reacts with 0 2 resulting in the for-
mation of a dinuclear Cu(II)-peroxo complex VI
that is stable at low temperature. It is characte-
rized by a strong charge-transfer absorption band
at 505 nm. Confirmation of the complex's formu-
lation as a peroxo species also comes from reso-
nance Raman spectroscopy [4].

The binding of dioxygen to VI is quasi-reversible,
and cycling between V and VI can be achieved
and followed spectrophotometrically. Additional
evidence for the reversibility of the dioxygen
binding equilibrium comes from the reaction of
either V or VI with CO or PPh 3 . These form

adducts (VII) with VI. In addition, they can be
formed by reaction with the peroxo- complex VI,
resulting in the quantitative release of 0 2 .
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DI-COPPER COMPLEXES
OF MACROCYCLIC LIGANDS AS MODELS
FOR TYPE 3 COPPER PROTEINS

It is well established that the biological action of
many metalloproteins is associated with the occur-
rence of the metal atoms in pairs or clusters. Pro-
minent amongst these are the copper proteins con-
taining di-copper (Type 3) sites such as the 0 2 -
-transport protein hemocyanin and oxygenase and
oxidase proteins such as tyrosinase, dopamine
(3-hydroxylase, laccase, etc. [1]. Studies of synthe-
tic di-copper complexes have contributed to our
understanding of the active site chemistry of the
natural systems including the nature of the inte-
raction of 0 2 and oxidisable substrates with the
dimetallic site [2].
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In this paper we review recent investigations of
some di-copper(I) and di-copper(II) complexes of
the binucleating macrocyclic ligands (1) - (4)

(1) X=O, R=H
(2) X=O, R=Me
(3) X = S, R = H
(4) X = S, R =Me

R2( 
> R2 

and of some related macrocyclic systems differing
in ring size and in the number, nature and dispo-
sition of the potential donor atoms. X-ray structu-
ral analysis [3] has established that the Cu ... Cu
separation in the complexes (1) falls in the range
2.9 - 3.4 A. In several of the di-Cu(I) complexes
the Cu(I) atoms are three-coordinate being bon-
ded to two immo nitrogens of the macrocycle and
to a monodentate ligand such as MeCN, pyridine
or PPh 3 . In others the metal atoms are intramole-
cularly linked via (one or two) small bridging
ligands (SPh - , C=CPh - , pyrazolate, pyridazine,
1,2,4-triazolate, bis(diphenylphosphino)methane)
to give (usually) tetrahedral structures.
Reaction of the coordinatively unsaturated three-
-coordinate di-Cu(I) complexes with 0 2 in e.g. di-
methylacetamide has been monitored by gas-upta-
ke and by accompanying changes in spectroscopic
(electronic, ESR) properties. Evidence has been
obtained for a two-stage reaction sequence [equa-
tions (i) and (ii)]

Cu t ... Cu t +O2 > Cu
ll —(02) — Cu II (i)

CU" —(02)—Cu"+Cut ... Cut  > 2 Cu ll —0
 

(ii)

(6) (5) (7)

in which the initially formed t-peroxo-di-Cu(II)
adduct (6) undergoes a further two-electron trans-
fer in a bimolecular reaction with a second mole-

cule of the di-Cu(I) complex (5) generating the fi-
nal four-electron 0 2 -reduction product (7). The t-

-oxo species (7) may have an aggregate (dimeric)
structure. The results suggest that the reversible
0 2 -carrying property of hemocyanin may be due
to steric prevention (by the protein superstructure)
of the bimolecular reaction (ii). In this respect
oxyhemocyanin may ressemble oxyhemoglobin.
It has also been shown that the final oxidation
product (7) undergoes a reversible 1:1 association
[equation (iii)] with the di-Cu(I) complex (5) to
form a mixed valence species (8).

Cu Cu

Cu tt — O — CO +Cut ... Cu ' 2' ^ \ O /

Cu Cu

(7)	 (5)	 (8)

When the reaction of (5) with 0 2 is carried out in
the presence of an oxidisable substrate the subs-
trate may be oxidised in preference to the irrever-
sible oxidation of the metal ions. In several cases
such as in the oxidation of catechols to quinones
(cf. the catecholase activity of tyrosinase) the
reactions are catalytic in copper complex.
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A COMPARISON STUDY OF SULFITE
REDUCTASE FROM SULFATE-REDUCING
BACTERIA:
A MOSSBAUER INVESTIGATION

INTRODUCTION

Sulfite reductase catalyzes the six-electron reduc-
tion of sulfite to sulfide. Based on physiological
function, sulfite reductases may be grouped into
two general categories: 1. assimilatory sulfite
reductase which are involved in the synthesis of
sulfur-containing cell constituents, and 2. dissimi-
latory sulfite reductase which participates in the
respiratory pathway of sulfate reduction in sulfa-
te-reducing bacteria. Despite the differences in
their physiological functions and reaction mecha-
nisms, both types of sulfite reductases were shown
to contain siroheme and [4Fe-4S] clusters. Recent
MOssbauer studies of the hemoprotein subunit of
the Escherichia coli NADPH — sulfite reductase
(SiR) disclosed that the siroheme and the [4Fe-4S]
clusters are exchange-coupled [1].

RESULTS AND DISCUSSION

A dissimilatory sulfite reductase and an assimila-
tory-type sulfite reductase have been purified
from extracts of Desulfovibrio vulgaris. The dis-
similatory sulfite reductase is a tetramer with
molecular weight of 226,000. Its optical spectrum
exhibits maxima at 628, 580, 408, 390, and 279

Rev. Port. Quím., 27 (1985)

nm [2]. The assimilatory-type sulfite reductase
consists of a single polypeptide chain and has a
molecular weight of 27,200. Its optical spectrum
exhibits maxima at 590, 545, 400 and 280 nm.
Similar to SiR, this low-molecular-weight sulfite
reductase also contains siroheme and [4Fe-4S]
cluster. In the oxidized form, the [4Fe-4S] cluster
is in the diamagnetic +2 state. The siroheme is
low-spin ferric and exhibits EPR resonances at
g = 2.44, 2.36 and 1.77. High-temperature MOss-
bauer measurements indicates that the ratio of si-
roheme to [4Fe-4S] cluster is 1:1. Low-temperatu-
re and high-field measurements unambiguously es-
tablish that the siroheme and the [4Fe-4S] cluster
are exchange-coupled. The observed MOssbauer
parameters (AE Q = 2.52 mm/s, ô= 0.25 mm/s)
and the hyperfine tensor for the siroheme resem-
bles those found for Cytochrome P450 [3], sugges-
ting that the bridging ligand between the siroheme
and the [4Fe-4S] cluster may be sulfur.

We have also performed MOssbauer measurements
on various dissimilatory sulfite reductases (desul-
forubidin and desulfoviridin) isolated from dif-
ferent Desulfovibrio species. The MOssbauer spec-
trum of desulforubidin purified from D. desulfu-
ricans (Norway) recorded at 4.2 K shows three
spectral subcomponents: 1. a central doublet ori-
ginating from a diamagnetic species consistent
with a [4Fe-4S] 2* cluster, 2. a magnetic component
extending from –5 mm/s to + 5 mm/s attributa-
ble to the high-spin ferric siroheme, and 3. an
additional magnetic component extending from
–1 mm/s to + 2 mm/s indicative of a [4Fe-4S]
cluster that is strongly coupled to the siroheme.
The absorption intensity of the siroheme-[4Fe-4S]
unit is determined to be – 40% of the total
absorption, indicating that desulforubidin con-
tains one coupled siroheme-[4Fe-4S] unit per two
uncoupled [4Fe-4S] clusters. These results also
suggest that the coupled siroheme-[4Fe-4S] unit is
a common prosthetic group for both assimilatory
and dissimilatory sulfite reductases.

However, an interesting and puzzling result was
observed for sulfite reductases isolated from Thio-
bacillus denitrificans, D. desulfuricans (27774),
and D. gigas. All of these enzymes exhibits much
less MOssbauer absorptions of siroheme than that
found in desulforubidin, suggesting that these
enzymes may contain sirohydrochlorin rather than
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siroheme. Such a suggestion can also be used to
explain an earlier finding that sirohydrochlorin is
extracted from these enzymes while siroheme is
extracted from desulforubidin and SiR under
treatment of acetone/HC1. Future experiments are
planned to clarify this situation.
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NEW ASPECTS OF MCISSBAUER
SPECTROSCOPY

Mbssbauer spectroscopy has become a well esta-
blished tool in biosciences. Most of the biochemi-
cal, bioinorganic and biophysical applications deal
with 57Fe Mbssbauer absorption experiments, to
derive via isomer shifts, quadrupole splittings, and
magnetic hyperfine interactions an understanding
of the electronic structure and the chemical struc-
ture-function-relation of the compounds under
study.
During the recent years the methodical aspects of
Mbssbauer spectroscopy have become wider and
provide us with new applications. The purpose of
the present contribution is to describe such appli-
cations.
(i) Mbssbauer study of molecular dynamics:
Information about vibration, bound diffusion,

overdamped oscillation, and rotation of sub-
groups within a molecule (heme proteins and rele-
vant model compounds) were derived from the
T-dependence of electric field gradient tensors,
line shapes and absorption areas [1-6].

(ii) Rayleigh scattering using Mbssbauer radia-
tion:
This method makes it possible to study molecular
dynamics even in systems which do not contain
any Mbssbauer isotope [7].
(iii) Mbssbauer studies using Synchrotron radia-
tion:
Most recent experiments were successful in discri-
minating the 57Fe 14.4 KeV Mbssbauer resonance
line (F — 10 -7 eV) from the "white" Synchrotron
radiation beam [8]. Thus it might soon be possible
to perform dynamic Mbssbauer studies of chemi-
cal reactions.

(iv) Mbssbauer scattering for complete three
dimensional structure analysis of iron proteins:

This is a competitive tool for X-ray structure
analysis. It avoids the method of multiple isomor-
phous replacement by applying the 57Fe nucleus as
heavy reference scatterer. Experiments on MbCO
crystals have already been performed [9,10].

(v) Combined Mbssbauer and molecular orbital
investigation of oriented molecules:
The relative orientation of electric field gradient-,
g-, fine structure-, and hyperfine coupling tensors
with respect to the molecular frame are obtained.
With this manyfold of experimental and calcula-
ted results the understanding of electronic and ste-
ric structure becomes more complete. Examples
with FeMoS 2 -cores are presented [11-13].
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ELECTRONIC AND MAGNETIC
PROPERTIES OF SYNTHETIC ANALOGS
FOR THE M AND P CLUSTERS
OF NITROGENASE

Spectroscopic results (MOssbauer, EPR [1] and
EXAFS [2]) for the Fe-Mo protein of nitrogenase
have led to a structural model according to which
the 30±2 iron atoms of the protein are distri-
buted into two cluster types labelled M and P res-
pectively. The M cluster consists of two identical
centers (cofactor centers) each containing six Fe

atoms and one Mo atom in a configuration
which, in the native state, is EPR active with
S=3/2.  A cubane formation containing four Fe
and four S atoms has been proposed for the P
cluster type. Two inequivalent sites have been as-
signed for the Fe atoms with an occupation ratio
of 3:1.
We present in this communication MOssbauer and
magnetic susceptibility studies of two groups of
synthetic analogs for the M and P clusters respec-
tively.
Two binuclear (Fe-Mo) and two trinuclear
(Fe-Mo-Fe and Mo-Fe-Mo) complexes with sulfur
bridges between the metal centers have been stu-
died and compared with the electronic structure
and magnetic properties of the Fe-Mo cofactor of
nitrogenase. The isomer shift of these complexes
indicates that the MoS1- moiety withdraws electro-
nic charge from the Fe(II) ions resulting in their
partial oxidation. This ability of the Moq- ligand
may well represent a characteristic fea-
ture of the Fe-Mo-S aggregates of nitrogenase.
Intramolecular antiferromagnetic interactions
are present in the trinuclear complex
[C1 2 FeS 2 MoS 2 FeC1 2 ] 2- leading to a spin S=0
ground state. On the other hand, the trinuclear
anion [S 2 MoS 2 FeS 2 MoS 2 ] 3- , which may be descri-
bed with formal valences of Fe and Mo either (I)
and (V) or (III) and (IV) respectively, has a resul-
tant spin S=3/2.
A number of 4Fe-45 cubane clusters with mixed
terminal ligands have been investigated as possible
models for the other major Fe-component of the
Mo-Fe protein of nitrogenase, the «P-clusters».
The latter exhibit unique spectral properties which
have been attributed to significant differences in
the ligation of their Fe 4 S4 cores [3]. An extensive
charge delocalization prevails in the Fe 4 S4 cores of
the cubanes with monodentate asymmetric ligands
resulting in four essentially indistinguishable Fe si-
tes with a formal oxidation state of +2.5. The in-
troduction of one bidentate terminal ligand results
in a differentiation of the corresponding iron site
from the remaining three, leading to the 3:1 ratio
similar to the P-clusters of nitrogenase. The pre-
sent results indicate clearly that a differentiation
of sites within the Fe4 S4 core can be achieved with
a change in their coordination number without an
increase in the charge (core reduction) or charge
localization within the core.
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RESONANCE RAMAN SPECTROSCOPY
OF IRON-SULFUR PROTEINS

Resonance Raman (RR) spectroscopy allows a
very selective and sensitive structural probing of
chromophores in biological systems, whatever
their physical state. Its application to [Fe-S] pro-
teins has made significant progress in the last few
years. Characteristic spectra are now available for
[I Fe], [2Fe-2S], [3Fe-xS] and [4Fe-4S] sites in
rubredoxins and ferredoxins. Thus, RR spectro-
scopy can be used for the unambiguous identifi-
cation of [Fe-S] clusters.
Furthermore, RR spectroscopy can afford detailed
structural information which is not accessible to
other techniques. By measuring the frequency
shifts occuring upon 32 S — 34 S or 76 Se — 82 Se iso-
topic substitutions on core chalcogenide atoms,
and the depolarization ratios of the RR bands, it
is in general possible to discriminate the vibratio-
nal modes of the inorganic core (Fe-S*) from tho-
se involving the cysteine ligands (Fe-Scys), and to

determine the symmetry species of the RR active
modes. The symmetry point group of the [Fe-S]
cluster may therefrom be inferred, i.e. the con-
figuration of the active site may be determined
with accuracy. Relevant investigations involving
[4Fe-4X] and [2Fe-2X] (X = S,Se) proteins will be
presented and discussed.
A given type of [Fe-S] cluster may assume slightly
different structures depending on which polypep-
tide chain accomodates it. Recent studies have
shown RR spectroscopy to be exceptionnally effi-
cient in detecting such differences, particularly in
the cases of [2Fe-2S] and [3Fe-xS] proteins. In
some instances spectral differences can be assig-
ned to structural differences involving a given
subset of Fe-S bo ds of the active site.
Investigations on simple [Fe-S] proteins such as
those outlined above are opening the way to simi-
lar studies of more complex proteins.
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AN ORGANOMETALLIC LITHIUM
IONOPHORE

Recently there has been an intensive research for
the discovery of Li' ionophores mainly because of
the importance of Li` in the treatment of manic-
-depressive patients. It is hoped that Li' ionopho-
res will assist the delivery of Li' ions across the
blood brain barrier. Most of the Li' ionophores
described in the literature are based on cyclic and
branched polyethers. We report here that the or-
ganometallic ligand [(C5 H5)Co1P(0)(OC2H5)213 ] -

(L - hereafter) [1] has efficient ionophoric proper-
ties with a specificity towards Li' ions.

A considerable shortening of the 23 Na NMR lon-
gitudinal relaxation time (T 1 ) occurs upon binding
of Na' to the ligand. We have used this phenome-
non to measure the stability constant of the Na-L
complex in aqueous solutions. The association
constants of the K' and Li' complexes with L -

Rev. Port. Quim., 27 (1985)

were also determined by the measurement of the
23 Na NMR T 1 in competition experiments. Ano-
ther approach was the measurement of the 31 P
chemical shifts of L - upon binding to the metal
ions and H. The results obtained by the two me-
thods were in good agreement. The association
constants in aqueous solutions follow the trend
H' > Li' > Na' > K. The same trend was found
earlier in methanol [2]. However, the association
constants in methanol are greater by three orders
of magnitude.
In order to follow the transport of Na' and Li'
across lipid membranes we prepared large unila-
mellar vesicles, containing either NaCI or LiCI,
suspended in a solution containing KC1 and 2 mm
K 7Dy(tripolyphosphate) 2 . Dy(tripolyphosphate) 2 7-

is known to act as a shift reagent for 23 Na' [3].
Thus in the presence of this reagent the 23 Na' re-
sonance of the extravesicular solution shifts to
higher field while the intravesicular 23 Na' resonan-
ce remains unshifted. We have found this reagent
to be an efficient shift reagent for 'Li' as well. In
fig. 1 we present a series of spectra that were

Fig. I

taken with vesicles loaded with 150 mm LiCI and
Tris-Cl-buffer pH 7.5. At time zero the carrier L -

was added to a final concentration of 200 um.
The decrease of the intravesicular 'Li* resonance
and the concomitant increase of the extravesicular
one is clearly seen. Fig. 2 describes the time cour-
se of the transport in terms of molar concentra-
tion.
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The intravesicular volume in the case shown was
16%. The unfacilitated transport for the same
batch of vesicles is also shown in the figure. Simi-
lar experiments with Na' vesicles and different
concentrations of L - gave the following values for
10 3 x k.„ 1 : 3.2, 6.2, 8.7, 13.8, 17.9, 26.7 min -1 for
L - concentrations of 91, 182, 300, 400, 600 and
800 µlet respectively. These results clearly indicate
that the transport rate constant is directly propor-
tional to the first power of the carrier concentra-
tion giving k/[L - ] = 33.3 +3.1 S.D. M -1 min -1 . This
leads to the conclusion that the species active
in the transport is a 1:1 ligand-to-metal complex.
In similar experiments with Li' the reduced
rate constant for lithium transport was
k/[L - ] = 208 +51 S.D. Nvflmin -1 i.e. larger than
that of Na' by a factor of 6.2. This factor is
much smaller than the ratio of the association
constants both in methanol and water, thus indi-
cating that the rate of the transport is kinetically
limited. It is interesting to note that the rate of
transport of sodium diminishes in the presence of
Li' when both are present in the vesicles. This is a
result of the competition of these two ions for
complexing the carrier. Thus the selectivity may
be increased in systems containing a mixture of
these two ions. It is hoped that chemical modifi-
cation in the structure of the present ligand may
lead to the discovery of other Li' ionophores,
which may be even more efficient and selective.
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IONOPHORE-METAL INTERACTIONS

Many of the biological transport processes are
mediated by membrane proteins. The mechanisms
underlying their transmembrane transporting pro-
perties have features of essentially two ideal
transport mechanisms namely, the channel and
the carrier mechanisms [1]. These mechanisms
have been postulated and defined based on studies
on electrical conductances of bilayer lipid mem-
branes when ionophores are incorporated into
them with special reference to cation transport.
Classic examples of these ionophore molecules are
valinomycin, lasalocid, nonactin and A23187
which act by a carrier mechanism [2]. Conforma-
tional studies of these carriers and their cation
complexes are of primary importance for a de-
tailed understanding of this mechanism of ion
transport at the molecular level.
Valinomycin is a cyclicdodecadepsipeptide with
the sequence Cyclo(L-Val-D-HyIv-D-Val-L-Lac) 3 .

It has a remarkable selectivity for K' over Na'.
This molecule exhibits solvent dependent confor-
mations [3] with a) tight, closed structure formed
by intramolecular hydrogen bonds between the
ester carbonyls and the amide hydrogens in apoiar
solvents, b) a partially intramolecularly hydrogen
bonded structure in medium polar solvents called
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a propellar conformation and c) an open structure
with a considerable amount of flexibility in polar
solvents. Several interesting stoichiometries and
conformations are known for the cation comple-
xes of valinomycin [4]. The valinomycin-K+ com-
plex has an essentially solvent independent confor-
mation with the K' ion trapped inside the bracelet
structure. The stoichiometry of the complexes of
valinomycin with the IA group cations (Li', Na+,
K+, Rb+ and Cs+) is 1:1. Whereas the K+, Rb+ and
Cs' complexes have bracelet structures, Li+ [5] and
Na+ form an altogether different complex. This
complex may be called a peripheral complex with
the cation bound only to one end of the molecule.
The IIA group cations Mg 2+ [6], Ca 2 + [7], Sr 2+ [6]
and Ba2+ [8-10] form more than one complexed
species in solution with valinomycin. All these
cations form the 1:1 peripheral complexes. In
addition, 2:1 (valinomycin:cation) complexes are
also formed with the cation sandwiched between
two valinomycin molecules. Sr 2+ and Ba 2 ' form, in
addition to the 1:1 and 2:1 complexes, 1:2 com-
plexes with open, labile structures. In the solid
state [9,11] valinomycin forms the 1:2 complex
with Ba 2+ with an ellipsoidal structure and the
bariums occupying the two focii.

Nonactin belongs to the class of macrotetrolide
actins. It forms isomorphous 1:1 complexes with
Na+, K . and Ca 2+ [12-15]. The backbone of these
complexes resembles the seam of a tennis ball
while positioning of the liganding oxygens is diffe-
rent with respect to the seam. In the K+ complex,
K . has coordination number of 8 with the cation
at the center of two approximate tetrahedrons for-
med by carbonyls and tetrahydrofuran ring oxy-
gens. In the Ca 2+ complex [15,16], the four
tetrahydrofuran ring oxygens are at the center
while the four carbonyl oxygens tetrahedrally
coordinate to the central cation.

Another very important class of ionophores is the
carboxylic ionophores. The calcium ionophores,
lasalocid and A23187 belong to this group. Lasa-
locid is a monomer in polar solvents [ 17] and ag-
gregates into a dimer in apolar solvents [18]. It
forms both neutral and charged complexes with
1:1 and 2:1 stoichiometries depending on the sol-
vent, cations and the protonation state of the car-
boxylic group [19,20]. Lasalocid forms both 2:1
and 1:1 complexes with Li+ [21] and Ca 2+ [22,23].

Other monovalent cations complex to form only
the 1:1 complexes. The rare earth cations (lantha-
nides Lai+ to Lu 3 +) form both 1:1 and 2:1 comple-
xes [24]. In methanol, with lanthanide chlorides,
no complexation is found whereas the nitrates
form both the types of complexes. In acetonitrile,
formation of the 2:1 complex is predominant. As
one goes down the series from Lai+ to Lu 3 +, the
stability of the 2:1 complex increases with a cor-
responding decrease in the stability of the 1:1
complex in both the solvents.
The observation of 2:1 (sandwich) type conforma-
tion in many of the ionophore-cation complexes is
very significant and suggests that a relay carrier
mechanism might be operative in addition to car-
rier and channel mechanism in mediated ion
transport across membranes.
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GOLD DRUGS

Current interest in the pharmacological use of
gold compounds centres around the treatment of
rheumatoid arthritis with either injectable gold(I)
thiolates [1] or the orally-absorbed triethylphos-
phine gold(I) thiolate auranofin [2], and the possi-
bility that gold compounds could become useful
anti-cancer agents [3].
In recent studies we have made both kinetic and
thermodynamic measurements of structural chan-
ges involving polymeric gold(I) thiomalate in solu-
tion [4]. We have examined its reducing activity,
for example towards Fe(III) cytochrome c. The
commercially available drug, "Myocrisin", does
not appear to be a true 1:1 complex. A curious
feature of Au(I) thiolate chemistry is the high sta-
bility of sulphur-bridged polymers and this may
be of biological importance.
We have detected a mixed ligand complex on
reaction of gold(I) thiomalate with cyanide [5].
Cyanide may even play a role in the natural meta-

bolism of gold (and some other metal ions?) and
it is notable that K[Au(CN)2 ] exhibits significant
antitumour activity [3].
The chemistry of gold compounds containing ni-
trogen ligands has received relatively little atten-
tion. We have prepared a new series of imido
complexes of triethylphosphine gold(I) [6].
Through the use of X-ray crystallography,
EXAFS and NMR spectroscopy of 15N-labelled
complexes they were shown to contain linear
P-Au-N structures. The riboflavin complex appea-
red to be a rare example of an N 3 -coordinated
metal flavin complex. All of the new complexes
exhibited significant anti-inflammatory activity in
the carrageenan-induced rat paw edema assay.
The curious ability of Et 3 PAuC1 and related com-
plexes to induce spin-state transitions of a wide
range of ferric haem proteins may be related
to the binding of gold to active-site histidine resi-
dues [7].
Gold binding to N ligands is also of interest in
connection with the anti-cancer activity of gold
compounds. However, the chemistry of Au(III)
complexes, which are isoelectronic (5d 8 ) and often
isostructural (square-planar) with those of Pt(II),
is much less well developed than that of Pt(II).
We have gained an insight into trans effects and
influences in triethylphosphine Au(III) imido com-
plexes using 15N-labelled imides [6].
We have used NMR methods to examine the con-
ditions under which displacement of triethylphos-
phine from auranofin occurs both outside and
inside cells [8].
Significant advances in our understanding of the
chemistry, molecular biology and pharmacology
of gold are now emerging, and it seems likely that
these areas will receive increasing attention in the
future.

REFERENCES

[1] P.J. SADLER, Struct. Bonding (Berlin), 29, 171-219 (1976).
[2] B.M. SUTTON, E. MCGUSTY, D.T. WALZ, M.J. DIMAR-

TINO, J. Med. Chem., 15, 1095 (1972).
[3] P.J. SADLER, M. NASR, V.L. NARAYANAN, «Platinum

Coordination Complexes in Cancer Chemotherapy», Mar-

tinus Nijhoff Publishers, Boston, Massachusetts, 1984,

pp. 290-304.

[4] M.C. GROOTVELD, P.J. SADLER, J. Inorg. Biochem.,

19, 51 (1983).

Rev. Port. Quint., 27 (1985)30



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

15]
 

G. GRAHAM, J.R. BALES, M.C. GROOTVELD, P.J. SADLER,

submitted for publication.

[6] S.J. BERNERS PRICE, P.J. SADLER, R. KURODA, M.J.

DIMARTINO, B.M. SUTTON, D.T. HILL, Rev. Port. Quím.,

27, 397 (1985).
[7] a) G. OTIKO, P.J. SADLER, FEBS Lett., 116, 227 (1980);

b) S.J. BERNERS PRICE, M.C. GROOTVELD, G. OTIKO,

H.R. ROBBINS, P.J. SADLER, Inorg. Chico. Acta, 79,

186 (1983).
[8] M.T. RAZI, G. OTIKO, P.J. SADLER, ACS Symposium

Series, 209, 371 (1983).

methanol/water mixture, K 1 =7.8 x 10 -3 m-1 and
K2 = 1.3 x 102 . Thus in a 50% methanol/water
mixture, reaction (1) goes virtually to completion
in 1.0 M Cl - even for hydrogen ion concentrations
as low as 0.1 M. The kinetics of this reaction as a
function of [H'] and [C1 - ] were studied using the
stopped flow method. For the Cl - dependence stu-
dies, the ionic strength was maintained at 1.0 M
with NaCIO4 . The pseudo-first order rate cons-
tant, k obS , is linearly dependent on [WI throug-
hout the entire concentration range but the chlori-
de profile shows saturation behavior. A mecha-
nism consistent with our results is:   

O S — Au—PEt 3 
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 Cl

	K
O
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(3)      

SOLUTION KINETICS OF A GOLD(I)
BIOLOGICALLY ACTIVE COMPLEX

O --- PEt3
S—Au

\ C1
ko + H+

Auranofin((2,3,4,6-tetra-O-acetyl-l-thio-f3-D-
-glucopyranosato-S)(triethylphosphine)gold(I)), an
orally administered chrysotherapeutic agent, reacts
with hydrochloric acid as shown below:

Aur + H' + Cl - .=•1 TATG + ClAuPEt 3 (1)

C1AuPEt 3 + Aur 
K

 S + Cl - (2)

where TATG is tetraacetylthioglucose and S is a
sulfonium ion with two gold centers ((2,3,4,6-
-tetra-O-acetyl-2-13-D-glucopyranosyl)bis-
-((triethylphosphine)aurio)sulfonium ion). The sta-
bility constants, for reactions (1) and (2) were de-
termined at p = 1.0 M in water and metha-
nol-water solvent systems via spectrophotometric
titrations. In water at 37°C K 1 =4.6 x 10 - ' m-1 and
K2 =2.0 x 10 3 while in a 50% by volume

H

^PEt3
S••••Au

Cl

k
—o

TATG + C1AuPEt
3

(4)
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Then, k°bs=
k °K°[H'][C1-]

 At 25°C K°=.30 M'
1 + K 0 [C1 - ]

and k o = 1480 M' s '.

Because the stability constant, K 1 , is smaller in
water than in the mixed solvent system, reaction
(1) does not proceed to completion in aqueous
solution under the conditions of the kinetic expe-
riments. To ensure first-order kinetic profiles,
excess tetraacetylthioglucose was added to the
reaction mixtures. Thus, for:

Aur ^ ClAuPEt3
k r

k °bs = k f+ k r and k obs is a function of [111, [CV- ]
and [TATG].
Stopped-flow experiments demonstrate that kobs
depends directly on each of these concentrations,
i.e., k °bs k f[H'][Cl - ]+k r[TATG] so that a plot
of k °bS/[TATG] vs [H'][C1 - ]/[TATG] is linear.
At 25°C, the slope of this line, k f=210 M

_ 2 5-1
and the intercept k r = 4.3 x 105 M 1 s - '. From the
activation parameters obtained in this medium, we
can extrapolate these results to 37°C and obtain
a kinetically derived equilibrium constant
K 1 = k f/k r = 4.5 X 10 -4 M- ' in excellent agreement
with the value obtained at this temperature via
spectrophotometric titrations.
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ALKALINE PHOSPHATASE: AN ENZYME
WITH MULTIPLE CATALYTIC METAL IONS
AT EACH ACTIVE CENTER:
313 AND 113Cd NMR IN SOLUTION
CORRELATED WITH THE CRYSTAL
STRUCTURE

The alkaline phosphatases are Zn(II) metalloenzy-
mes of great importance to mammalian physio-
logy. These membrane-attached proteins participa-
te in Ca(II) and HPO4 - uptake at the intestinal
brush border, are essential for the formation of
hydroxyapatite, and have less well determined
functions in kidney and placenta. Although the
molecular events that insert these enzymes (whose
currently known function is the nonspecific
hydrolysis of phosphate monoesters) into these
complex processes are unknown, the periplasmic
alkaline phosphatase from E. coli has proved to
be a valid prototype for the catalytic domains of
the more complex mammalian enzymes. These
prototypic features include the Zn(II) ions and the
formation of a phosphoserine intermediate.
The crystal structure of the dimer of alkaline
phosphatase is shown in Fig. IA and is construc-
ted from the a-carbon backbone derived from the
electron density map of the native Zn(II) 4 Mg(II) 2

protein into which is embedded the electron den-
sity map of the 6 Cd(II) ions substituted in
Cd(II) 6 AP. The latter was determined from the
anomalous dispersion of X-rays by Cd [1]. The
three ll 3Cd NMR signals, A, B and C from
113Cd(II) 6AP in solution are shown in Fig. 1B.
Each signal integrates to 2 Cd nuclei if the small
upfield signals are included (see below). The as-
signments of A, B and C resonances to specific
metal binding sites in the crystal structure is based

Rev. Port. Quím., 27 (1985)

on 113Cd chemical shift vs. ligand-type [2,4]. The
detailed ligand structure taken from the electron
density map is shown in Fig. 1C. The 153 ppm
signal is assigned to the N,N,N site, the 70 ppm
signal to the N,O,O site and the 2 ppm signal to
the 0,0,0,0 site.

The reasons that a simple phosphomonoesterase
requires 3 metal ions in a triad 3.9 x 4.9 x 7 A at
each active center have been only partially worked
out. Studies with 31P NMR show functions for A
and B site metal ions, but a function for C re-
mains unclear. The enzyme activity for both the
Zn(II) and Cd(II) derivatives is unaffected by the
absence of C site metal ion, but both A and B ha-
ve profound effects on turnover rate. The chemi-
cal shift of the 113Cd resonances from both A and
B sites are changed by the shift from the phos-
phoserine intermediate (E-P) to the noncovalent
phosphate intermediate (E-P). A small amount of
E•P present in the Cd(II) 6 AP of Fig. 1B accounts
for the upfield satellite signals. On the other
hand, the signal from the C site which does not
appear to participate directly in catalysis is not in-
fluenced by the E-P E•P equilibrium.
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31P NMR of the Phosphoenzyme Intermediates

Typical 31P NMR spectra of the phosphoenzyme
intermediates formed by Zn and Cd alkaline phos-
phatases are shown in Fig. 2. For the Zn enzyme
E-P resonates at 8.6 ppm, while E•P resonates at
4.2 ppm. Both resonate downfield from model
compounds suggesting both intermediates to be
distorted. The Cd substitution has little effect on
the chemical shift of E-P (6=8.4 ppm), but a dra-
matic effect on the chemical shift of E•P (S= 13
ppm) (Fig. 2). The E•P resonance at 13 ppm is a
doublet and the phosphorous is thus coupled to
one of the three Cd(II) ions at each active center.
Heteronuclear decoupling at the A site 113Cd reso-
nance but not the B site resonance removes the
coupling. Hence the phosphate of E•P is coordi-
nated to the A site metal placing the phosphorous
atom in a position to undergo nucleophilic attack
by the seryl oxygen (Fig. 1C). The fact that the
chemical shifts of E-P in both Zn and Cd enzy-
mes are the same and the E-P 31P NMR signal is
not coupled, suggests that this intermediate is not
coordinated to either A or B site metal ions.

Zn^•

Fig. 2
31P NMR of phosphoenzyme intermediates formed by Zn and

Cd and hybrid alkaline phosphalases

While A site Cd(II) is coordinated to the phospha-
te of E•P, it is surprising to find that the unusual
downfield chemical shift of this intermediate is
not due to the A site metal, but to the Cd(II) ion
in B site. The 31P spectrum of these intermediates
in a (Zn ACd B) 2 AP hybrid is shown in Fig. 2D.
The E•P resonance is uncoupled, as expected since
it is coordinated to Zn(II) in A site, but its chemi-
cal shift is still at 12.9 ppm reflecting a structure
induced by the Cd(II) at B site. This Cd(II) has
profound effects on the rate of turnover. With 31P
NMR it is possible to determine a detailed pH
profile for the interconversion, E-P E•P. The
most striking finding is the shift in the pH where
[E-P] = [E•P] from pH 5.5 for the Zn enzyme to
pH 8.5 for the Cd enzyme (nearly pH 10 if the
Cd 2 AP is used) [3]. We believe this dramatic shift
reflects the pK a of a solvent coordinated to A site
when the phosphate has shifted to serine 102 to
form E-P. This solvent in its ionized (Zn- - OH)
form appears to be the nucleophile in the second
step of the mechanism, the dephosphorylation of
the phosphoseryl group [3].
31p transfer of magnetization and inversion trans-
fer from P ; to the E•P show that dissociation of
P ; from E•P is the slowest and rate-limiting step
in the mechanism. This rate is dramatically
influenced by the species of metal ion in B site
and also by the binding of negatively charged
anions to A site to form a five-coordinate inter-
mediate involving both anion and phosphate coor-
dination [3]. 113Cd NMR shows that alcohols
coordinate to A site metal ion, presumably as the
alcoxides and compete with solvent in the second
nucleophilic step producing the new ester in the
transferase reaction. The comparison of multinu-
clear NMR in solution with the crystal structures
of the same derivatives of alkaline phosphatase
has allowed many conclusions about mechanism.
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THE STRUCTURAL BASIS OF KINETIC
DIFFERENCES BETWEEN CARBONIC
ANHYDRASE ISOENZYMES

Mammals, birds, and reptiles have at least three
genetically, immunologically, and kinetically dis-
tinct isoenzyme forms of the zinc-containing enzy-
me carbonic anhydrase catalyzing the reversible
reaction, CO2 + H2 0.=-• + H*. Isoenzyme II
(previously called C) occurs in the red blood cells
and in many other tissues. It is one of the most
efficient of all known enzymes with a CO 2 hydra-
tion turnover number of 1.10 6 s -1 at pH 9 and
25°C [1]. Isoenzyme I (or B) is found in the red
blood cells of most mammals and in part of the
alimentary canal. It is less efficient than isoenzy-
me II with a CO 2 hydration turnover number of
about 2.10 5 s -1 at pH 9 and 25°C. Isoenzyme III
occurs predominantly in red skeletal muscle. It
has a low catalytic activity and CO2 hydration tur-
nover numbers of about 4.103 s -1 at 25°C have
been estimated [2,3].
Isoenzymes I, II and III have homologous structu-
res, and they have probably arisen by duplications
of an ancestral carbonic anhydrase gene. The li-
gands of the zinc ion as well as several amino acid
residues linked to the metal-ion center through
hydrogen-bond networks are conserved in all se-
quenced carbonic anhydrases I, II and III [1].
Furthermore, the visible spectra of Co(II)-substi-
tuted isoenzymes I, II, and Ill are very similar
[4]. These data indicate that the metal-ion centers
have nearly identical structures in all three
isoenzymes. Thus, although the metal-ion center is
thought to be directly involved in the interconver-
sion between CO 2 and HCO3, the fine tuning of

3	 BH+

the catalytic properties seems to depend on other
features of the active sites. In particular, the ami-
no acid side chains at sequence positions 64 and
200 might be important modifiers of catalytic be-
haviour. All sequenced type II isoenzymes have
His-64 and Thr or Asn at position 200. All se-
quenced type I isoenzymes have histidine residues
at both these positions. In fact, the presence of
His-200 is the only unique feature distinguishing
the active sites of isoenzymes I from those of
isoenzymes II. The type III isoenzymes sequenced
so far have Thr-200 and lysine or arginine at posi-
tion 64 as well as additional basic residues, Arg-67
and Arg-91, in ther active sites.
All known kinetic properties of the carbonic
anhydrase isoenzymes fit with the idea that they
have a common basic catalytic mechanism invol-
ving a CO 2 /HCO3 interconversion half reaction
(eq. (1)) and a H' transfer half reaction (eq. (2)).

E - OH ^^ ) E COI F—^ E-HCO 3 <^ ^ E - OH 2 (1)

CO
2
 H2 O HCO

3

E - OH 2C ì E-OH + H+ 
(2)

At least in isoenzymes I and II the H . transfer
half reaction is complex presumably involving an
intramolecular W transfer between the metal-ion
center and an amino acid side chain (His-64 in
isoenzymes II and, probably, His-200 in isoenzy-
mes I) and a subsequent H . transfer to buffer as
indicated in eq. (3):

E -OH 2	 H E OH < r ^ E OH (3)

In the high-activity isoenzymes II CO 2 /HCO3
interconversion is very fast and at saturating subs-
trate and buffer concentrations the intramolecular
H` transfer step (eq. (3)) limits the rate of turno-
ver. The most important kinetic difference bet-
ween isoenzymes I and II is associated with
CO2 /HCO3 interconversion and is probably rela-
ted to a stabilization of the E-HCO3 complex in
isoenzymes I relative to isoenzymes II. This stabi-
lization might be due to an interaction of zinc-
-coordinated HCO3 with His-200 [5]. Available ki-
netic data on the low-activity isoenzymes III [2,3]
indicate that the maximal rate of CO 2 hydration is
limited by the H' transfer half reaction just as in

Rev. Port. Quint., 27 (1985)	 35



SESSION LECTURES

the case of isoenzymes II. It seems that an effi-
cient pathway for H' exchange between active site
and reaction medium is missing. This is probably
related to the absence of suitable «proton-trans-
fer» groups in the active sites of isoenzymes III.
Another important feature of isoenzymes III is
that the pK a of metal-bound H 2 O appears to be
well below 6 in contrast to isoenzymes I and II
where the corresponding pK a 's are near 7. This
low pK a in isoenzymes III is probably due to elec-
trostatic interactions with the positively charged
active-site residues at sequence positions 64, 67,
and 91.
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A COMPARISON OF SOME pH-DEPENDENT
PROPERTIES OF ZINC ENZYMES

Zinc enzymes are numerous, and more of them
are being discovered. However, only relatively few
are obtainable with an amount of effort and to a
degree of purification to be of interest to chemists
[1,2]. Zinc in zinc enzymes can be at the catalytic
site, i.e. it can itself be involved in the catalytic

process, or can be buried into the protein and
play a structural role. This kind of zinc will be no
further treated here. The function of zinc at the
catalytic site is essentially that of acting as a
Lewis acid [3]. Despite this only role, zinc enzy-
mes are capable of catalyzing several kinds of
reactions like hydrations, redox reactions,
hydrolytic processes, group transfer, polimeriza-
tions, etc.

Some zinc enzymes like carboxypeptidase A
(CPA) and carbonic anhydrase (CA) are classical
examples in enzymology. Besides them, liver alco-
hol dehydrogenase (LADH) and alkaline phospha-
tase (AP) will be also discussed here.

The donor atoms of catalytic zinc ions in enzymes
are histidines (three in CA, two in CPA, three (?)
in AP, one in LADH), carboxylate groups (one in
CPA, one or two in AP), and cysteines (two in
LADH). All of them contain at least one water
(or hydroxide) molecule. A water molecule coordi-
nated to the metal ion is an important acidic
group, whose pK a ranges from below 6 to well
above 10-11. As inorganic chemists, we know that
such pK a will decrease with increasing the positive
charge on the metal ion; the latter depends on the
number and the nature of the ligands. Furthermo-
re the pK a depends on the solvent properties. The
thermodynamic properties of «free» water in an
active cavity surely play a role in determining the
above pK a , but more efforts aimed to the unders-
tanding of such role would be needed [4]. We
have also related such pK a with the presence of
charged (positive or negative) groups into the ca-
vity. The apparent anion binding affinity for the
metal ion is also largely affected by the state of
ionization of the coordinated water and by the
presence of charged groups.

Understanding the overall acid-base behavior of
the enzymes is crucial to the elucidation of the
catalytic mechanism. The active species in CA,
LADH, and AP are the hydroxo forms. In carbo-
nic anhydrase the coordinated hydroxide attacks
CO 2 and provides a bicarbonate adduct which
essentially is released followed by a proton. In
liver alcohol dehydrogenase OH - is believed to
accept a proton by the alcohol allowing an alco-
holate species to bind the metal. Such interme-
diate eases the hydride transfer to the NAD'
coenzyme; the release of the substrate occurs
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through a five coordinate adduct with water as
fifth ligand. In alkaline phosphatase it is proposed
that a coordinated OH - hydrolyzes the phosphoric
ester with a serine residue, which is an earlier in-
termediate in the catalytic process. In carboxy-
peptidase, zinc binds the peptidic carbonyl oxy-
gen, favoring the hydrolytic attack: it is not clear
whether a water molecule is simultaneously bound
and whether it has a role.
Spectroscopic evidences for the described pro-
perties are shown on cobalt(II) substituted deriva-
tives.
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MAGNETIC RESONANCE SPECTROSCOPY
OF OXYGEN-17 TO PROBE
THE ACTION OF METALLOENZYMES:
LIVER ALCOHOL DEHYDROGENASE

The use of oxygen-17 as a spectroscopic probe of
Coe+-substituted metalloenzymes is discussed.
Continuous wave, microwave power saturation
studies of a variety of metalloprotein and small
molecule complexes of paramagnetic metal ions

show that the value of the parameter P112 (micro-
wave power at which the saturation factor
(1 + y 2 H 1 2 T 1 T2 ) ' equals 0.5) is sensitive to the
presence of oxygen-17 enriched oxygen-donor li-
gands while no change is observed in the presence
of oxygen-18 enriched ligands. Analysis of the re-
sults of pulse saturation and recovery experiments
of high-spin metmyoglobin and methemoglobin in
oxygen-17 enriched water shows that the influence
of oxygen-17 results in a fast cross-relaxation
event (T 21 *) that is comparable to the nuclear mo-
dulation effect seen in spin-echo spectroscopy. On
the basis of the theory of cross-relaxation [1] and
spectral diffusion [2], the saturation factor has the
form (1 +y 2 H 1 2 T 2 /(1/T 1 + 1/T 21 *)) -1 . With
oxygen-17 selectively incorporated into different
ligands in the same metal ion complex it is seen
that the change in P112 is dependent upon geome-
trical relationships of metal-ligand bonding and
the extent of metal-ligand covalency. Also, the
influence of oxygen-17 is seen only in coordina-
tion complexes in which the isotopically enriched
oxygen-donor ligand is in the inner coordination
shell of the metal ion. Outer sphere oxygen-donor
ligands do not have an influence on P112. The
effect has been observed thus far with high- and
low-spin Fe 3+-heme complexes, Coe . -substituted
metalloenzymes and small molecule coordination
complexes, as well as in polycrystalline
K(Cr)Al(SO 4 ) 2 .12 H 2 O. These results, thus, indi-
cate that the effect is not dependent upon the
electronic ground state or the presence of a
nuclear moment associated with the paramagnetic
metal ion. Because the effect is observable with
standard EPR spectrometers (in our laboratory
an X-band Bruker ER 200D equipped with an
Oxford Instruments ESR10 cryostat), the method
of continuous wave, microwave power saturation
can be readily applied to investigate the immediate
donor-ligand atom environment of paramagnetic
metal ions in metalloenzymes and proteins. Inves-
tigations of a variety of binary and ternary com-
plexes of active-site specific Coe . -substituted
horse-liver alcohol dehydrogenase (COLADH) [3]
have been carried out to assign the coordination
number of the metal ion with use of oxygen-17
enriched ligands as spectroscopic probes. No
influence of oxygen-17 enriched H 2 O is observed
in the CoLADH-(trifluoroethanol), CoLADH-
-NADH-4-(N, N-dimethylamino)-cinnamaldehyde

Rev. Port. Qulm., 27 (1985)	 37



SESSION LECTURES

[11

[51

complex at pH 9, or in the corresponding aldehy-
de complex formed with the inhibitor 1,4,5,6-
-tetrahydro-NADH formed at neutral pH, in
general agreement with expectations based on
X-ray crystallographic studies. Experiments with a
variety of ternary inhibitor or substrate complexes
of CoLADH-NAD' and CoLADH-NADH in the
presence of oxygen-17 enriched water show clear
evidence for metal-coordinated H 2 0, indicating
a penta-coordinated ligand configuration of the
active site metal ion. The results confirm our
earlier suggestions [4,5] that the catalytically
competent environment of the active site metal
ion of this enzyme in ternary enzyme-coenzyme-
-substrate complexes requires the participation of
a metal-bound molecule. The results of these stu-
dies will be discussed in light of our previous pro-
posal [4-6] for the mechanism of action of liver
alcohol dehydrogenase.
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STRUCTURAL MODULATIONS
OF THE CATALYTIC METAL BINDING
SITE IN LIVER ALCOHOL
DEHYDROGENASE DUE TO LOCAL
AND GLOBAL CHANGES
OF PROTEIN CONFORMATION DURING
THE CATALYTIC CYCLE

The structural flexibility of the catalytic metal
binding site of LADH in different phases of the
catalytic cycle has been probed by spectroscopic
techniques such as EPR-, Mdssbauer-, NMR- and
optical spectroscopy both in equilibrium and in
short-lived, transitory states. As chemical probes,
various metal ion species were used to replace the
catalytic zinc ion in the active site, e.g. Co(II),
Cu(II), Fe(II), Fe(III). The spectroscopic proper-
ties of these metal ions are changed in two ways,
first by the coenzyme-induced transition of the
protein structure from the open to the closed con-
formation, secondly by local rearrangements of
the catalytic site due to charge compensations fol-
lowing the binding of negatively charged metal li-
gands, including substrate in the form of alcoxide
anions. These changes have been used to analyse
equilibria as well as temperature- and time-depen-
dent transitions between the conformational
and/or differently liganded states of the protein.
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THE MECHANISM
OF DIOXYGEN REDUCTION
BY CYTOCHROME C OXIDASE

The mechanism of dioxygen reduction by cyto-
chrome c oxidase has been the subject of intensive
investigation. Conventional spectroscopic approa-
ches cannot be used to study the intermediates
formed during the dioxygen reduction reaction
under physiological conditions because the reac-
tion is very rapid: the bimolecular rate constant
for the combination of dioxygen with the enzyme
is 8 x 10 6 rvr1 s-1 at room temperature and most of
the intramolecular electron transfers which ensue
take place within a millisecond. However, the
reaction may be slowed by going to lower tempe-
ratures (160-200 K). A technique for studying the
cytochrome oxidase, dioxygen reaction at low
temperatures, was developed in 1975 by B. CHAN-
CE et al. [1]. This method, which is called the
«triple trapping» technique, involves the inhibi-
tion of the enzyme with carbon monoxide and
subsequent initiation of the reaction with dioxy-
gen by photolysis of the CO adduct at low tempe-
rature. We have examined the reaction of cyto-
chrome c oxidase with dioxygen using a modifica-
tion of the triple trapping technique in conjunc-
tion with EPR spectroscopy. The investigation has
been extended to a broader temperature range
than previous studies, and several new reaction
steps have been resolved. Where possible, the tem-
perature dependences of the rates of individual
steps have been measured. Both the low potential
sites (Fe a and Cu,,,) and the dioxygen reduction

site (Fe a3 and Cu B) have been monitored simulta-
neously, enabling clarification of the relationship
between the electron transfers to the dioxygen re-
duction site and the events which occur there. The
evidence indicates that there are two intermediates
at the three-electron level of dioxygen reduction,
only the first of which is EPR-detectable. The
conversion between these two intermediates,
which probably corresponds to the breaking
of the dioxygen bond, exhibits a distribution of
activation enthalpies which peaks at 18.1 ± 1.6
kcal moi -1 . Assuming a preexponential factor of
10 13 , the corresponding activation entropy is
21.4 ± 8.2 cal mol -1 K -1 , indicating that this pro-
cess is strongly promoted by entropic factors. Ex-
periments using enzyme reduced by only three
electrons confirm the existence of two different
three-electron intermediates. These experiments al-
so indicate that the rate of electron transfer from
Fe a to the Fe a3/Cu B site depends upon the nature
of the intermediate of dioxygen reduction which is
present at the latter site. Finally, we have obtai-
ned evidence that one of the three-electron inter-
mediates of dioxygen reduction, probably a ferryl
ion, can react with carbon monoxide at low tem-
perature (211K) to produce CO 2 and a partially
reduced enzyme species. These results are discus-
sed in terms of the electron transfer pathways wi-
thin the enzyme and its mechanisms of dioxygen
reduction and energy conservation.
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PROGRESS IN THE CHARACTERIZATION
OF THERMUS RESPIRATORY PROTEINS

We have been purifying and characterizing respi-
ratory proteins from the extremely thermophilic
aerobe, Thermus thermophilus.

Cytochrome c laa 3

We have used the spectral properties of the tightly
bound cytochrome c, as an indicator of the redox
state of the components of cytochrome, aa 3 in
reductive, oxidative and potentiometric titrations.
During the latter, we assume all redox compo-
nents are in equilibrium with the mediators: At
pH 7.8 cytochrome c 1 has E m =205  mV (n =1),
Cu A has E m =265  mV (n= 1), cytochrome a has
E m =270  mV (n=1 and 60% spectral contribution
at 605 nm), and cytochrome a 3 /Cu B has E m — 360
mV (n=2 and 40% spectral contribution at 605
nm). Reductive and oxidative titrations are consis-
tent with an equilibration between cytochrome c,,
cytochrome a and Cu A but not between cytochro-
me a and the cytochrome a 3 /Cu B pair. These ob-
servations are consistent with a conformational
change controlling electron transfer between c l , a,
Cu A redox components and the a 3 /Cu B pair.
When hydrogen peroxide is added to cytochro-
me c l aa 3 a difference optical spectrum
(oxidized + peroxide minus oxidized) is observed
with a trough at 413 nm and a peak at 433 nm
(AE = 27 mM - ' cm - ') and peaks at 606 nm and
580 nm. Others have observed similar changes

with bovine cytochrome aa3 suggesting that the
two enzymes form similar complexes. The reac-
tion with peroxide is slow (4.2 hr - ' at 50 µM

H 2 0 2 ), and appears to be reversed by incubation
with catalase (0.35 hr - '). We find no difference
between the EPR spectra of oxidized and peroxo
enzymes. Drs. T.A. Kent and E. Münck have re-
corded the Mtlssbauer spectrum of 57Fe enriched
peroxo complex and have found no apparent
changes from the «preparation II» type spectrum.
Ethyl peroxide and t-butyl peroxide also form
complexes with cytochrome claa3 having similar
spectral properties. The following dissociation
constants have been measured at pH 7.8 and
25°C: = 0.5 µM(HOOH), = 30 1M(EtOOH),
=4 mM(t-BuOOH). Our results suggest that pero-
xides react with the cytochrome a 3 to form a com-
plex having electronic properties very similar to
those of the resting protein; an end-on complex
would be consistent with our data.

Rieske Fe/S Protein

The redox potential has been measured in the pH
range 6.7 to 9.2. Below pH 8, E m is constant and
equal to —150 mV while above pH 8 E m decreases
—60 mV/unit pH. A reversible effect of pH on
the optical spectrum of oxidized protein was
found and shown to be determined by an ionizing
group with pK a — 8. These observations are con-
sistent with the following equilibria associated
with the [2Fe-2S] clusters of Rieske protein:

F1-13 „x Pox+H' ; PK a — 8

HP °X +e - HP red•

Previous work suggested that each [2Fe-2S] cluster
of Rieske protein was coordinated by only two
cysteine residues. Working in collaboration with
Drs. John F. Cline and Brian Hoffman it has
been found that the cluster is coordinated to 14N
containing ligands, and we speculate here that the
structure of the Rieske cluster is

- CH 2 -S\ / 52  Í/ ^ \
Fe	 Fe - N	 NH

—CH 2 -5	 5
	\

n
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with one of the coordinating imidazole rings ioni-
zing with pK a -- 8.

Cytochrome o

An additional cytochrome c oxidase has been pu-
rified from Thermus membranes. The enzyme con-
sists of two subunits, — 18 and -- 37 KD, in a 1:1
ratio and one B-type heme per molecule; no other
metals are present at significant levels. The spec-
tral properties of the enzyme are characteristic of
cytochrome o as found previously by others.
Thus, the CO compound of the reduced protein
difference spectrum (CO + reduced minus reduced)
shows a trough at 434 nm and a peak at 419 nm.
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OXYGEN BINDING TO THE BINUCLEAR
CENTER OF HEMERYTHRIN

Hemerythrin is the non-heme iron respiratory pro-
tein of several marine invertebrates. In binding
oxygen it cycles from ferrous deoxyhemerythrin to
ferric oxyhemerythrin with a concomitant reduc-
tion of oxygen to peroxide [1]. In the 2.0 A reso-
lution crystal structure of the irreversibly oxidized
(ferric) methemerythrin [2], the two active-site
iron atoms are located in an a-helical framework
and coordinated to histidinyl and carboxylate
residues (Fig. 1). The irons of the confacial bioc-
tahedron are bridged by two protein carboxylates
and an oxo group derived from solvent. The exis-
tence of a µ-oxo-bridged binuclear iron center in
oxy- and methemerythrins was originally proposed
on the basis of the strong antiferromagnetic cou-

His 73
His 101	

His 77

Fe

0// NOAsp 106- C , 0,C - GIu 580 ,, .0

H' ^\I/
Fe

0\
	 \\
O H  25 His 54

Fig. 1

Proposed structure for the binuclear iron center of oxyhe-
merythrin

pling ( —J = 100 cm -1 ) of the iron atoms and the
high intensity of the absorption bands in the elec-
tronic spectrum [1]. More recent confirmation of
the presence of a bridging oxo group has come
from X-ray absorption and resonance Raman spec-
troscopy. The best fits of the EXAFS data reveal a
short Fe-O bond at 1.8 A which is characteristic
of an Fe-O-Fe moiety [3,4]. In the resonance
Raman spectra a strongly enhanced peak at
— 500 cm -1 is assigned to the symmetric stretch of
an Fe-O-Fe group on the basis of its — 15 cm -1

shift to lower energy when the oxo bridge is isoto-
pically substituted with 18 0 [5,6].
The chemistry of the oxygen binding reaction has
been a subject of intense interest. The bound
dioxygen in oxyhemerythrin has been unambi-
guously identified as peroxide from the observa-
tion of the O-O stretching vibration at 844 cm -1

[5]. The actual location of the peroxide ion has
been more difficult to determine due to the ten-
dency of oxyhemerythrin crystals to auto-oxidize.
In the crystal structure of azidomethemerythrin,
the exogenous azide ligand is clearly bound end-
on to the His-25-ligated iron atom [2]. A compa-
rison of the EXAFS behavior of oxyhemerythrin
and azidomethemerythrin shows that the two
forms contain the same number and types of iron
ligands, leading to the prediction that peroxide is
bound in the same manner as azide [3]. Crystallo-
graphic studies on oxyhemerythrin (partial 0 2

occupancy) confirm this interpretation [7]. Diffe-
rence electron density maps of oxyhemerythrin
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[31

[5]

[7 1

minus methemerythrin at 2.2 A resolution (Fig.
2b) reveal positive electron density attributable to
peroxide in a region similar to the positive elec-
tron density of azide in the azidomethemerythrin
minus methemerythrin maps (Fig. 2a). The region
of negative electron density in both of the diffe-
rence maps represents the position of the lower
iron atom in methemerythrin (which lacks an exo-

Fig. 2

Difference electron density maps in the 0(µ-oxo)-Fe-N(azide)

plane at 2.2 A resolution [7]. Positive density (	 ), nega-

tive density (	 ). Left: azidomethemerythrin minus methe-

merythrin. Atom positions from the 2.0 A resolution refine-

ment of azidomethemerythrin projected onto the 0-Fe-N

plane. Right: oxyhemerythrin minus methemerythrin. Atom

positions for peroxide estimated from present map.

genous ligand). The binding of either peroxide or
azide causes a movement of this iron atom in the
direction of the ligand. The most notable differen-
ce between the peroxide an azide maps is that the
peroxide electron density is shifted somewhat to-
wards the Fe-Fe axis relative to azide.
Since the peroxide appears to be coordinated in
an end-on fashion in oxyhemerythrin, it is likely
to be protonated. Support for this proposition
comes from the deuterium isotope dependence of
the peroxide stretching vibrations [6]. The O-O
stretch of oxyhemerythrin at 844 shifts to 848
cm -1 in D 2 0, while the Fe-O stretch shifts from
503 to 500 cm -1 in D2 0. The corresponding N-N
and Fe-N vibrations of azidomethemerythrin are
totally unaffected by D 2 0. Thus, the deuterium
isotope effects seem to be related to peroxide
binding rather than to changes in protein struc-
ture. Furthermore, the 4 cm -1 increase in v(O-O)
is unexpected for an increase in mass and is most
likely due to electronic or structural changes
accompanying deuteration. A model which
accounts for the unusual isotope dependence as
well as the unusually low frequency of the
Fe-O-Fe vibration (486 cm -1 in oxyhemerythrins

versus — 515 cm -1 in the methemerythrins) and
the location of the peroxide electron density rela-
tive to that of azide is one in which the hydrope-
roxide ligand is hydrogen-bonded to the it-oxo
bridge (Fig. 1). Another example of anomalous
deuterium isotope behavior occurs in hydroxome-
themerythrin. In this case, the shift in v(Fe-O-Fe)
from 492 in H 2 O to 517 cm -1 in D 2 0 may also be
due to a hydrogen bond between the bound
hydroxide and the µ-oxo bridge.
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THE STRUCTURE OF THE COPPER-
-CONTAINING OXYGEN-TRANSPORTING
HEMOCYANINS FROM ARTHROPODS

Hemocyanins are the large, non-heme, copper-
-containing oxygen-transport molecules occurring
in the hemolymph of a large number of inverte-
brate species. The class of molluscan hemocyanins
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consists of cylindrical molecules with subunits of
molecular weight — 400.000 yielding total mole-
cular weights of up to 10 million. Arthropodan
hemocyanins, on the other hand, consist of hexa-
mers, and usually multi-hexamers with subunits of
molecular weight — 75.000 with total molecular
weights between 0.5 and 4 million (For Reviews
see refs. [1,2,3]).
The first X-ray structure of a hemocyanin mole-
cule has been determined in our laboratory. It is
the hemocyanin of the spiny lobster, Panulirus
interruptus, an arthropod. It is a single-hexamer
hemocyanin and therefore one of the smallest
hemocyanins known, but the structure to be sol-
ved was still a particle with a molecular weight of
about — 450.000. Concurrently with the X-ray in-
vestigation, the amino acid sequence determina-
tion of this hemocyanin was carried out by the
group of BEINTEMA at the University of Gronin-
gen. About 90 07o of the sequence has been deter-
mined presently.
The structure of Panulirus interruptus was eluci-
dated at 3.2 A resolution using crystals grown at
pH 4.5 at low salt concentrations [4]. The entire
hexamer was contained in the asymmetric unit.
Therefore the initial isomorphous replacement
phases, which yielded a rather poor electron den-
sity map, could be improved enormously by mole-
cular averaging and phase extension techniques.
The ultimate 3.2 A map gave a clear picture of
the course of the polypeptide chain, the position
of the two copper ions in each subunit, the three
disulfide bridges and the single carbohydrate
moiety [5].

Panulirus interruptus hemocyanin can be conside-
red as a trimer of dimers, rather than as a dimer
of trimers, because the dimer contacts are more
extensive, and evolutionarily better conserved than
the contacts between trimers [6]. The point group
symmetry of the hexamer is 32 [4].
The individual subunits of this arthropodan
hemocyanin consist of three distinct domains
(Fig. 1). The first domain comprises — 180 resi-
dues and is virtually all-helical. The single
carbohydrate moiety is covalently attached to resi-
due Asn-169 which is part of a /3-strand. The
second domain, consisting of — 220 residues, is
also mainly helical but contains two 2-stranded
anti-parallel /3-sheets. In the centre of this domain

Fig. 1

Schematic drawing of the course of the polypeptide chain in a

single subunit of Panulirus hemocyanin. Circles represent heli-

ces, squares (3-strands. The small black squares are the copper

positions. The three domains are separated by dashed lines.

The dotted helix in domain 1 is absent in cheliceratan hemoc-

yanins. The dotted helices in domain 2 provide the six copper

ligands. The dotted (3-strands in domain 3 correspond closely

in structure with (3-barrels of immunoglobulins and Cu,Zn

superoxide dismutase

the binuclear copper site is located. Each copper
is liganded by three histidine residues, two of
which are provided by residues one turn apart in
the same a-helix (Fig. 2). The distance between
the copper positions is 3.8±0.4 A. The electron
density map provides no evidence for a bridging
protein ligand, but at the current resolution the
possibility of a small exogenous ligand cannot be
excluded.
The third domain contains — 260 residues and
consists of a central anti-parallel 0-barrel surroun-
ded by a number of long loops containing helices
and anti-parallel /3/3-units (Fig. 1). An unexpected
discovery was the identical topology of this /3-bar-
rel with those found in the immunoglobulins and
in Cu,Zn superoxide dismutase [5].
In a recent study, the available amino acid se-
quence information from seven different species
has been compared with each other and with the
three-dimensional structure of Panulirus hemocya-
nin [6]. It appears that the Panulirus hemocyanin
architecture is common to all arthropodan hemoc-
yanins, but one helix in the first domain is absent
in one class of arthropods. It also appears that
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Fig. 2

Schematic representation of the binuclear copper site in arthro-

podan hemocyanins. The first (2.1), second (2.2), fifth (2.5)

and sixth (2.6) helices of the second domain provide the six

histidine ligands

the second domain is most conserved during evo-
lution. Further, it seems that no conserved tyrosi-
ne occurs in the second domain which could serve
as a bridging ligand in either the oxygenated or
deoxygenated form of the molecule as is proposed
by several investigators.
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OPTICAL DETECTION OF PARAMAGNETIC
RESONANCE BY MAGNETIC
CIRCULAR DICHROISM.
APPLICATIONS TO METALLOPROTEINS

The intensity of the magnetic circular dichroism
(MCD) spectrum of a paramagnetic molecule is
inversely proportional to the spin temperature, T S ,
at liquid helium temperature. Irradiation of the
sample with a microwave field of constant fre-
quency will, if resonance occurs, raise the spin
temperature. This is detected by a change in the
intensity of the MCD signal. Thus it is possible to
measure paramagnetic resonance by optical detec-
tion (PROD) using MCD spectroscopy. This is a
form of optical double magnetic resonance
(ODMR) which appears not to have been carried
out on proteins before. We have constructed a mi-
crowave cavity with optical access to enable the
MCD spectrum of a frozen, aqueous metallopro-
tein solution to be measured in a microwave field
in the Q-band (35 GHz) frequency range. The
PROD spectra of some simple copper(II) comple-
xes are discussed. Results have also been obtained
for the copper(II) ion in the blue protein azurin as
well as for Cu 2A; in mammalian cytochrome c oxi-
dase. A comparison between these two centres will
be made. The PROD spectrum enables the relative
orientations of the ground state g-tensor and the
optical transition-moment tensors to be determi-
ned. In this way useful information about the an-
gular distribution of ligands about a central metal
ion in an isotropic solution of a metalloprotein
appears to be available. This may provide a com-
plementary technique to that of EXAFS which, by
contrast, provides no angular information.
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ELECTRON TRANSFER PATHWAYS
IN BLUE COPPER PROTEINS

Electron transfer reactions play a central role in
biological energy conversion processes. The me-
chanisms employed by the different protein ele-
ments of these systems are now being examined at
the resolution of amino acid residues involved in
the reactions. Thus, specific loci on the protein's
surface involved in electron-transfer and the me-
dia separating them from the metal ion active cen-
ters are investigated [1,2]. An affinity labeling
procedure for such loci has been developed,
taking advantage of the chemical properties of the
Cr(II)/(III) couple: While Cr(II) ions are exceptio-
nally strong reductants and exchange their ligands
very fast, the Cr(III) ion exchanges its ligands ra-
ther slowly [3]. Thus, Cr(II) can coordinate to one
or more amino acid residues of the protein while
transferring to its active center an electron. Upon
oxidation to Cr(III), it maintains the same ligan-
ding residue(s) in its coordination sphere. Hence
identification of the attachment site of the Cr(III)
may provide information about the electron trans-
fer locus. The Cr(III) binding sites are determined
primarily by proteolytic cleavage of the different
labeled proteins [4-7]. In some cases spectroscopic
methods have been useful in corroborating these
assignments [8].
Several copper proteins have been examined by
the above approach. These include: The blue cop-
per containing electron carrier proteins — azurins
from several bacteria (Ps. aeruginosa [4] and
Alc. Faecalis). Plastocyanin (French bean) the
electron mediator of the photosynthetic apparatus

Rev. Port. Quím., 27 (1985)

[5]. Stellacyanin [6] and the oxidase laccase isola-
ted from the Japanese lacquer tree (Rhus vernici-
fera). Our prime interest focused on the spatial re-
lation between the copper site and the locus of
Cr(III) labeling and predominantly on the role of
the labelled regions in the functions of the exami-
ned proteins.
In Ps. azurin, Cr(III) labeling of the neighbor-
hood of His-35 imidazole has been found [4].
This amino acid residue has been implicated
earlier in the electron-transfer function of the pro-
tein. Even anionic inorganic redox partners seem
to react at this region [8]. In stellacyanin, the site
of the single Cr(III) bound to the protein is cur-
rently being identified.
The cuprous ions in the Cr(III) labeled plastocya-
nin, azurin and stellacyanin can be fully reoxidi-
zed by inorganic or enzymatic agents without any
loss of the bound chromium. The single and the
same Cr(III) ion originally coordinated to azurin
and stellacyanin remains bound through several
Cr(II) reduction and reoxidation cycles. In con-
trast, one can label plastocyanin (French bean)
with several Cr(III) ions by repeated redox cycles.
As illustrated in the table up to 6.0 Cr(III) ions
can be bound to one plastocyanin molecule in se-
ven reduction steps. Reoxidation has been attai-
ned in these cycles with Co(III) dipicolinate and
analysis of the protein's copper content establis-
hed the stoichiometry.

Cr(II) Labeling Upon Multiple Reduction-Oxi-
dation Titrations of Pc

TITR. I II 1E 13Z Y II -YE

Cr /Pc 0.89 1.7 2.5 3.5 4.4 5.2 6.0

The numbers represent moles of Cr(II) bound to
plastocyanin after each cycle (Roman numbers).

The labeled proteins now carry the Cr(III) modifi-
cation on their surface. To examine the physiolo-
gical significance of the labeled sites, the reactivi-
ties of native and singly Cr(III) labeled forms of
azurin and plastocyanin were compared. It beca-
me apparent that the Cr(III) label attenuated the
reactivity of both azurin and plastocyanin [9,10]
with only one of their respective two partners.
This led to the conclusions that on both proteins:

45



SESSION LECTURES

a) There are probably two distinct and physiologi-
cally operative electron transfer sites. b) One of
these sites is centered around the respective Cr(III)
labeled region. c) By elimination, the second is at
the exposed, homologous imidazole of His-87 or
117 in Pc and Az, respectively.
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THE BINUCLEAR COPPER CENTER
AND THE REACTION MECHANISM
OF TYROSINASE

Tyrosinase is a copper-containing monooxygenase
catalyzing the formation of dark colored melanin
pigments [1]. Various forms of the enzyme can be
obtained (met-, halfmet-, oxy- and desoxytyrosi-
nase), depending on the oxidation state of the

active site copper. Met- and oxytyrosinase contain
two tetragonal Cu(II) ions antiferromagnetically
coupled through an endogenous bridge with the
exogenous oxygen molecule in oxytyrosinase
bound as peroxide. In halfmettyrosinase the two
coppers are present in a mixed-valence state [2].
The chemical and spectroscopic properties of the
different forms are surprisingly similar to those
reported for the oxygen-binding hemocyanins [3].
However, differences between the tyrosinase and
hemocyanin active sites are apparent from peroxi-
de displacement and binding studies of tyrosinase
substrate analogues [4]. Binding of L-mimosine
and various derivatives of benzoic acid to half-
mettyrosinase results in very unusual Cu(II) spec-
tral features. They relate to a significant distor-
tion of the Cu(II) site as shown by the rhombic
splittings and perpendicular hyperfine structure of
the EPR spectra [5]. In addition, these competiti-
ve inhibitors are found to bind to the enzyme with
an equilibrium constant higher by one order of
magnitude relative to aqueous Cu(II) [6]. It is sug-
gested that the protein environment of the binu-
clear copper complex contributes significantly to
the stabilization of substrate analogues binding to
the active site. This stabilization and the concomi-
tant change from a tetragonal toward a trigonal
bipyramidal geometry of the Cu(II) site seem to
greatly assist the catalytic hydroxylation reaction
of tyrosinase. It is proposed that the binding of a
monophenol substrate to oxytyrosinase leads to a
distortion of the Cu(II) complex, thus labilizing
the peroxide. This then leaves a reactive, polarized
peroxide which in turn can hydroxylate the mono-
phenol most likely via an electrophilic attack on
the aromatic ring.
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ASCORBATE OXIDASE:
FURTHER INVESTIGATIONS
OF ITS STRUCTURE
AND CATALYTIC PROPERTIES

Ascorbate Oxidase (L-ascorbate:0 2 oxidoreduc-
tase, AO, E.C. 1.10.3.3) is a multicopper enzyme
widely distributed in plants. For a review of the
literature prior to 1982 see ref. [1]. This article
describes some recent developments in the number
of Cu/M r, t} , Olective depletion of the type-2 Cu
(t2d-AO), the preparation of the apoprotein and
its reconstitution to the holoenzyme. In addition
redox reactions of AO and t2d-A0 with L-ascor-
bate, thiomolybdate(VI) and dioxygen are repor-
ted as studied by stopped flow spectrophotometry
and rapid freeze EPR spectroscopy. Finally, a
model is presented describing the active site of the
multicopper oxidase. On the basis of this model
some mechanistic aspects of the reaction of re-
duced AO with molecular oxygen are discussed.

Cu content, stoichiometry of the Cu types, and

stability towards 1-1+,  OH-

The number of Cu atoms/M r and stoichiometry
of the three Cu types strongly depend on several
environmental factors maintained during the pro-
cess of purification, such as pH, ionic strength,
buffer, metal ions and chelating agents in the me-
dium. Below pH 5.5, upon dialysis against acetate
buffer, the absorbance at 610 nm slightly decrea-
ses, whereas an increase in the region 300-400 nm
is observed. At pH 4.0, the blue color of AO has
completely disappeared accompanied by a slow
precipitation of the protein. These results are con-
firmed by EPR which clearly show that the type-1
ignals have been replaced by signals characteristic
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of non-prosthetic Cu. The acid induced denatura-
tion of AO is irreversible below pH 4.5, dialysis
against buffer, pH 7.0, does not restore the origi-
nal spectral properties. Above pH 8.0, the optical
density at 610 nm also diminishes, but no conco-
mitant turbidity due to protein denaturation is
observed. At pH > 10.5 the typical blue color of
AO has faded completely, again an increase at
330 nm (type-3 region) can be detected. The reac-
tion at alkaline pH is biphasic with t 1 , 2 5 and 45
min. at pH 11.5, 25°C. Despite the drastic chan-
ges in the optical spectrum of AO the Cu remains
bound to the protein as shown by EPR and AAS.
Up to pH 10.5, this process is fully reversible,
dialysis against buffer, pH 7.0, restores both the
spectral properties of AO and its activity towards
L-ascorbate/dioxygen. According to CLARK et al.
[2] AO dissociates into two subunits (65,000 M r)
at pH > 10.0. Our studies on the reversibility of
the OH - induced processes seem to indicate that
one (or several) ligand(s) of the type-1 Cu are re-
placed by OH - producing a type-2 ligand field.
Alternatively, prosthetic groups close to the Cu si-
tes might be deprotonated, i.e. -NHCO-, -NH3 or
imidazole, inducing changes of the protein confor-
mation and the Cu coordination spheres.
Dialysis of AO against phosphate buffer, pH 7.0,
containing less than 10 -9 M Cu (determined by
AAS), leaves the optical density at 610 nm
unchanged but decreases the intensity of the 330
nm chromophore (A330/A610 0.56 vs. 0.75 [1]).
After addition of extraneous Cu to the dialysis
medium (0.31 mm CuSO 4 corresponding to 20
Cu/AO) this effect is reversed.

t2d-A O, apo-AO and reconstitution.

Depending on pH, time of dialysis and the presen-
ce of metal chelating agents (EDTA, DMG) the
type-2 Cu can be removed giving the so-called
t2d-AO. Starting with 7.8 ± 0.3 Cu/M, in native
AO a t2d-AO is obtained with 6.5 ±0.2 Cu, and
a specific activity of 13%. The EPR spectrum of
t2d-AO documents the loss of the type-2 Cu, the
optical purity index A330/A610 decreases to 0.36
(vs. 0.75 in AO). The intensity of the fluorescence
emission at 335 nm increases by 55 ±5%  compa-
red to native AO.
Dialysis against CN - , at basic pH, in the absence
of 0 2 , causes the complete loss of AO (0.8±0.3
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Cu). The apoprotein is reconstituted using
Cu(CH 3 CN) 4 C104 /1.0 M CH 3 CN at neutral pH.
The activity of the reconstituted AO peaks at
approx. 60% (vs. native AO). The reconstitution
seems to proceed via an «all or nothing process»,
i.e. no intermediate forms of AO could be isola-
ted carrying only the type-3, type-2 or type-1 Cu.

Redox reactions of AO and t2d-AO.

Both AO and t2d-AO are reduced by L-ascorbate
in the absence of 0 2 . From potentiometric titra-
tions Eó,610=327±3 mV, 10°C, vs. 344 mV, 25°C
(vs. SHE [1]). Determination of E0,330 reveals a dif-
ference of 30±10 mV for Eó,330-E0,610 at 10°C whe-
reas at 25°C the difference is almost zero. K .MoS4

reduces both AO and t2d-A0. Interestingly, with
IMoS4- /AO, no change in absorbance at 610 nm
is observed. On the other hand, EPR clearly
shows that at this point 90% of the type-2 Cu
must be reduced. Upon further addition of
MoS; - , the type-3 Cu is reduced prior to the
type-1 centers. For t2d-A0 the reducing equiva-
lents are immediately transferred to the type-1 Cu.
Taking into account the results of several kinetic
studies (stopped flow and rapid freeze EPR) of
the half reactions AO red(t2d-AO red) + 0 2 and
AO °x(t2d-AO °X) + L-ascorbate a model is develo-
ped describing some structural and mechanistic
aspects of AO. The picture of the active site is
based on the experimental result that removal of
the type-2 Cu drastically alters the reactivity of
AO red towards 0 2 . In a first step two molecules
02 bind at the type-3 Cu sites. Splitting of the 0-
-O bond is triggered by electron transfer from
type-1 Cu to the oxygen complex. Parallel to the
release of one H 2 O the second oxygen atom re-
mains bound (0. - ) close to the type-2 Cu. The se-
cond H 2 O is formed after transfer of a second
electron (from type-1 Cu) to the oxygen anion
mentioned above.

REFERENCES

[I] P.M.H. KRONECK, F.A. ARMSTRONG, H. MERKLE, A.

MARCHESINI, in P.A. SEIB, B.M. TOLBERT (eds.), «Ascor-
bic Acid: Chemistry, Metabolism and Uses», Adv. Chem.

Ser., 200, 223 (1982).
[2] E.E. CLARK, W.N. POILLON, C.R. DAWSON, Biochim.

Biophys. Acta, 118, 72 (1966).

SL30 — TH

B. MONDOVI
Institute of Applied Biochemistry

University of Rome

00185 Rome

Italy

A. FINAllI AGRO
G. ROTILIO
Institute of Biological Chemistry

University of Rome

00185 Rome

Italy

S. SABATINI
C.N.R. Center of Molecular Biology

00185 Rome

Italy

REDOX TITRATIONS
AND REVERSIBLE REMOVAL
OF COPPER FROM BOVINE PLASMA
AMINE OXIDASE

INTRODUCTION

Copper-dependent amine oxidases are enzymes
that contain two copper atoms per functional unit
to approximately 180,000 dalton.
In spite of long and intensive study, the mecha-
nism of action of these enzymes is still obscure. In
particular the role of copper, which is essential
for the enzymatic activity, has not yet been esta-
blished. In fact it neither binds the substrate [1]
nor undergoes valence change upon anaerobic
addition of substrate [1,2]. Its redox behaviour
has not been systematically studied, leaving open
the question concerning its role in the electron
transfer between the substrate and oxygen.
In view of the controversial picture arising from
the existing knowledge of Cu- amine oxidases, a
more rigorous approach to these aspects was
undertaken and a new method for reversible pre-
paration of protein was worked out as previous
reports [3,4] on the matter lack proper ESR
controls.
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RESULTS

Redox reactions of the copper

In buffered solutions at pH 7.2, NADH slowly
reduced the enzyme copper anaerobically, but
only in the presence of phenazine methosulfate as
mediator. Neither ferrocyanide nor ascorbate was
able to reduce the copper, even in high excess and
in the presence of suitable mediators such as
methylene blue and toluidine blue. Reacting the
enzyme with phenylhydrazine or substrate — both
of which change the ESR line shape (see below)
without affecting the signal intensity — had no
influence on the apparent redox behaviour of the
enzyme.
Under anaerobic conditions dithionite reduced the
enzyme-copper with half-time in the range of
several minutes. The visible absorption of the
enzyme was bleached as well. Reoxidation, as mo-
nitored by reappearance of both ESR and optical
spectra, was practically immediate.

Preparation and reconstitution
of the copper-free-enzyme

The copper-free enzyme was prepared according
to the following procedure: i) reduction by excess
dithionite in air; ii) addition of 3mM KCN for 1-3
mM copper-enzyme; iii) overnight dialysis against
50 mM KCN in 0.1 M phosphate buffer pH 7.2;
iv) exhaustive dialysis against 0.1 M phosphate
buffer. Reconstitution was obtained by adding 1
mM CuC1 2 . The mixture was left standing for 12 h
and then dialyzed against 0.1 M phosphate buffer
containing 2 mM EDTA. The reconstituted enzy-
me was dialyzed against the same buffer contai-
ning 0.1 M NaC1O4 and finally against buffer
alone. This procedure always left 10-15% residual
copper in the apoenzyme. The visible and ESR
spectra and the enzyme activity (Table I) were al-
most fully recovered in the reconstituted protein.

DISCUSSION

The copper of beef plasma amine oxidase is likely
to have a rather low redox potential as compared,
for instance, to that of other non-blue copper-
-containing oxidases or related enzymes, such as
superoxide dismutase [5] and dopamine-(3-hydro-
xylase [61. The enzyme reduced by nearly stoi-
chiometric dithionite is promptly reoxidized by
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Table I

Properties of copper free and reconstituted bovine plasma

amine oxidase. The data are the average of three preparations

To Copper content % Specific activity
(per copper)

Native enzyme 100 100
Dithionite-cyanide-

-treated enzyme 6 0

Reconstituted enzyme 63 80

oxygen. This result, though not apparently related
to the role of copper in the enzymic catalysis,
where its reduction by substrate is not established
[7], supports a possible function of the metal in
the catalytic oxygen activation by this enzyme. In
fact, fast reoxidation by oxygen is not observed in
reduced superoxide dismutase nor in reduced azu-
rin and plastocyanin, which are functionally reoxi-
dized by other molecules.
The reduced amine oxidase lost a great part of its
copper if dialyzed against CN - at neutral pH, whi-
le the oxidized enzyme was practically unaffected
by much higher CN - concentrations. This proce-
dure allowed a study of the spectral properties of
the apo- and reconstituted protein in a greater de-
tail. It is proposed that this preparation gives a
«reduced» form of the apoenzyme, possibly at the
level of the second, organic cofactor.
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ELECTRONIC ABSORPTION
SPECTROSCOPY OF COBALT ANGIOTENSIN
CONVERTING ENZYME

Angiotensin converting enzyme (ACE) is a metal-
loenzyme containing one g-atom of zinc per mole.
It catalyzes the cleavage of dipeptides from the
carboxyl terminus of oligopeptide substrates. An
assumed role for zinc in the catalytic process has
been based on analogy with other zinc peptidases,
especially carboxypeptidase and thermolysin. Ho-
wever, the binding of zinc to ACE (K d = 1 x 10 -5

M at pH 7.5) is as much as 1000 times weaker
than for other zinc metalloenzymes. Detailed
analysis of the kinetics of metal binding to ACE
indicates that the formation rate constant,
5.9 x 10 5 M-1 sec -1 , is not substantially different
from that for carboxypeptidase A but that the dis-
sociation rate is much greater (t 1 , 2 = 92.4 sec vs.
28.3 min for carboxypeptidase). Differences
between the stability constants of thermolysin,
carboxypeptidase A and ACE suggest that metal
binding in ACE may involve less than two nitro-
gen donor atoms.
The nature of the active site zinc atom is of parti-
cular interest in light of recent developments in
hypertension chemotherapy. Since physiologically
ACE is responsible for generating the potent vaso-
constrictor angiotensin II, inhibitors of ACE
should, and indeed do, lower blood pressure. The
most effective inhibitors, such as Captopril and
Enalaprilat, are designed to interact with the
metal atom and it has been proposed that direct
metal ligation accounts for their pronounced
potency.
In order to examine the metal binding site

of ACE we have replaced the zinc atom by
cobalt(II). Cobalt ACE has between 55 and 120 137o
of the activity of the native zinc enzyme depen-
ding upon the particular peptide or ester substrate
employed. The visible absorption spectrum of the
cobalt protein exhibits a single maximum at 525
nm of low absorptivity (e= 100 m -1  cm -1 ) suggesti-
ve of a distorted coordination geometry. Such
weak absorptivity necessitated the use of relatively
high concentrations (about 0.1 mm) of enzyme for
spectral studies. In order to obtain the milligram
quantities of enzyme for this purpose, a new high
capacity affinity chromatographic procedure was
developed based on the specific ligand N-carbox-
yalkyl phenylalanylglycine immobilized on Sepha-
rose via a 28A spacer.
The spectra of cobalt-ACE complexes with Capto-
pril, Enalaprilat and other inhibitors display more
clearly defined absorption maxima at higher wave-
lengths (525-637 nm) and of higher absorptivities
(130 to 560 m -1 cm -1 ) than that of the cobalt enzy-
me alone. These large spectral responses indicate
that binding of inhibitor induces significant chan-
ges in the cobalt coordination sphere. In parti-
cular, the coordination geometry appears to be
tetrahedral-like and more regular. The presence of
an S — Co(II) charge transfer band in the near UV
spectrum of the cobalt ACE-Captopril complex
indicates direct ligation of the thiol group of the
inhibitor to the active site cobalt atom. These
studies support the similarities between ACE, car-
boxypeptidase and thermolysin.
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ELECTROCHEMICAL
AND SPECTROELECTROCHEMICAL
BEHAVIOR OF C-TYPE CYTOCHROMES
AT ELECTRODE INFERFACE
IN THE PRESENCE OF ELECTRON
PROMOTERS

Cytochrome c3 , exhibits: reversible .voltammetric
responses at mercury and also at solid electrodes.
On the other hand, cytochrome c has been re-
ported to exhibit an irreversible electrode reaction
on certain electrodes. However, it exhibits a qua-
si-reversible voltammetric response on either elec-
trodes with special characteristics or on gold elec-
trode in the presence of an electron promoter.
In the present work, we have investigated the
adsorption behavior of c-type cytochromes onto
silver and gold electrodes in the absence and in
the presence of electron promoters, such as 4,4'-
-bipyridyl (bipy), using voltammetric and surface
enhanced Raman scattering (SERS) techniques.
Both cyt. c and c3 are very strongly adsorbed
from aqueous solutions onto Ag and Au surfaces.
The electrode reactions of adsorbed cyt. c 3 on Ag
and Au are reversible with a formal potential of
—0.49 V (vs. Ag/AgCI satd. KCI) in 0.03 M phos-
phate buffer at pH 7.0 and 25°C. This formal
potential agrees quite well with that of the bulk
species. On the other hand, the electrode reaction
of the adsorbed cyt. c is irreversible with a reduc-
tive peak potential by cyclic voltammetry (CV) of
—0.38 V and an oxidative peak potential on the

reverse scan of —0.25 V on a gold electrode. That
is, the formal potential of adsorbed cyt. c is 30
mV more negative than that of the bulk species.
The redox peaks of the adsorbed cyt. c on Ag
electrode are hardly observable but SERS con-
firms that the redox reaction takes place at —0.3
V. SERS also revealed that the redox reaction of
absorbed cyt. c 3 takes place at —0.4 V, which
very likely corresponds to the most positive site of
cyt. c3 .
Adsorbed bipy on both Ag and Au surfaces can
be gradually replaced by cytochromes when these
electrodes are immersed in cytochrome solutions.
An equilibrium exists between solution and sur-
face adsorbed cytochromes and bipy. SERS and
ac impedance experiments revealed that the Ag is
covered mainly by bipy when this electrode is im-
mersed in a mixture of cyt. c 3 (60 µM) and bipy
(0.5 mM).
Bis(4-pyridyl) disulfide (PySSPy) from the solu-
tion replaces cyt. c that is adsorbed on Ag, but
cyt. c does not replace the adsorbed PySSPy. Cyt.
c exhibits a quasi-reversible voltammetric response
on such a PySSPy covered Ag electrode. In the
solution containing both cyt. c 3 (60 µM) and bipy
(5 mM), the redox peaks of cyt. c 3 are not
observed on Ag. However, the redox peaks of cyt.
c3 and cyt. c are observed on Au electrode under
certain conditions in the solutions containing both
cytochromes and bipy.
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ON THE MECHANISM OF ELECTRON
TRANSFER BETWEEN MYOGLOBIN
AND CYTOCHROME C

The influence of the binding site specificity, the
intermolecular orientation, and the three-dimen-
sional electrostatic field structure (3DEFS) in the
formation of the "active complex" for electron
transfer from ferro myoglobin to ferri cytochrome
c was studied. Using selective chemical modifica-
tions and molecular labels the "active area" on
the protein surfaces was determined. The energy
of the 3DEFS reorganization in the electron relo-
cation was evaluated by the ratio of the kinetic
constants for the redox reactions and triplet quen-
ching of partly Zn-substituted hemeproteins, as
well as calculated and visualized by differential
three-dimensional electrostatic field maps. The
main experimental and theoretical results in this
field obtained in the last 12 years in our labora-
tory will be presented and discussed.
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ELECTRON SPIN ECHO SPECTROSCOPY
AND THE STUDY OF METALLOPROTEINS

The pulsed EPR technique based on the genera-
tion of electron spin echoes has become a valuable
research tool in biophysical and biochemical stu-
dies [1-7]. The echo experiments have been of
several different types but the most fruitful has
involved measurement of the electron spin echo
decay envelope. This envelope is modulated by
nuclear precession frequencies characteristic of the
nuclei coupled to the electron spin. The Fourier
transform of spin echo decay envelopes yields a
frequency spectrum containing the same infor-
mation to that obtained from an ENDOR
experiment.
A purpose for performing this type of experiment
on biological materials is to identify a ligand atom
bound to a paramagnetic metal ion in a protein.
Many ligands contain a '4N nucleus which can be
detected by the appearance of characteristic mo-
dulation patterns in the echo envelope. Further-
more the identification of the 14N containing
ligand can be made using the 14 N quadrupolar
frequencies, which are known for many nitroge-
nous ligands. A measurement of the echo envelo-
pe spectrum can thus, in favorable cases, lead at
once to the identification of a metal-ion ligand.
Similar experiments can be performed whenever it
is possible to modify a ligand by 2 H-, 13 C- or
15 N-substitution. Other experiments can be perfor-
med to examine the interaction of metal centers
with 3 'P nuclei in phosphate derivatives. Struc-
tural information is obtained both from the ap-
pearance in the echo envelope of the appropriate
nuclear modulating frequencies and from the
depth of the nuclear modulation pattern. In the
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case of weakly coupled nuclei, such as 2 H either
belonging to a ligand or to a molecule in close
proximity to a metal center, the depth of the
modulation pattern is proportional to n/r 6 , where
r is the metal to deuterium distance and n is the
number of equivalent nuclei.
Another kind of experiment is possible when the
presence of an exchangeable proton near a para-
magnetic center, such as in a water molecule, is
suspected. Exchange with D 2 0 will result in the
appearance of a deep, low frequency modulation
pattern at the 2 H nuclear precession frequency
(1.96 MHz at 3000 gauss). The deuterium signal is
entirely distinct from the 1 H modulation pattern
(12.8 MHz at 3000 gauss) and it can be distinguis-
hed from 14N modulation patterns by repeating
the experiment at two well-separated magnetic
field settings. An experimental approach involving
deuterium substitution and demonstration of con-
tact interaction addresses the positive identifi-
cation of H 2 O as a metal ligand, such as in
metmyoglobin. The experiment is immediately
suggested by the X-ray crystallographic indication
of oxygen near to a metal center when the ligand
cannot be named with certainty as water.
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ENDOR OF IRON SULFUR CENTERS

EPR studies of metalloenzymes often are restric-
ted because hyperfine interactions from consti-
tuent or substrate nuclei are unobservable. Elec-
tron-nuclear double resonance (ENDOR) is a
high-resolution extension of EPR that can often
resolve these interactions, thus removing the limi-
tation. In ENDOR, nuclear resonance transitions
are observed through their influence on the
strength of the EPR signal and, unlike ordinary
NMR, they can be comparably observable for all
magnetic nuclei. Thus, the technique offers some
unique capabilities for the characterization of an
enzyme catalytic center.
Inspired by the logo of ICBIC2, we will discuss
the applications of ENDOR to iron-sulfur centers.
Systems to be discussed include the MoFe protein
of nitrogenase, aconitase, and hydrogenases, and
their interaction with substrates and/or inhibitors.
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STRUCTURE OF A SMALL RUBREDOXIN:
TENTATIVE ASSIGNMENT
OF AMINO ACID SEQUENCE
AND THREE DIMENSIONAL STRUCTURE
OF THE RUBREDOXIN FROM
DESULFOVIBRIO DESULFURICANS
(STRAIN 27774)

The structure of rubredoxin from the sulfate and
nitrate reducing strain of Desulfovibrio desulfu-
ricans (strain 27774) is being studied by X-ray
diffraction methods to determine its three-dimen-
sional structure. The amino acid composition indi-
cates a significantly shortened polypeptide chain
and the first occurance of histidine in a rubredo-
xin from an anaerobic organism [1]*. Fig. 1
shows the amino acid sequences of five different
rubredoxins** from three different types of bacte-
ria. The preliminary sequence of RBDD is placed
in alignment at the bottom for comparison. There

* The amino acid composition listed in that report should
have 5 Glu residues added to it.

** The rubredoxins from the different organisms are denoted
RBCP from Clostridium pasteurianum, RBDV from Desul-

fovibrio vulgaris, RBDG from Desulfovibrio gigas, RBPE
from Pep!ostreptococcus elsdenii, RBPA from Peplococcus

aerogenes (formerly called Micrococcus aerogenes) and
RBDD from Desulfovibrio desulfuricans (strain 27774).
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RBCP
RBDV
RBOG
ROPE
RODA
RBDD

RBCP
RBOY
RBOG
RBPE
REPA
RBDD

RBCP
RUN
RBDG
RBPE
R IIPA
RBDO

RBCP
RUM
R 130
R BPE
REPA
RBDD
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5	 10	 15
MET-Lys-Lys-Tyr-Thr-CYS-Thr-V a1-CYS-GLY-TYR-Ile-TYR-ASP-PRO-

	

Val	 Glu
Asp Ile	 Val	 Glu
Asp	 Glu	 Ser Ile	 G1u
GI 	 Phe G1u	 Leu
Ala	 Asp	 Ser	 Glu	 Asp

	

20	 25	 30
Glu-Asp-Gly-Asp-Pro-Asp-Asp-Gly-Val -Asn-Pro-GLY-Thr-Asp-PHE-
Ala Glu	 Thr Asn	 Lys	 Ser

Lys	 Ser	 Ile-Lys	 Lys
Glu	 ---	 Gly Asn	 Ala Ala	 Lys
Leu Val Gly	 Thr Pro Asp GI  Asp	 --- Ala

Ala Glu(gly)	 -- --- ---(9ly) 	Lys(gly gly)Ser Ser

	35 	 40	 45
Lys-ASP-I1e-Pro-Asp-Asp-TRP-Val-CYS-PRO- Leu-CYS-GLY-Val-G1y-
Asp	 Leu	 Ala	 Val	 Ala Pro
Glu	 Leu	 Al a	 Val	 Ala Ser
Ala	 Leu	 Ala	 Thr	 Ala Asp
Glu	 Val Ser G1 u Asn	 Ala
Gly	 Leu	 (trp)	 Val	 Asp(ala)

	

50
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LYS-Asp-GIu-PHE-Glu-G1u-Val-01u-Glu

Ser	 Ala Ala --- ---
Ala	 Lys GI  --- ---
Ala	 Val Lys Met Asp ---

Glu Asp	 Val Tyr	 Asp
Ser

The complete amino acid sequence is shown for the rubredoxin
from Clostridium pasteurianum. The amino acids for the other
rubredo:ins are placed in the appropriate column where they
are different. Deletions are shown as dashes in the column.
The residues denoted by parentheses for RBDD are very tentative
and should not be accepted as established fact.

Fig. I

is considerable homology amoung the five sequen-
ces but distinct differences are obvious. A compa-
rison of the three-dimensional structures of the
upper three proteins (manuscript in preparation)
shows virtually identical chain folding with the
strictly conserved aromatic groups being in very
similar orientations. It seems reasonable to expect
a similar folding of the chain for the smaller
RBDD, keeping in mind that some form of trun-
cation of the chain will be present.
Crystals of this rubredoxin belong to the tricli-
nic system with one molecule in the unit cell.
The cell parameters are: a = 24.922(4) A,
b = 17.786(3) A, c = 19.715(3) A, alpha =
=101.02(1)°, beta=83.37(1)° and gamma=
=104.52(1)°. Reflection data, including Friedel
reflections, were measured to 1.5 Á for a total of
11,600 measurements. Computational details will
be presented elsewhere in a more complete des-
cription of this work.
A Patterson synthesis calculated with the Bijvoet
differences showed a single peak with hints of
four closely associated peaks. Using the atom
coordinates of the Fe-4S cluster, the atoms of the
polypeptide backbone and of many of the strictly
homologous residues of RBDV [2], a rotation
function against the 26.0 to 5.0 A data set of the

triclinic cell produced a rotation which appeared
correct [3]. This partial structure was corrected
for interfering side chains in the triclinic cell by
deleting the offending atoms. Many of the amino
acid residues were defined as alanine for the ini-
tial model.

After several cycles of restrained least squares
refinement [4] and adding or deleting atoms, a
2.1 A Fourier map was calculated by adding in
higher order reflections. This map was inspected
for features consistent with the known three-
-dimensional folding and homology of the Rbs
and the amino acid composition for RBDD,
taking into consideration the juxtaposition of
neighboring residues from adjoining molecules in
the packing arrangement within the crystal. The
e.d. map clearly shows an overlap problem of the
chain from residue 20 to 23 with residue 5 of an
adjoining molecule. Closer inspection of this
region indicates that it is possible to fit the density
best by bridging this loop between residue 19 and
24 with a glycine residue, shortening the loop by
three residues. This G1y20 not only fits the density
but also fulfills the general rule of a Gly being
located at a beta bend where chains reverse direc-
tion [5]. This arrangement in the model also re-
tains the normal chain path for the N-terminus at
residue 5. Another region in the e.d. map shows
that the density for the chain terminates after
Phe49. In fact, there is very little room for ano-
ther C-terminal residue due to molecular packing
restrictions.

An interesting aspect to shortening the «back» 17
to 28 loop by three residues in RBDD is exposure
of the hydrophobic interior where the aromatic
portion of Trp37 is protected in the three structu-
res known by structure analysis. This region in
RBDD contains density which is thin and diffuse
and is difficult to fit tryptophan. As the structure
is improved this region should become more defi-
ned. It is possible that a histidine occupies this
space rather than a tryptophan. This would allow
for a hydrogen bond of the carboxyl group of
Asp 19 to the ring N of histidine as is seen bet-
ween Asp19 and N37H2 of Trp37 in RBCP [6].
Fig. 2a shows the alpha carbon chain of RBDD
which can be compared to the alpha carbon chain
of RBDV in 2b.
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Fig. 2a

Fig. 2b
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NOVEL REDOX CHEMISTRY
OF AZOTOBACTER VINELANDII
FERREDOXIN I

It was shown by X-ray crystallography [1,2] and
Móssbauer spectroscopy [3] that aerobically puri-
fied Azotobacter vinelandii ferredoxin I contains a
[3Fe-3S] 3+ cluster and a [4Fe-4S] 2+ cluster. Dithio-
nite was reported to reduce the [3Fe-3S] 3+ cluster,
but not the [4Fe-4S] 2+ cluster [3]. Fe(CN) 63- was
believed to oxidise the [4Fe-4S] cluster to the oxi-
dised HIPIP, [4Fe-4S] 3+ state [4].
Our studies of the oxidative and reductive che-
mistry of ferredoxin I have both revised and ex-
tended earlier work. We have shown that:
1) aerobically isolated ferredoxin I, (7Fe)Fdl ox , is
anaerobically reconstituted from its apoprotein as
(8Fe)FdI ox , a 12[4Fe-4S1 1 +' 2•1 protein of the bacte-
rial ferredoxin type [5].
2) (8Fe)FdI is rapidly destroyed by 0 2 , (7Fe)FdI ox

being produced in —10% yield [5].
3) Fe(CN) 6 3- oxidation of (7Fe)FdI ox is not a re-
versible, [4Fe-4S] 3+-producing reaction. Instead,
progressive destructive oxidation occurs leading
eventually to apoprotein [6-8].
4) en route to apoprotein, Fe(CN)63- oxidation
creates two intermediate species, (7Fe)Fdl'ox and
(3Fe)FdI ox .
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[5]

In (7Fe)Fdlox , the [4Fe-4S] 2+ cluster is oxidised to
a novel, paramagnetic species, [4Fe-4S]'. while the
[3Fe-3S] 3+ cluster is unaffected. [4Fe-4S]' is re-re-
duced to [4Fe-4S] 2+ by dithiothreitol, but not by
ascorbate. We have proposed [6] that [4Fe-4S]' is
formed by oxidation of one S2- and one cysteine
ligand of the [4Fe-4S] 2+ cluster, leading to a
cysteinyldisulfide radical-like species. In
(3Fe)Fdl 0x , the [4Fe-4S] 2+ cluster has been com-
pletely destroyed, while the [3Fe-3S] 3+ cluster re-
mains intact [7,8].
5) at pH 7.5 dithionite causes reduction of the
[3Fe-3S] 3+ cluster of (7Fe)FdI ox , without affecting
the [4Fe-45] 2+ cluster. However, at pH >_8.0, di-
thionite causes further reduction, creating super-
-reduced (7Fe)FdI, (7Fe)Fdl superred, in which both
clusters are reduced. This is followed by sponta-
neous conversion to (8Fe)FdI red, the dithionite re-
duction product of (8Fe)FdI ox.
A summary of the metallated states and redox
processes now known in Azotobacter vinelandii
ferredoxin I is shown in Fig. 1.

AZOTOBACTER VINELANDII

{[3Fe-3Sr [4Fe-4S] 2 '}	 { 2[4Fe-45] 2 '}
(7Fe)FdI„ 	(8Fe)Fd I„

therefore proposed a structure for the [3Fe-3S] 3+
cluster in solution [8], in which the [Fe 3 S 3 (S-cys) 5 ]
stoichiometry obtained by X-ray crystallography is
maintained, but whose core geometry is closer to
that of a [4Fe-4S] 2+ cluster.
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Fig. I

The selective destructive oxidation of the
[4Fe-4S] 2+ cluster of (7Fe)FdI ox by Fe(CN) 6 3- leads
to a species, (3Fe)FdI ox , containing only the
[3Fe-3S] 3+ cluster. The liquid helium temperature
EPR and MCD of (3Fe)FdI ox are extremely close
to those of (7Fe)FdI ox, showing that the change in
structure of the [3Fe-3S] 3+ cluster is insignificant
[8]. We have studied the Fe EXAFS of (3Fe)FdI ox

in collaboration with Drs. K.O. Hodgson, J.E.
Penner-Hahn and R.A. Scott [8]. The Fe...Fe dis-
tance is found to be —2.7 A, quite different from
that found by X-ray crystallography for the
[3Fe-3S] 3+ cluster of (7Fe)FdI ox [1,2]. We have
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RI=t-Bu, R2= R3 = H

R I = t-Bu, R2 = R3 = Me, Et
R I =H, R2 = R3 = Me, Et

R I = t-Bu, R2 = H, R3 = Me, Et
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MODELS FOR THE MOLYBDENUM
CENTERS OF THE MOLYBDENUM
HYDROXYLASES

Recent EXAFS and EPR results indicate the
Mo centers of sulfite oxidase and assimilatory
nitrate reductase in their oxidized (Mo(VI)) and
reduced (Mo(V), Mo(IV)) states have ligand sets
as follows [I]:

O VI
	

0 V,IV

O = Mo(SR) 2 _ 3 	 HO = Mo(SR) 3

X
	

X

(SR =thiolate S, X=O, N or thioether S)

Most Mo(VI)02 L„ complexes (L=ligand(s) with
O, N or S coordinating groups) give oxo-Mo(V)
dimers upon one-electron reduction:

1/2 H 2 O+MoO2 Ln -e—> 1/2 Mo 2 O3 L2n + OH - 	(1)

A number of MoO 2 L n complexes having sterically
bulky ligands which prevent such dimer formation
upon reduction have been synthesized in this labo-
ratory:

R I =Me, Et, R2 = H
R,= H, R2 = Me

Mo02 (SR) 2 L	 R =

R'

R' =Me, i-Pr; L=en,  bpy, phen

One-electron electrochemical reduction of these
complexes gives Mo(V) monomeric products with
structures dependent on the presence and the
number of protons on the amino groups of the
ligands. In some cases, the oxo-Mo(V) complexes
and the oxo-Mo(IV) complexes have also been
synthesized. Structures, electrochemical properties
and EPR spectra of the complexes have been
obtained. Their relevance as models for the enzy-
me Mo centers will be discussed.
Recent work has identified a novel reduced pterin
with a sulfur side chain, obtained from the
Mo-cofactor of the Mo hydroxylases, for which a
Mo-binding site has been proposed [2]:

O	 H

As possible models for Mo coordination of
this kind, Mo0 2 (dttd), MoOC1(dttd) and
MoO(PPh 2 Et)(dttd) have been synthesized
(dttdH 2 =2,3,8,9-dibenzo-1,4,7,10-tetrathiade-
cane).
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Mo0 2 (dttd) has been determined by X-ray crystal-
lography to have substantially distorted octahedral
geometry, with the thioether groups approxima-
tely trans to the oxo groups. Mo0 2 (dttd) is redu-
ced electrochemically to MoO(dttd) without dimer
formation. MoOCI(dttd) and MoO(dttd) form a
reversible couple, but neither can be oxidized
electrochemically to Mo0 2 (dttd). While the
oxo-Mo(V) dimer, Mo 2 0 3 (dttd) 2 , is thermodyna-
mically stable, it is not formed in the coulometric
reduction of Mo0 2 (dttd) because the compropor-
tionation reaction is very slow:

Mo02 (dttd)+MoO(dttd) --> Mo 2 03 (dttd)2

As a result, Mo0 2 (dttd) reacts with PPh 2 Et to
give OPPh 2 Et and the Mo(IV) complex without
dimer formation, while MoO(dttd) reacts with
Me2 SO to give Mo0 2 (dttd) and Me 2 S:

Mo02 (dttd)+PPh 2 Et —> MoO(dttd)+OPPh 2 Et (slow) (3)

Mo0(dttd)+Me 2 S0	 Mo02(dttd)+Me2S	 (fast)

Mo0 2 (dttd) thus catalyzes the reduction of
Me 2 SO to Me 2 S, mimicking the Mo enzyme, bio-
tin sulfoxide reductase.
The electrochemical properties and EPR spectra
of the complexes have been determined, and the
properties of similar complexes having bulky
groups on the ligand will be reported:

R

Mo(1
./'- SCH 2 CH 2 S --n.,./)

R =Me, Et, i-Pr

The plausibility of an unsaturated thiolate-thioe-
ther ligand as a model for the Mo binding site in
the Mo-pterin ligand will be discussed.
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STRUCTURAL AND iH AND 31P NMR
SPECTROSCOPIC STUDIES OF B 12

COMPOUNDS:
A NEW CRYSTALLINE FORM
OF VITAMIN B 12

Coenzyme B 12 (5'-deoxyadenosylcobalamin) can
be considered to be an «organic radical carrier»
much as the heme group in hemoglobin is a
dioxygen carrier [1]. In both types of protein
systems, the conformation of the protein influen-
ces the ability of the metal center to bind the car-
ried species (radical or dioxygen) [2-4]; therefore,
the relationship between the structure at the metal
center and its carrying function is both intriguing
and important. FINKE [5] has pointed out the
need for a greater understanding of the structural
factors that influence Co-C homolysis. Until re-
cently, X-ray structural information was available
for only one organometallic B12 compound, na-
mely coenzyme B 1 2 itself [6]. This structure
established that the 5'-deoxyadenosyl group was
attached to the cobalt via the 5'-carbon atom.
This was the first demonstration of the existence
of a naturally occurring alkyl organometallic com-
pound.
Methyl B12 (methylcobalamin) is a biologically
active coenzyme and is essential for human meta-
bolism [3]. At the First International Bio-Inorga-
nic meeting, we presented the first report of the
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structure of this other coenzyme [7] and a comple-
te report is in press [8]. We had selected this
molecule for structural and spectroscopic investi-
gation not only because of its natural occurrence
as a cofactor for a methyltransferase enzyme, but
also because it serves as a spectroscopic and struc-
tural prototype for comparative studies of alkyl
cobalamins. Investigations of model B12 com-
pounds, such as the cobaloximes, [LCo(DH) 2 X]
(DH = monoanion of dimethylglyoxime;
L = neutral, two electron donor; X = mononegative
electron donor), have revealed a wealth of infor-
mation concerning the relationship of structure to
reactivity or spectroscopic patterns [9]. Similar
comparative spectroscopic and structural informa-
tion on the biologically more relevant cobalamins
could help elucidate conformational changes that
influence the radical-carrying ability of coenzyme
B12 when incorporated into B12 holoenzymes.
Recently, we obtained a new crystalline form of
vitamin B12 (cyanocobalamin) which is interme-
diate between the «wet» and «dry» forms of the
vitamin. The quality of the data suggests that
more accurate values of structural parameters are
likely to emerge than from previous studies of the
known forms.
Current concepts in B12 biochemistry will be eva-
luated based on our recently performed structural
and 'H and 31 P NMR spectroscopic studies on
cobalamins as well as published and ongoing stu-
dies of model organocobalt compounds.
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COMPARATIVE PROTON AND DEUTERON
NMRD STUDIES
OF Ca t+ — Mn 2+ — CONCANAVALIN A, PEA,
AND LENTIL LECTINS:
EVIDENCE FOR A COMMON SITE
OF EXCHANGING WATER MOLECULES

We have measured the magnetic field dependence
(dispersion) of the nuclear magnetic relaxation
rates (NMRD profiles) of solvent protons and
deuterons in solutions of Ca 2+-Mn 2+-Concanavalin
A (CMPL), Ca 2+-Mn 2+-lentil lectin (CMLcH), and
Ca2+-Mn 2+-pea lectins (CMPSA), over the tempe-
rature range -8 to 35°C. From a comparison of
proton and deuteron results, we find that CMPL
has two types of solvent binding sites that differ
both in their exchange times and distance from
the Mn 2+ ions. The «slow» site is an inner sphere
site of the Mn 2 ' with TM — 10-5 s assuming a single
water; the «fast» site has TM — 5 x lO-9 s, and
r — 5 A. This conclusion is corroborated by mea-
surements of the temperature dependence of the
proton NMRD profiles of CMPL, which show
that the profiles are composite, containing two
contributions with opposite dependences on tem-
perature (fig. 1). The rapidly exchanging waters
dominate the paramagnetic NMRD profile of
CMPL at -8°C, while the slowly exchanging wa-
ters dominate the profile at 35°C. Similar proton
and deuteron measurements of CMLcH and
CMPSA show that these two metallolectins, which
are structurally related to CMPL, possess a com-
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Fig. I

The paramagnetic contributions to the proton 1/T1 NMRD

profiles of Cal+ -Mn
2+

-Con A at four temperatures. The pro-

tein concentration was 0.56 mm, and the bound Mn2+ and

Cat+ concentrations were each 0.48 mm. 5 m NaCI was used

to prevent freezing at -8°C. The solid lines through the data

points are meant to serve as visual guides. The data are clearly

composite, with contributions from two classes of sites with

opposite dependences on temperature. The dashed line is the

expected contribution of the slowly exchanging class of water

molecules to the 25°C data, computed for protons from the

measured deuteron CMPL profile
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Fig. 1

The paramagnetic contributions to the proton 1 /T1 NMRD
profiles of Cat+ -Mn2+ -pea lectin (CMPSA) at three tempe-

ratures. The solid lines through the data points are meant to

serve as visual guides

mon solvent exchange site, one that corresponds
to the site of rapid exchange of CMPL. These
conclusions were corroborated by measurements
of the temperature dependence of the proton
NMRD profiles of CMLcH and CMPSA (cf. fig.
2), which are essentially identical and which exhi-
bit the temperature dependence of the fast ex-
change contribution found for CMPL. We assign
the site of rapid solvent exchange, common to all
three lectins, to the inner coordination sphere of
the Ca 2+ ions, with the water protons — 5 A from
the Mn 2+ ion, and the additional site in CMPL to
the inner sphere of the Mn 2 + ions.
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THERMODYNAMIC AND STRUCTURAL
PROPERTIES OF THE METAL BINDING
SITES OF THE TRANSFERRINS

No X-ray structure of transferrins is up to now
available at a resolution which allows a precise de-
termination of the nature and the steric properties
of the ligands present into the metal binding
sites of these proteins. For this reason we have
undertaken a systematic study of several metal
derivatives of transferrins in presence of the natu-
ral synergistic anion carbonate or of the oxalate
anion, through different spectroscopic techniques
like 1 H, 13C,

 205 T1 NMR, CD and UV, VIS spec-
troscopies. The main results of these investiga-
tions are here briefly summarized.
Well resolved 1 H NMR spectra of the cobalt(II)-
-carbonate-conalbumin adduct have been obtained
which allowed the identification of two histidines
and two tyrosines among the protein ligands [1].

100
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In this system the two sites appear indistingui-
shable both with respect to the NMR and CD
spectroscopies. When the carbonate is replaced by
the oxalate however, the two sites display CD
spectra very different between them [2]. One site
in the oxalate derivative shows dramatic spectro-
scopic changes upon dissociation of a protein
group with pK a = 9.5. Also the CD and NMR
spectra of the carbonate derivative show a very
similar pH dependence [2].
The 205 T1 NMR spectra of the dithallium-carbo-
nate-transferrin derivative shows two well resolved
thallium resonances separated by 20 ppm [3]. This
separation is very small on the 205 T1 NMR scale,
therefore it can be inferred that the chromophores
in the two sites are very similar to a high degree
of approximation.
The role of the synergistic anion has been moni-
tored through the study of the dialuminium-oxala-
te-conalbumin derivative [4]. 13 C NMR spectra
of 13 C enriched oxalate show that the two oxa-
late ions in the two sites are almost equivalent
whereas the two carboxylate residues of each oxa-
late group are noticeably different between them.
This has been interpreted as an evidence that in
each binding site the oxalate binds with only one
carboxylate group to the metal, whereas the se-

cond one is interacting with some residue of the
protein wall. These residues could, in our opinion,
be different between the two sites and they could
be responsible for the very small spectroscopic
differences which are generally observed between
the two sites, and for the different affinities
of the two sites for the metal ions. Studies are
in progress in order to ascertain whether the
observed acidic equilibrium with pK a of 9.5,
which deeply affects the structural properties of
one site in the cobalt(II) oxalate derivative, can be
indicative of the dissociation of the group at
which the synergistic anion is supposed to interact
[5,6].
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In the native preparations, a rhombic EPR signal
with g-values at 2.31, 2.23 and 2.02 (Ni-signal A)
is observed up to 120 K (Fig. 1). This rhombic
signal, assigned to nickel(III), accounts for
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DESULFOVIBRIO GIGAS HYDROGENASE;
CATALYTIC CYCLE
AND ACTIVATION PROCESS

Desulfovibrio gigas [NiFe] hydrogenase
(E.C. 1.12.2.1) has a molecular weight of 89 kD
(two subunits of 63 kD and 26 kD) and contains
1 gatm of nickel, 11 gatm of iron and 11-12 gatm
of sulfide [1].

1 — NATIVE STATE

IRON-SULFUR-CENTERS

Môssbauer and EPR spectroscopic studies esta-
blished that in the purified enzyme the iron-sulfur
clusters are arranged in a [Fe 3 S x] 0x cluster (EPR
active) and two [Fe 4 S4 ] 2. clusters (EPR silent) [2].
The [Fe 3 S x] 0 ,t cluster is the origin of an almost
isotropic EPR signal centered around g = 2.02, ob-
servable below 30 K. The MOssbauer parameters
of the [Fe4 S4 ] clusters (quadrupole splitting of

Fig. 1

EPR spectra of D. gigas [NiFeJ hydrogenase, recorded in a
Bruker ER-200 tt spectrometer, equipped with an Oxford

Instruments continuous flow cryostat.

A) and B) — Two different preparations of the enzyme. Tem-

perature 100 K, modulation amplitude I mT, microwave

power 2 mW, frequency 9.34 GHz

50-100% of the chemically detectable nickel de-
pending on preparation. This assignment was con-
firmed by the observation of hyperfine coupling
in 61 Ni-isotopic replaced hydrogenase [3]. A minor
species can also be detected at g-values 2.33, 2.16
and —2.0 (Ni-Signal B, Fig. 1). The relative inten-
sities of Ni-Signals A and B varies with prepara-
tion and can be altered by anaerobic redox cycling
of the enzyme. This indicates that there exists
different Ni(III) environments in the oxidized
enzyme.
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2 — INTERMEDIATE OXIDATION STATES

The first event occuring during the anaerobic
reduction of D. gigas with hydrogen is the disap-
pearance of Ni-Signals A and B and the isotropic
g=2.02 signal due to the [Fe 3 S X] clusters [4]. An
EPR silent state is then attained. Further reduc-
tion of the enzyme under H2 atmosphere is ac-
companied by the development of a new rhombic
EPR signal with g-values at 2.19, 2.16 and 2.02
(Ni-Signal C, Fig. 2-A). This signal was also attri-
buted to a nickel species by the 61Ni isotopic subs-
titution [3].
During the course of the reduction experiment
Ni-Signal C attains a maximum intensity (40-60%
of the chemically detectable nickel). Longer incu-

Fig. 2

EPR spectra of intermediate redox states of D. gigas ¡NiFeJ

hydrogenase, in the presence of hydrogen. Experimental condi-

tions as in Fig. I.

A) Temperature 77 K, microwave power 2 m W.

B) Same as A, at 4.2 K, microwave power 2 tnW

bation time under H2 yields an EPR silent state,
when measured at 77 K. At low temperature (be-
low 15 K) EPR signals typical of [Fe 4 S4 ] 1 + clusters
are observed [5].
At redox states of the enzyme such that Ni-Signal
C develops, low temperature studies reveal the
presence of another EPR active species: below 10
K, the shape of the EPR spectra changes drasti-
cally and a new set of signals at g = 2.21, 2.10 and
broad components at higher field is clearly discer-
nible at 4 K (Fig. 2-B). This set of g-values exhi-

bits different power dependence from that of Ni-
-Signal C (readily saturated with low microwave
power, typical of a slow relaxation species). The
origin of the "2.21" signals is under discussion.
Since these signals are only observable at low tem-
perature with high microwave power levels (fast
relaxing species), they may originate from an iron-
-sulfur center. Since the g-values appear to be too
high, another explanation is that they originate
from the Ni-center weakly interacting with ano-
ther paramagnetic center in the vicinity (e.g. iron-
-sulfur center).

3 — MID-POINT REDOX POTENTIALS

Redox transitions were observed at -70 mV (mea-
sured by the disappearance of the 2.02 signal) and
-220 mV (measured by the disappearance of the
Ni-Signal A (Fig. 3 - insert A)). Only the second
redox transition is pH dependent, with a slope
of — —60 mV per pH unit [6]. Ni-Signal C deve-
lops at a mid-point redox potential below -300
mV, reaches a maximum around -350 mV and di-
sappears below -400 mV (Fig. 3).
L[SSOLO et al. [7] determined the activity of the
enzyme as a function of the redox potential. Their
study indicates that the hydrogenase activation is
a one-electron process with a mid-point redox po-
tential around -340 mV (Fig. 3 - insert B). This
value correlates with the appearance of Ni-Signal
C, suggesting that this signal may represent an ac-
tivated state of the enzyme.

4 — ACTIVATION PROCESS
AND CATALYTIC CYCLE

The definition of the role of the nickel during the
redox cycle of [NiFe] hydrogenases requires the
assignment of the oxidation states involved, the
characterization of the ligation mode of the nickel
center, as well as the elucidation of possible inte-
ractions between the redox centers.
The simplest interpretation of our redox data in-
volves a redox scheme that requires the transition
from Ni(III) to Ni(0). However, nickel chemistry
shows that the very high and very low oxidation
states are not stable chemical species; very negati-
ve and very positive redox potentials are associa-
ted with the transitions Ni(I) Ni(0) and Ni(III)

Ni(II), respectively. Also, the Ni(III)/Ni(II)
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The "as isolated" state is fully characterized.
EPR and Mbssbauer studies in the enzyme "as
isolated" [2] indicate that there is no magnetic
interaction between these four redox centers.
The active state of the enzyme is EPR silent.
During this activation process, both the isotropic
g = 2.02 and the nickel signal disappear. The loss
of the g = 2.02 signal is attributed to the reduction
of the [Fe 3 S x] cluster, E 0 = —70 mV (EPR silent
[Fe 3 S x] red)
In order to retain the Ni(III)/Ni(II) redox scheme,
the disappearance of Ni Signal A and/or Ni Sig-
nal B requires a more complicated mechanism.
We propose that one of the [Fe4 S4 ] clusters is re-
duced into a [Fe4 S4] t. state (S = 1/2) and the redu-
ced cluster is spin coupled with the Ni(III) center
resulting in an EPR silent state. This proposal im-
plies that the previously determined redox poten-
tial, -220 mV, for the disappearance of Ni-Signal
A [2] is actually the mid-point redox potential for
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-300 -350 -400 -450	 E (nV)

Fig. 3
EPR signal intensity (arbitrary units) of the Ni-signal C in function of the redox potential. EPR signals were measured at 77 K.

No attempt was made to fit the experimental points to a Ne/nst equation.
Insert A — Redox titration followed at g=2.02 (10 K) and g=2.31 (77K), data from reference [2J.

Insert B — Activation profile of D. gigas [NiFeJ hydrogenase at different partial pr'ssures of hydrogen, data from reference [7]

chemistry offers a wide range of versatile proper-
ties namely: facile rearrangement of ligands, spin
and conformational equilibria as well as alteration
of the type and number of ligand in the nickel
coordination sphere. The redox potential of the
Ni(III)/Ni(II) couple can be brought, in principle,
to physiological levels by preferential stabilization
of the Ni(III) state. Thus, the utilization of fewer
redox states seems more realistic in terms of the
nickel chemistry.

Another important point to consider in the reac-
tional mechanism of hydrogenase is that the so-
-called "oxygen stable" [NiFe] hydrogenases (e.g.
D. gigas hydrogenase) are not fully active in the
"as isolated" state. Studies of the hydrogenase
activity [7] indicate that the enzyme must go
through a lag phase as well as an activation one,
in order to be fully active. This complex pheno-
menon seems to envolve the removal of oxygen
(lag phase) followed by a reduction step (activa-
tion phase).

Taking into consideration the hydrogenase activity
studies, the plausibility of the Ni(III) Ni(II)
redox cycling scheme, and the sequence of events
observed by EPR spectroscopy upon exposure to
H2 atmosphere, a model is proposed for the me-
chanism of the [NiFe] hydrogenases in the context
of both the catalytic and the activation processes:
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one of the [Fe4 S4 ] clusters. Such a mechanism is
supported by the optical studies which indicate
that the activation process involves the reduction
of iron-sulfur clusters. Preliminary MOssbauer
data (our unpublished results in collaboration
with B.H. Huynh) also show that approximately
one [Fe4 S4 ] cluster is reduced in the EPR silent
state and it is possible to recognize the normal
"signature" of the reduced 3Fe cluster.
The events which follow the EPR silent state are
the appearance of both the Ni-Signal C and the
"g = 2.21" signal. In accordance with the hete-
rolytic mechanism of hydrogen activation, we pro-
pose that in the presence of the natural substrate
a hydride intermediate state is obtained. The nic-
kel center is assigned as the hydride binding site
and the [Fe 4 S4 ]" cluster is the proton binding si-
te. The spin coupling between the Ni(III) and the
[Fe4 S4 ] 1 ' cluster is broken in this hydride interme-
diate, originating Ni-Signal C. Thus, this signal is
assumed to represent the hydride-bound Ni(III)
center and the g = 2.21 is attributed to the proton-
-bound [Fe 4 S 4 ] 1 ' cluster. Alternatively, the
g = 2.19 EPR signal could be due to a transient
Ni(III) state in a different coordination, resulting
from the breaking of the coupling and the g = 2.21
signal could be due to the interacting Ni(III) and
[Fe 4 S4 ]'' centers bound to hydride and proton,
respectively. By further incubation with H2 the
Ni-Signal C disappears, suggesting reduction to
Ni(II) with the concomitant development of redu-
ced [Fe4 S4 ] center signals.
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HYDROGENASE
FROM CHROMA TIUM VINOSUM:
THE REDOX STATES OF NICKEL
AND THE IRON-SULPHUR
CLUSTER DURING CATALYSIS

The presence of nickel in a purified hydrogenase
was first reported in 1981 by Graf and Thauer [1]
for the enzyme from Methanobacterium ther-
moautotrophicum. EPR spectroscopy [2] showed
that virtually all nickel was present as low-spin
Ni(III) which could be reduced with H2. No sig-
nals due to Fe-S clusters were observed. Hydroge-
nase from Chromatium vinosum, also a nickel-
-enzyme, clearly displays two signals in the g= 2
region which could be ascribed to Fe-S clusters
[3]. An analysis of the 4 different EPR signals
that can be detected in the enzyme as isolated led
to the following hypothesis [3-5]. The preparation
contains intact and defect enzyme molecules. De-
fect molecules, which are unreactive in the stan-
dard activity assays with viologens, contain one
Ni(III) ion and one [3Fe-xS] °X cluster. Two forms
of Ni(III), Ni-a and Ni-b, can be detected. Their
ratio varies from preparation to preparation. In-

66	 Rev. Port. Quím., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

tact molecules, fully reactive in the activity assay,
contain one Ni(III) ion and one [4Fe-4S] 3* cluster.
As with the defect enzyme molecules, the same
two forms of nickel, in the same ratio, are pre-
sent. Only one form of the [4Fe-4S] 3+ cluster is
observed. The two S = 1/2 systems of Ni(III) and
[4Fe-4S] 3+ in intact molecules are spin-coupled,
giving rise to complicated, frequency-dependent
EPR spectra of both paramagnets. As a result of
the coupling, the spin relaxation of Ni(III) increa-
ses dramatically, causing its signal to broaden
above 20 K. The strenght of the coupling (appro-
ximately 0.01 cm -1 ) indicates a mutual distance of
at most 1.2 nm. We have now succeeded in trans-
forming defect enzyme molecules into intact ones
and vice versa. We failed to demonstrate a depen-
dence of added Fe or S ions during the reconstitu-
tion of defect molecules, although a conversion of
a 3Fe to a 4Fe cluster is strongly suggested by
changes in the EPR spectra. We have also been
able to convert Ni-b to Ni-a.
The oxidised from of intact enzyme as isolated
does not readily react with H2. Immediate activa-
tion takes place upon reduction with reduced vio-
logens. Studies on the enzyme at oxidation-reduc-
tion potentials down to —480 mV revealed that
nickel can exist in three, possibly 4, different
redox states: the 3', 2*, 1* and possibly the zero-
-valent state. The 1* state is unstable: oxidation to
Ni(II) occurs in the absence of H2. If H2 is
present, reduction to another EPR silent state,
possibly Ni(0), takes place. The low-valency
states are re-oxidised to Ni(II) in a few millise-
conds by benzyl viologen. Oxygen induces a re-
-oxidation to Ni(III) within 100 ms. Hydrogen,
possibly as a hydride ion, is present in the direct
coordination sphere of Ni(I). The EPR spectra
indicate that H2 can reduce the Fe-S cluster to the
[4Fe-45]* state.
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NICKEL X-RAY ABSORPTION
SPECTROSCOPY
OF DESULFOVIBRIO GIGAS
HYDROGENASE

INTRODUCTION

Several recent studies have begun to elucidate the
coordination environment of the nickel active site
in various hydrogenases. Ni extended X-ray
absorption fine structure (EXAFS) results on the
oxidized form of the Desulfovibrio gigas (Dg)
hydrogenase [1] and the F420 -reducing hydrogena-
se of Methanobacterium thermoautotrophicum
(Mt) [2] suggest that both of these Ni(III) sites are
ligated to the protein through mainly sulfur-con-
taining residues. H2 reduction of the Dg hydroge-
nase caused a shift of the Ni K edge position to
lower energy, indicating redox cycling of the Ni
(probably Ni(III)---Ni(II)) [1]. Electron spin echo
envelope modulation (ESEEM) measurements on
the two different Mt hydrogenases provided evi-
dence for a "distant" (not directly ligated) nitro-
gen atom in the F420 -reducing enzyme but not in
the methylviologen (MV)-reducing enzyme [3].
These hydrogenases also contain Fe-S clusters,
with one 3Fe and two [4Fe-4S] clusters having
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been identified in the Desulfovibrio desulfuricans
enzyme [4]. The presence of 3Fe clusters is of
considerable interest due to the possibility that
magnetic coupling between Ni(III) and a paramag-
netic 3Fe cluster may give rise to the "g = 11.35"
electron paramagnetic resonance (EPR) signal in
the partially reduced Dg hydrogenase [5].
As part of our continuing effort to structurally
characterize the Ni site of Dg hydrogenase at va-
rious levels of oxidation, we report here higher
quality Ni EXAFS data of the oxidized (as isola-
ted) protein showing the presence of heterogeneity
of Ni-ligand distances.

EXPERIMENTAL

All XAS data were collected at Stanford Synchro-
tron Radiation Laboratory (SSRL) on beam line
VII-3 under dedicated operation at 3.0 GeV (ca.
60 mA) using Si[220] monochromator crystals.
Enzyme data were collected at ca. 4 K as fluores-
cence excitation spectra using an array of NaI
(TO scintillation detectors similar to the one
previously described [6]. The Ni EXAFS data for
oxidized Dg hydrogenase consist of an average
of 13 30-minute scans on a sample containing ca.
4 mM Ni.
[Ni(en) 3 ]C1 2 .2H 2 O (en = ethylenediamine) and
[Ni(mnt) 2 ](Bu 4 N) (mnt = maleonitriledithiolate)
were examined as models for Ni-N (or -O) and
Ni-S interactions, respectively. Ni EXAFS data on
these models were collected at room temperature
by transmission techniques at SSRL on beam line
VII-3 under parasitic conditions at 1.88 GeV (ca.
15 mA) using Si[220] monochromator crystals.
The empirical amplitude and phase representing
Ni-N and Ni-S scattering were extracted from the
EXAFS of these models by complex Fourier back-
transformation [7], using the known distances and
coordination numbers (Ni-N: R = 2.124 A [8],
N = 6; Ni-S: R =2.146 A [9], N = 4). Debye-Wal-
ler factors for the hydrogenase fits are then quo-
ted as Dal values, relative to these models.

RESULTS AND DISCUSSION

Fig. la shows the Fourier transform (FT) of the
Ni EXAFS data of oxidized (as isolated) Dg
hydrogenase. The prominent feature in the FT is
the first-shell peak at R' =1.6 A. This FT peak
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Fig. 1

Ni EXAFS of oxidized (as isolated) Desulfovibrio gigas hydro-

genase collected at 4 K.
a) Fourier transform (k =3.5-11.5 A -t, k3 weighting) of

Ni EXAFS.

b) Filtered EXAFS generated by using the filter window repre-

sented by the dashed lines in a) and Fourier backtrans-

formation

was also observed in our previous data [1] but the
higher quality and extended FT range of the data
in Fig. 1 reveal that this peak is actually split, in-
dicating the existence of at least two shells of
atoms in the first coordination sphere. This split-
ting is too small for the peaks to be individually
extracted (by Fourier filtering) so that their as-
signment must be done by simulation (curve-fit-
ting) which is discussed below. Fourier filtering
these first-shell peaks yields the filtered EXAFS
data shown in Fig. lb. The beat pattern (node at
k = 9 A - i) is another reflection of the split first-
shell FT peak.
No attempt was made to analyze the FT peak at
R' 4.0 A (Fig. la). This peak may or may not
represent a scatterer, which would lie ca. 4.3-4.5
A from the Ni atom. One would not typically ex-

Ai -
- _ 

4	 5	 6	 7 	8
k(Al )
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pect to observe a scatterer at such a long distance
unless the Debye-Waller factor is very small,
which is possible in this case since these data were
collected at 4 K.
Table I summarizes the results of a number of
(curve-fitting) simulations to the Fourier-filtered
data (Fig. 1b). These simulations were generated
assuming either 6- or 4-coordination of the Ni
atom with various combinations of (N,O) or S li-
gand atoms. (Coordination numbers were fixed as
integers while the distance and Dal were optimi-
zed). The tabulated f values can be used to gauge
the relative quality of the simulations, the lower f
representing the better fit. By this criterion the
only reasonable combinations of ligand atoms we-
re two shells of S atoms (S,S' fits) or one shell of
S and one shell of (N,O) atoms (S, (N,O) fits).
(The single-shell S fits 1,8 (Table I) give much
worse f values by a factor of 2-3.) Also, judging
by f values, the 4-coordinate simulations are signi-
ficantly worse than the 6-coordinate. This leaves
fits 2-7 (Table I) as the most reasonable structural
models of the Ni first coordination sphere. (The

distributions of ligand atoms in Table I were the
ones yielding the lowest f values for 6-coordinate
(S,S') and (S, (N,O)) fits.) The f values for these
simulations do not allow a choice to be made
among these possibilities, but examination of
some of the optimized values of the parameters
does.
In the (S, (N,O)) fits, the optimized Ni-(N,O) dis-
tance is in a typical range for Ni(III) [10,11], but
the a2 values are significantly below that of the
Ni(II) model, [Ni(en) 3 ]C1 2 .2H 2 O. M-N bonds are
typically very rigid showing little temperature de-
pendence between 4 K and ca. 200 K (cf., Cu(II)-
-N interactions in cytochrome c oxidase [12]).
Thus, unless the Ni-N interaction of Ni(en) 32. is
unusually "soft", one would expect the Ni-(N,O)
Dal values to be nearer to zero. Also, M-S a2 va-
lues are expected to be much more temperature
dependent [12] and given a reasonable M-S vibra-
tional frequency of ca. 325 cm -1 [13] one can esti-
mate a Ni-S za2 of -0.006 fi t . The Ni-S Dal va-
lues of fits 5-7 (Table I) are significantly higher
than this estimate which would have to be ratio-

Table I

Curve fitting Results for the Filtered Ni EXAFS of Oxidized Dg Hydrogenase

Ni -S Ni-S' Ni-(N,O)
Fit R al

( A)

N Dal b)

(A 2)
R

(A)

N zia2

(A2)
R

(A)

N	 Da2

(f1 2 )

f C)

Six-coordinate:

1 2.20 (6) d) + 0.0082 1.47
2 2.23 (5) +0.0012 2.06 (1) -0.0067 0.64
3 2.26 (4) -0.0015 2.09 (2) -0.0043 0.66
4 2.28 (3) -0.0035 2.12 (3) -0.0024 0.69
5 2.22 (4) +0.0028 1.92 (2) -0.0087 0.54
6 2.23 (3) +0.0005 1.93 (3) -0.0071 0.60
7 2.24 (2) -0.0023 1.94 (4) -0.0061 0.75

Four-coordinate:

8 2.20 (4) + 0.0051 1.85
9 2.24 (3) -0.0038 2.08 (1) -0.0087 0.97

10 2.28 (2) -0.0069 2.12 (2) -0.0059 0.98
11 2.31 (1) -0.0095 2.15 (3) -0.0025 1.01
12 2.21 (3) + 0.0016 1.92 (1) -0.0100 1.21
13 2.23 (2) -0.0026 1.94 (2) -0.0100 1.01
14 2.24 (1) - 0.0073 1.95 (3) - 0.0090 1.29

a) R = distance; N= coordination number.
b) a2 is the mean square deviation in R relative to the model compounds.

c) f=lE[k3 (Xóbs - X (calc)1
2 /(N-1

)1
v2

d) Values in parentheses were not optimized.
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nalized as a large static disorder (AR --.0.16  A
[13]) in the Ni-S shell. Such a static disorder is
explicitly considered in the (S,S') fits 2-4 (Table
I), where two shells of S atoms allow a reasonable
fit of the data (f 0.7) with reasonable distances
(2.3 and 2.1 A) and reasonable Debye-Waller fac-
tors (for fits 3 and 4). The Dal values (e.g., for fit
4) are still higher than the previous estimate, but
such quantitative comparisons will have to await
an actual temperature-dependent EXAFS study of
several Ni-S and Ni-N model compounds.

SUMMARY

The most likely composition for the first coordi-
nation sphere of the Ni(III) site in oxidized Desul-
fovibrio gigas hydrogenase is NiS mS n, where
(m+n)=6, m=3 or 4, n=3 or 2, R(Ni-S)=2.27
A, R(Ni S') = 2.10 À. It is possible that N- or
0-containing ligands are also coordinated (with
R[Ni-(N,0)] 1.93 A) but the quality of the cur-
rent data does not allow valid conclusions from
such three-shell fits.
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THE REACTIVITY OF THE NICKEL-
-CONTAINING HYDROGENASE
FROM DESULFOVIBRIO GIGAS
WITH OXYGEN,
DEUTERIUM AND CARBON MONOXIDE

The periplasmic hydrogenase from D. gigas has
been purified to homogeneity [1] and shown to
contain 11-12 iron-sulfide atoms per 89 kDa [1,2].
In the native, isolated state, a rhombic EPR signal
with g-values at 2.31, 2.20 and 2.00 is found
which has been unequivocally identified as a
Ni(III) species by the observation of hyperfine
coupling in 61 Ni-substituted hydrogenase [3]. In
the presence of hydrogen the initial Ni(III) species
disappears and is replaced by a new EPR signal
with g-values at 2.19, 2.16 and 2.00 assigned to a
proposed Ni(III)-hydride intermediate [1,2]. In
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order to obtain additional information on the na-
ture of the nickel EPR signals in the isolated and
hydrogen-reduced states, hydrogenase has been
reacted with oxygen, deuterium and carbon mono-
xide in order to probe these nickel EPR signals
and ascertain their function in the catalysis of
hydrogenase.

Reaction with Oxygen

The new EPR signal seen on binding of hydrogen
with hydrogenase suggested that the gaseous
ligand, 02 , might also bind with hydrogenase and
affect the nickel component. When 0 2 (100%)
was allowed to react with isolated hydrogenase for
3 hours, no immediate and significant changes
were observed either on the initial Ni(III) EPR
signal or that of the isotropic g = 2.02 EPR signal
(assigned by MOssbauer spectroscopy to a 3Fe-xS
cluster, refs. 1,2). However, when the effect of
increasing microwave power on the Ni(III) and
g = 2.02 EPR signals was studied, it was found
that the power saturation curve (Fig. 1) for the
Ni(III) signal of hydrogenase in the presence of
02 was significantly greater than in the absence of
0 2 . No such effect in the power saturation curve
for the g = 2.02 EPR signal was observed, sugges-
ting that 0 2 was sensed by the Ni(III) component
but not by the 3Fe-xS cluster. Since 0 2 is a para-
magnetic species, the possible binding of 0 2 to the
nickel component could result in an additional
spin-relaxation mechanism. A similar set of power
saturation curves in the absence and presence of
0 2 has been observed for the nickel-iron-sulfur
containing hydrogenase from Desulfovibrio desul-
furicans which also contains 1 nickel and 11-12
iron-sulfur atoms per 78 kDa [4].

Reaction with Deuterium

In order to ascertain whether the nickel species
observed on binding of hydrogen to hydrogenase
could represent a Ni(III)-hydride intermediate,
studies were performed in which deuterium repla-
ced hydrogen. A control experiment showed that
extensive dialysis of hydrogenase against D 2 0
caused no change whatsoever to the initial Ni(III)
EPR signal with g-values at 2.31, 2.20 and 2.00.
Hydrogenase which had been dialyzed against

Fig. 1

Effect of microwave power on the signal intensity of the

g= 2.31 and g= 2.02 EPR signals of D. gigas hydrogenase.

Enzyme purified according to ref. [1] (100 µM in protein and

150 mM in potassium phosphate buffer, pH 7.6) was either

exposed to pure nitrogen for 3 h (•) or to pure oxygen (o) for

3 h. EPR spectroscopy was performed with a Varian E-109

spectrometer equipped with an Air-Products APD-E automatic

temperature controller and interfaced with a Hewlett-Packard

HP-85 microcomputer. EPR conditions: temperature, 12K;

microwave frequency, 9.157 GHz; modulation amplitude, 10

gauss; time constant, 0.1 sec; scanning rate, 250 gauss per min

D 2 0 was then reduced for 3 hours with D2 and
compared with respect to its EPR spectra to
hydrogenase dialyzed against H 2 O and reduced
with H2 for 3 hours. Fig. 2A) versus 2B) shows a
small narrowing in the D 2 -reduced hydrogenase
relative to H 2 -reduced enzyme. The narrowing
corresponds to 2 gauss in the g = 2.19 region and
3 gauss in the g = 2.00 region. Although the diffe-
rences are quite small, the experiments have been
repeated on three separate occasions, and it is
now probable that the narrowing found in the D2-
-reduced hydrogenase is significant. Although
other explanations for this narrowing are possible
(water or hydroxide binding to the nickel com-
ponent), another possible explanation is that
hydrogen is bound to the Ni(III) species with
g-values at 2.19, 2.16 and 2.00. This latter expla-
nation is also consistent with the well-known hete-
rolytic activation for hydrogenase 'first reported
by KRASNA and RITTENBERG [5] and the de-
pendence of this effect on D2.
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Fig. 2

A) D. gigas hydrogenase (protein concentration as in fig. I)

dialyzed against D2 O, and reduced with D2 for 3 hours

B) As A) but dialyzed against H2 O and reduced with H2 for 3

hours. EPR conditions for A) and B) as in fig. 1 except that

temperature was 61K; microwave power, 10 mW; modulation

amplitude, 5 gauss; scanning rate, 125 gauss per min and

microwave frequency, 9.161 GHz

C) D. gigas hydrogenase (protein concentration as in fig. I)

reduced with H2 for 3 hours, and then reacted with CO for 10

minutes. EPR conditions as in fig. 1 except that microwave

power was 10 mW

Reaction with Carbon Monoxide

Carbon monoxide has been found to be an effec-
tive competitive inhibitor for the D. gigas hydro-
genase (K, = 0.35 µM, Lissolo and LeGall, unpu-
blished results). A possible site of inhibition for
CO might involve the nickel component of the
hydrogenase. To test this possibility, CO was

reacted with both the oxidized (native) hydrogena-
se and the H 2 -reduced enzyme. No effect of CO
was noted on the EPR signals of isolated enzyme,
that is, no changes were noted in the EPR signals
of the initial Ni(III) species or the isotropic
g = 2.02 species. However, when CO was added to
the H 2 -reduced enzyme, there was a loss of the
g = 2.19, 2.16, 2.00 EPR signal and a new somew-
hat broad signal appeared with a major g-value of
2.11 (Fig. 2C). This signal could be detected as

high as 90K and therefore appears to be a com-
plex of CO with the nickel component. The effect
of CO on the EPR spectrum of hydrogenase is
reversible as vacuum evacuation of the CO-treated
hydrogenase restores the initial EPR spectrum.
When treated with H2 , the EPR signals of the
proposed Ni(III)-hydride species reappear with the
same intensity as with non-CO treated hydroge-
nase. These observations demonstrate that the
binding of CO with hydrogenase is a completely
reversible process and are consistent with the kine-
tic finding that CO is a competitive inhibitor.
They are also consistent with a role for nickel in
the activation of hydrogen.
The EPR spectral changes observed when hydro-
genase is reacted with 02 , D2 or CO implicate
nickel as a possible functional binding site for
these reactants as well as its substrate, H2. These
studies are being continued with various nuclear
isotopes of the reactants in order to establish in
an unequivocal manner the nature of the interac-
tions with nickel. The function of nickel in hydro-
genase appears to be two-fold: i. involvement in
catalytic activity as indicated by our studies with
D2 and CO, and ii. reversible inactivation of the
hydrogenase as suggested by the results obtained
with 0 2 .
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BIOENERGETIC ROLE
OF NICKEL-CONTAINING PROTEINS
IN METHANOGENS

In 1978, PETER MITCHELL received the Nobel Pri-
ze in Chemistry for the postulate that free energy
released from favorable electron transfer is con-
served in the form of a transmembrane ion gra-
dient, which is subsequently utilized to drive ATP
synthesis for cellular energy needs [1]. This is
broadly accepted as a valid general description of
all systems described to date involving coupling to
electron transfer.
The methanogenic bacteria are the sole biological
source of methane, and most species are capable
of energy conservation by coupling to the eight-
electron reduction of CO2 by H2. In 1980, we re-
ported the presence in the particulate fraction of
M. bryantii of several EPR-detectable centers, in-
cluding the first observation of Ni(III) in a biolo-
gical system [2]. These findings were interpreted
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as evidence for the existence of a membrane-
bound electron transfer complex involved in ener-
getic coupling of methanogenesis to proton trans-
location. The subsequent demonstration by other
laboratories of the presence of similar centers in
purified soluble hydrogenases from several metha-
nogens [3-5] and our repeated failure to demons-
trate energy-coupled ion gradient formation in
subcellular extracts has prompted us to re-examine
our earlier conclusions. We report here data
which does not support the presence of a tightly
membrane-bound electron transfer complex in at
least one methanogen species. This raises the pos-
sibility that ATP synthesis coupled to electron
transfer occurs by a direct mechanism, not invol-
ving the obligatory intermediacy of a transmem-
brane ion gradient.
We have verified our previous results, that ultra-
centrifugation of cell free extracts results in the
sedimentation of several EPR-identifiable compo-
nents (including substantial amounts of the Ni(III)
center) and in addition virtually all of the factor
F420-reducing hydrogenase, ATPase, and metha-
ne-forming activities (see below). Addition of ei-
ther molecular H2 or reduced factor F420 results
in reduction of all EPR centers, indicating that all
such centers are involved in electron transfer bet-
ween these two species (data not shown).
Since most methanogens derive useful energy
from methane production by hydrogen reduction
of CO 2 , it might be expected that components
essential for this reaction would be present in all
such organisms. Table I shows a summary of
a species survey of EPR-detectable components
in the particulate fraction of various methano-
gens cultured on several growth substrates.

Table I

Species survey of EPR-visible particulate centers in metha-

nogens

Methanogen	 g=2.02 	 g=1.94
(ox)	 Ni(III) Radical	 (red)

M. bryantii
M. thermoauto.
M. barkeri (acetate)
M. barkeri (H 2 -0O2 )
M. ruminantium
M. hugateii
M. voltae (H 2 -0O 2 )
M. voltae (formate)
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• -Crude extract
O -180,000xg Resusp. Pellet
0 -180,000xg Recombined

• -180,000xg Sn

A

300 

CH Q	
200

nmol/mg

100 

time(min)
15

B
L -20,000xg Sn
• -Crude Particulate
p -20,000xg Resusp. Pellet 

300

CH 4	200

nmol/mg

100

time(min)	 15
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The only component universally present is a
g =2.02 oxidized species, with temperature and
power saturation characteristics of an oxidized
Fe3 or Fe4 iron-sulfur center, quite possibly due
to nonphysiological oxidation by oxygen exposu-
re. Three of the six methanogen species exhibit an
oxidized Ni(III) center, along with a «g = 1.94»-
-type reduced iron-sulfur species. It should be
pointed out that in most such systems the majo-
rity of nickel is EPR silent, so that lack of such
an EPR signal does not necessarily indicate absen-
ce of the center. We conclude from these results
that the particulate fraction of several methano-
gens contains EPR-identifiable electron transfer
components and also that many of these compo-
nents are present under differing growth condi-
tions (cf. acetate-grown M.barkeri and H 2 -0O 2

--grown M. bryantii).

Electron microscopic and other studies show the
presence in this particulate fraction from M. ther-
moautotrophicum of enclosed membranous struc-
tures. However, complete resolution of hydroge-
nase activity from the membrane (as judged by
labeling with C14 mevalonic acid [6]) can be
achieved by gel exclusion chromatography, sho-
wing that this electron transfer reaction is not
tightly membrane-bound (data not shown). This
does not, however, rule out the possibility that
some portion of the complete electron transfer
chain from H2 and CO 2 to CH, is responsible for
ion translocation and therefore membrane-bound.
In order to investigate this, we examined the sub-
cellular localization of methanogenesis from H2
and CO 2 (fig. 1). Fig. IA shows that all such elec-
tron transfer activity is quantitatively recovered in
the crude particulate fraction, i.e., the preparation
described above containing the EPR-observable
components. Fig. 1B shows that further centrifu-
gation of this resuspended pellet (under conditions
where approx. 80% of the membranes are sedi-
mented) results in no loss of methanogenic acti-
vity. In addition, none of the EPR-identifiable
components are sedimented (not shown). The re-
cent elimination of internal membrane structures
as responsible for methanogenesis [7] argues
against the possibility that this small relative frac-
tion of the membrane is selectively associated with
electron transfer.
We conclude from these studies that while metha-

Fig. I

Subcellular location of methanogenic activity. A) Crude parti-

culate (180,000 xg 2 1/2 hr.). B) separation of membranes by

centrifugation of resuspended pellet from A) at 20,000 xg for I

hr. Methanogenesis measured under an atmosphere of H2 :CO2

(80%:20%) at 60°C in 0.2m Na PIPES buffer (pH 6.9 at 25°C

in air), 2 mm ATP, 2 mm MgCl2 , 2 mm methyl coenzyme M in

a total volume of 0.5 mL. Protein concentration ranged from

10 to 28 mg/mL

nogenic electron transfer can be sedimented by a
relatively high-speed ultracentrifugation, there is
no evidence that the membrane fraction contains
a tightly-bound segment of the chain. These
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[5]

results apparently explain the conflicting reports
of the subcellular location of methanogenic acti-
vity [8,9].
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THE NATURE OF THE VERY RAPID
INTERMEDIATE IN XANTHINE OXIDASE
TURNOVER¡

Xanthine oxidase and xanthine dehydrogenase
give rise during turnover to a transient molyb-
denum(V) EPR signal given the name very rapid
[1]. The signal is seen with a variety of substrates.
Evidence that it corresponds to a kinetically com-
petent intermediate will be summarized. Studies of
hyperfine coupling involving substitutions with
deuterium, carbon-13, oxygen-17 and sulphur-33
have provided information both about the struc-
ture of the intermediate and about the origins and
exchangeability of ligands of the metal in the in-
termediate. These and other data have permitted a
likely mechanism for xanthine oxidase turnover to
be proposed [2-4]. Additional experiments
required to confirm the mechanism or to distin-
guish alternatives will be discussed. These include
experiments in progress with molybdenum-95,
molybdenum-97, mass spectrometry with oxygen-
-18 and rapid freezing EXAFS being carried out
with Dr. S. Cramer, and ENDOR.
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APPROACHES TO THE MOLYBDENUM
CENTERS OF «OXO-TYPE» ENZYMES

Molybdenum is an essential trace element which is
found in enzymes such as xanthine oxidase, sul-
fite oxidase, and nitrate reductase. The chemical
reactions catalyzed by these enzymes all involve a
change in the number of oxygen atoms in the
substrate as illustrated in (1), the oxidation of sul-
fite to sulfate. There is strong evidence that these

S0 32- + H 2 0 — SO 42- + 2e - + 2H'	 (1)

enzymes possess a common molybdenum cofactor
[1]. EXAFS studies support a monomeric molyb-
denum center with at least one terminal oxo group
and at least two -SR ligands bound to the molyb-
denum atom [2].
An overall chemical reaction cycle for the oxo-
molybdenum centers of such enzymes involving
Mo(IV), Mo(V) and Mo(VI) is shown in (2). Berg
and Holm [3] have developed an elegant chemical
model for the oxo-transfer reaction between
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Mo(IV) and Mo(VI) shown at the bottom of (2).
Our interest has been in synthetic analogs for
the EPR active Mo(V) species shown at the top of
(2). These Mo(V) states can be detected by rapid
freeze EPR experiments and can be stabilized by
certain inhibitors [4].
The isolation and characterization of Mo(V) com-
plexes which may be synthetic analogs of the
Mo(V) states in enzymes are difficult because of
the propensity of oxo Mo(V) complexes to dime-

rize in the presence of trace amounts of water to
give diamagnetic products. Our approach to this
problem has been to create a steric pocket for the
molybdenum atom in order to inhibit such dimeri-
zation reactions.
A simple pocket shaped ligand is hydrotris(3,5-
-dimethylpyrazolyl)borate. Complexes of this li-
gand were extensively studied by TROFIMENKO [5],
who was the first to isolate the oxo Mo(V) com-
plex, LMoOC1 2 [6]. We have developed a better
synthetic route to LMoOC1 2 and to other related
monomeric oxo Mo(V) complexes, including seve-
ral complexes which contain at least two thiolate
ligands coordinated to the molybdenum atom.
All of these monomeric Mo(V) complexes are
stable in the presence of water, and all undergo
reversible one electron reductions to stable
Mo(IV) complexes. The reduction potentials for
the complexes span a range of about 1.2 volts and
encompass the Mo(V)/Mo(IV) reduction poten-
tials of xanthine oxidase, xanthine dehydrogenase
and sulfite oxidase. This extensive series of stable
Mo(V) complexes opens the way to study the
kinetics of electron transfer reactions of the biolo-
gically important Mo(V)/Mo(IV) couple.

Rev. Port. Quím., 27 (1985)

The EPR spectra of the LMoOXY complexes are
markedly dependent upon the nature of the X and
Y ligands coordinated to the molybdenum atom
and show large hyperfine splittings due to 95 Mo.
The LMoOX 2 complexes possess C s symmetry
with the oxo group, the molybdenum atom and
one of the nitrogen atoms of the pyrazolylborate
ligand lying in the mirror plane. Thus, the unique
direction in these complexes is the vector normal
to the mirror plane, (i.e., normal to the MoO
bond) not a vector parallel to the MoO bond as
occurs in tetragonal oxo Mo(V) complexes. The
EPR spectra of several complexes have been simu-
lated, but a detailed understanding of the actual
directions of the components of the g and A ten-
sors in relation to the molecular coordinate system
will require a complete single crystal EPR experi-
ment.
The stable monomeric oxomolybdenum(V) com-
plexes synthesized in this study provide good star-
ting points for structural and spectroscopic mo-
dels for the inhibited states of the «oxo-type»
molybdenum enzymes.
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COPPER-MOLYBDENUM SULPHUR
CLUSTERS AND RELEVANCE
TO MOLYBDENUM-INDUCED
COPPER-DEFICIENCY IN RUMINANTS

Although the tetrathiometallate(VI) ions [MS 4 ] 2

(M = Mo or W) were first isolated in the 1880's,
their interesting ability to coordinate metal ions
was not recognised until almost a hundred years
later, for example when MOLLER et al. prepared
[Ni(WS4 ) 2 ] 2- [1]. The ions are extremely versatile
ligands and have been shown to function as
bidentate chelates to a wide variety of metal ions

[ 2].
The first indication of the biological antagonism
between Cu and molybdenum arose from the
work of FERGUSON et al. [3] who found that the
disease could be prevented or cured by feeding the
animals with copper sulphate. The antagonistic
effects of Mo on Cu metabolism in ruminants are
synergised by a variety of dietary sources of sul-
phur both inorganic and organic [4], which can be
metabolized via sulphide (e.g. [SO 4 ] 2- or
S-amino acids). The mechanisms of these interac-
tions are not understood and the quantitative ef-
fects of dietary Mo and S sources upon absorp-
tion or retention by ruminants are poorly defined.
However, the species specificity of the action of
Mo as an antagonist of Cu absorption is related
to the fact that, in contrast to ruminants, little
opportunity exists in the digestive tract of non-ru-
minants for the generation of sulphide. Mo, given

as [Mo0 4 ] 2- , is remarkably well-tolerated by non-
-ruminants [5]. In contrast, when [MoS 4 ] 2- is gi-
ven orally to rats, the effect on Cu metabolism
closely reflect those found in ruminants, after in-
gestion of molybdenum, i.e. Cu absorption is
inhibited and systemic inhibitory effects on Cu
metabolism become evident [6]. Furthermore,
[MoO 2 S 2 ] 2— and [MoOS 3 ] 2- are capable of modif-
ying the tissue distribution of absorbed Cu in rats.
The presence of [MoS 4 ] 2- has been demonstrated
for in vitro incubations of rumen contents or mi-
croorganisms with added [Mo0 4 ] 2- and [SO4 ] 2-

[7]. However, the formation of [Mo0 4_,,5,] 2-

(O <n <4) in vivo in the rumen may be favoured
over [MoS 4 ] 2- by the rapid turnover rate of sul-
phide within this organ and the pH value of 6.5.
Therefore, we have investigated the chemical inte-
ractions between Cu and [Mo0 4 _,, S,, ] 2- (n = 2, 3,
or 4) ions to establish the nature of the species
which are formed and their characteristic spectros-
copic properties. A summary of these reactions is
presented in the Scheme. The structures of key
compounds have been determined by X-ray
crystallography and a variety of spectroscopic stu-
dies have been accomplished. 95 Mo NMR, reso-
nance Raman and EXAFS data each serve to cha-
racterise the nature of particular Cu-Mo-S aggre-
gates and, therefore, may be useful as probes of
the species formed in vivo.
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MOLYBDENUM-SULFUR STRUCTURAL,
REDOX AND REACTION'I2HEMISTRY

In all well characterized Mo enzymes molybdenum
is found associated with sulfur ligands. The sulfur
can be inorganic (probably S 2- , but possibly Si - )
or organic (thiolate or thioether ligands). Results
from the literature on enzyme and model systems
will be juxtaposed to identify some of the struc-
tural and mechanistic possibilities in xanthine oxi-
dase, sulfite oxidase and nitrogenase.
Redox reactions are an important part of the reac-
tivity of Mo-S systems. Both the Mo and the S
components of the complexes are potentially
redox active. In oxo molybdenum complexes this
reactivity manifests itself in the reduction of
Mo(VI) to Mo(V) or Mo(IV) by thiol — disulfide
interchange reactions. A potential intermediate
complex containing a partially oxidized dithiolate
(a partial disulfide) and a partially reduced mono-
nuclear Mo(VI) center has also been identified [1].
In di- and trinuclear Mo clusters reactions of
coordinated Si - can occur without changing the
metal oxidation state and/or without significantly
altering the complex geometry.
The ability of both Mo and S to change oxidation
states is sometimes manifested in internal
redox processes that can be induced by external
redox agents. Induced internal redox behavior can
lead to seemingly paradoxical reactions such as
the reduction of the metal center in a complex by
addition of an oxidant. For example, hexavalent
Mo vIS4- reacts with the oxidant R-S-S-R to yield
the dinuclear pentavalent Mo v2S4(S2)z - ion [2].

MoS; - reacts with R 2 NC(S)S-S(S)CNR 2 (thiuram-
disulfide) to give Mo vS 2 (S2 CNR 2 ) 3 an EPR active

mononuclear Mo(V) complex. The implications of
internal electron transfer in Mo-S chemistry and
the possible ramifications for Mo enzymes will be
discussed.
The trinuclear complex Mo 3 S4 (SCH 2 CH 2 S)3 - pre-
pared by ligand redox from Mo 3 S(S 2 )6 - has an
M 3 S4 core which is a fragment of a thiocubane
structure [3]. This M 3 S4 stoichiometric unit has
been identified in Fe-S proteins and vibrational
spectroscopic properties of the Fe proteins com-
pared to those of the Mo complex [3] suggest a
structure for the biocluster.
Finally, Mo-S complexes display unconventional
reactivity toward H2 [4] and substituted acetylenes
[4,5]. For example, substituted acetylenes have
been found to insert into Mo-S 2 linkages to pro-
duce complexes with Mo-C and S-C bonds [5].
The relative reactivity of molybdenum, sulfur and
multicenter sites will be considered with regard to
the mode in which Mo enzymes interact with their
substrates.
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substrate : N = N-NH (unlike N3, see below) is
expected to bind to a metal atom in the enzyme to
give species (a) which has the N2 triple bond clo-
sest to the metal atom. Scheme 1 involves three
sequential, two-electron, two-proton reductions of
that triple bond and is similar to mechanisms we
have proposed previously for the six-electron re-
duction of N2 [4], HCN [5], and CH 3 NC [6].

H
: N =

\
N-N

,

E°
	

E °-N _N-NH
(a)

N Z H 4 + NH 3 2e
--

, 2H'

Scheme I

/2e - ,  2H'

H
E - 1 -N-N-NH 2

HH

AZIDE REDUCTION
BY AZOTOBACTER VINELANDII
NITROGENASE

Nitrogenase (N 2 ase) is composed of two sepa-
rately purified proteins, the molybdenum-iron
(MoFe) protein and the iron (Fe) protein. Nitro-
gen fixation requires both proteins, a reductant,
protons and MgATP. The Fe protein is generally
accepted as a specific one-electron donor for the
MoFe protein, which is believed to contain the
site of substrate binding and reduction. N 2 ase
also catalyzes the reduction of protons and a
number of non-physiological substrates including
azide.
The two-electron reduction of azide to N2 + NH3

by N 2 ase was first demonstrated by SCHOLLHORN

and BURRIS in 1967 [1]. In 1981 DILWORTH and
THORNELEY [2] additionally demonstrated a six-
-electron reduction of azide to N 2 H4 + NH 3 and
showed that a large relative excess of NH 3 was
formed. The molar ratio of the products was —1
N2 H 4 :2 N2: 5-6 NH 3 . We have examined the re-
duction of azide by the purified component pro-
teins of Azotobacter vinelandii (Av) N 2 ase [3].
We have shown that one of the two species pre-
sent in azide solutions, HN 3 , is a potent substrate
(K m = 12 uM) which is reduced by six electrons to
N2 H 4 +NH 3 . Like the six-electron reduction of
N2 , HN3 reduction does not yield any less highly
reduced products which implies the presence of
tightly bound intermediates. Scheme 1 shown here
is a possible mechanism for HN 3 reduction. The

Rev. Port. Quím., 27 (1985)

Our data demonstrate that the other species pre-
sent in solution, N3-, is the substrate for the two
electron reduction of azide to give N2 + NH3 .
Unlike HN 3 , the substrate N3 - (:N = N = NO is
symmetrical and is expected to be polarized on
binding to a metal site in the enzyme to yield spe-
cies (b) (Scheme 2), where the N2 triple bond is
now remote from the metal. Species (b) could be
readily reduced by two electrons and two protons
to yield N2 and a bound amido species (c), which
would rapidly be protonated to yield NH3. N3 - is
the only known anionic N 2 ase substrate and its re-
duction is the only example of a N 2 ase reaction
requiring inequivalent numbers of protons and
electrons.

•N= N = NI: 	2^ 2H`	 H'

E°^ ► E°- N-N=N. 	 j .- E ° -NH Z^E°+NH3
(b) 	N2	 (c)

Scheme 2

Our data strongly support the suggestion [7] that
some of the N2 formed (Scheme 2) is further redu-
ced by six-electrons to give two NH 3 (excess
NH 3 ). The evidence includes the observations
that: (i) both N2 and excess NH 3 formation de-
pend on [N 3 - ] and not on [HN 3 ]; (ii) the excess
NH 3 reaction is strongly inhibited by HN 3 which,
in turn, is competitively inhibited by N2; (iii) inhi-
bition of the excess NH 3 reaction by HN 3 , CO
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(and possibly N2 and C 2 H2 ) causes a correspon-
ding increase in the observed N2 and most impor-
tantly, (iv) like N2 reduction, but unlike any other
N 2 ase substrate reduction, the formation of excess
NH 3 is inhibited by D2, which gives a correspon-
ding increase in observed N2. Our data also show
that the N2 formed from N3 - reduction,
which appears to be further reduced to two NH 3 ,
is not in equilibrium with N2 in the gas phase.
Thus, the N2 must be formed close enough to the
N2 -reduction site to be rapidly trapped at that
site.

REFERENCES

[1] R. SCHOLLHORN, R.H. BURRIS, Proc. Natl. Acad. Sci.
USA, 57, 1317-1323 (1967).

[2] M.J. DILWORTH, R.N.F. THORNELEY, Biochem. J., 193,
971-983 (1981).

[3] J.F. RUBINSON, B.K. BURGESS, J.L. CORBIN, M.J. DIL-

WORTH, Biochemistry, (1984), in press.
[4] B.K. BURGESS, S. WHERLAND, E.I. STIEFEL, W.E. NEW-

TON, Biochemistry, 20, 5140-5146 (1981).
[5] J.-G. Li, B.K. BURGESS, J.L. CORBIN, Biochemistry,

21, 4393-4402 (1982).
[6] J.F. RUBINSON, J.L. CORBIN, B.K. BURGESS, Biochemistry,

22, 6260-6268 (1983).

[ 7] R.W.F. HARDY, E. KNIGHT JR., Biochim. Biophys. Acta,
139, 69-90 (1967).

MS2.6 — TU

H2	 (1)

In the presence of N2, H2 evolution is partially
suppressed such that the limiting stoichiometry
given by eqn. 2 is observed.

8H+ + N2 + 8e- > 2NH 3 + H2 (2)

Nitrogenase also catalyses the formation of HD
from D2 in the presence of N2 [1]; whether this
reaction also occurs in the absence of N2 is dis-
puted [2]. However, Av nitrogenase does not cau-
se significant incorporation of 3H+ into the
aqueous phase when H2 (50%) labelled with 3H2 ,
is used in the presence of 40% N2 and 10% Ar
[1]. Av nitrogenase functioning in the presence of
N2 and HD does not produce detectable amounts
of D2. BURGESS [3] could not reconcile this result
with N2 binding to a site involving a metal trihy-
dride as originally proposed by CHATT [4].
Although we consider that CHATT's view that N2

binds H2 displacement still provides the most
likely explanation of the stoichiometry given by
eqn. 2.
We have developed a comprehensive model for
the mechanism of nitrogenase action [5-9]. A part
of this model is shown in scheme 1 involving a
metal (Mo?) dihydride species (E3H 2 ) and an
additional proton (H') bound to an adjacent
group in the protein. This proton can react with
the dihydride to yield H2 but not directly with the
metal centre to yield a trihydride. N2 can displace
H2 and then D2 can displace N2 faster than D2 dis-
places H2 from the metal site. The relative rate of

2e /2H+

2H+ + 2e-

H,
E 1 H	 E3 H 2 (H + )

NID

R.N.F. THORNELEY
D.J. LOWE
A.F.R.C. Unit of Nitrogen Fixation

University of Sussex

Brighton BN I 9RQ

U.K.

_	 E,–HD (H+)
2e 2H

+ _^'

N	 HD
ZtiíT	 !E3 N

2 (H+ )

NZ	 HD

—0 E 3N 2 H

HYDROGEN AND NITROGEN
INTERACTIONS AT THE ACTIVE SITE
OF NITROGENASE

In the absence of N2, nitrogenase catalyses the
reduction of protons to H2 (eqn. 1).

i
t

E 1 D	 E3–D2 (H + )(77--

Scheme I
Proposed mechanism of N2 binding and HD formation at the

E3 reduction level of Kpl. This predicts that no D2 is formed

under HD/N 2 , as described above, and that no T' enters the
aqueous phase under T 2 /N 2
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this latter reaction will determine the extent of N2

independent HD formation.
The total H2 detected in a rapid quench expe-
riment (curve a, Fig. 1) can be considered,
according to scheme 2, to comprise two compo-
nents (curves b and c, Fig. 1). Curve b simulates

1°  Time s

Fig. 1

Computer simulation of H2 evolution

a) Total H2 on quenching; b) H2 evolved at pH 7.4;

C) E112 from E2 , E3 and E4 on quenching

the time course for H2 evolution at pH 7.4. Curve
c is the H2 evolved after the reaction of the postu-
lated hydridic-intermediates E2, E3 and E4 (sche-
me 2) with protons on quenching. If DCI/D 2 0 or

H2
^ 

E 	j E
^

y^ 1

r`—^r -- E 3 H 3

11.

11.
E 4 H 4

Scheme 1
The part of the LOWE-THORNELEY [6] scheme for nitrogenase
that is concerned with H2 evolution where E3H2 (H') in Sche-

me I is written as E3 H3

NaOD/D20 is used to quench functioning enzy-
me, a proportion of the products should be HD
and/or D2 providing there is rapid exchange of
protons and solvent at the active site with the
bulk solution.
Before quenching, only H2 can be evolved. At
time 1 s, the simulations of Fig. 1 predict that
33% H2 would have been evolved before quen-
ching, 33% would arise from E2 H2 and 33% from
E 3 H 3 +E4 H 4 on quenching.
When Kpl (110 µM), Kp2 (620 Am), with ATP (10
mM), MgC1 2 (10 mM), Na 2 S 2 O4 (10 mM), Hepes
(25 mM) at pH 7.4 23° was quenched after 1 s
reaction under Ar or Ar + CO with DCI (1N) or
NaOD (1 N) to give a quenched solution contai-
ning 43% D 2 0, 319'20 nmol H2 as produced.
The computer prediction was 315 nmol H2 (EH2

with 1 equivalent H2 from E2 and E3, 2 equiva-
lents H2 from E4 H4 ). No HD or D2 was found
(detection limit < 5%). We conclude that the ex-
change of protons and/or H 2 O with the bulk
H 2 O at the H2 evolution site is slow.
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METAL ION BINDING TO NUCLEOSIDES
AND NUCLEOTIDES

In neutral solutions alkali and alkaline earth
metal ions bind significantly to the phosphate
group of nucleotides but only weakly to nucleosi-
des. For transition metal ions the nucleotide nitro-
gen base and phosphate sites offer potentially
competitive binding loci. Some transition metal
ions such as Pd(II) and Pt(II) coordinate predomi-
nantly at nucleic base nitrogens of nucleotides
while first transition row metal ions interact more
strongly but not exclusively at the phosphate
group. Because the phosphate group is no longer
basic, it is a much weaker binding site in RNA
and DNA polymers than in nucleotides [1].
In pyrimidine nucleosides metal ion binding
occurs at N3. In purine nucleosides there is a di-
chotomy for metal ion binding between NI and
N7 that is pH dependent. For slowly exchanging
diamagnetic metal ions such as Pd(II) and Pt(II),
intensities of peaks in proton NMR spectra permit
determination of relative mole fractions of all
complexes present [2].
For rapidly exchanging metal ions of the first
transition row, NMR methods are unsuitable for
resolving the Ni versus N7 dichotomy. In addi-
tion, many of these metal ions are paramagnetic,
and selective relaxation techniques hold pitfalls
for binding site determinations in fused aromatic

rings. The NI versus N7 dichotomy has been
resolved for first transition row metal ions by
recourse to linear stability constant logarithm ver-
sus pK a plots for a variety of related ligands.
Stability constant logarithms for Nit+, Cu 2+, and
Zn 2+ binding at pyridine or purine Ni type nitro-
gens and imidazole or purine N7 type nitrogens
display a linear relationship with pK a for each me-
tal ion and nitrogen type. The slopes of all lines
vary only from 0.3 to 0.5. For all three aqueous
metal ions and (dien)Pd 2+, at the same pK a , the
stability constant for N7 binding is 0.8 to 1.2 log
units stronger than for Ni binding. For neutral
adenosine the Ni site is intrinsically 320 times mo-
re basic than the N7 site. However, for the above
three aqueous metal ions the ratio of Ni to N7
bound adenosine complexes is projected to be 3,
2.5, and 1, respectively. Thus solutions of neutral
adenosine and these aqueous metal ions contain
comparable amounts of NI metalated and N7 me-
talated complexes. The logarithm of intrinsic
[N1]/[N7] binding ratios are listed in the Table.
N7 coordination in purine bases predominates at
low pH and gives way to favored NI coordination
for (dien)Pd 2+, Cu 2+, and Zn 2+ between pH 1.5 to
2.7 for adenosine, pH 6.1 to 6.7 for inosine, and
pH 6.9 to 7.5 for guanosine [3,4].

Table

Intrinsic log (¡N1J/(N7J) binding ratios

Adenosine Guanosine Inosine

H. 2.5 5.1 5.6

CH 3 Hg' -0.1 2.7 3.3
(dien)Pd 2 ' 0.6 1.5

Ni 2 ` 0.5 0.8 1.0
Cu 2` 0.4 1.4 1.6

Zn 2` 0.0 1.0 1.2
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PLATINUM OLIGONUCLEOTIDE MODELS
OF PLATINUM-DNA INTERACTIONS

DNA is a primary target of the aquated forms of
the antitumor drug cis-[PtC1 2 (NH 3 ) 2 ] [1,2]. In
vitro studies with various DNAs have shown that
intrastrand crosslinking of two bases by the cis-
-Pt(NH 3 ) 2 2+ moiety is the main type of reaction.
The identified adducts from enzymatic digests cor-
respond to platinum chelation by the two guani-
nes and by the adenine and guanine of the follo-
wing sequences: d(GpG) (more than 50% of the
lesions) [3,4], d(ApG) [4], d(ApXpG) [4] and
d(GpXpG) [4] (with X = A, C or T).
With model studies we address the following ques-
tions: i) Is platinum chelation by two adjacent
bases sequence dependent? ii) To what extent does
platinum chelation by two adjacent bases lead to
a distortion of the DNA duplex?
i) We have compared XpG and GpX sequences.
The XpG type has been studied with the CpG,
d(pCpG) and ApG dinucleotides. In each case the
guanine-N7 is platinated first. ApG gives only
AN7-GN7 anti,anti platinum chelate, similar to
the well known GpG adduct. CpG and d(pCpG)
also give only one CN3-GN7 adduct with Ganti,
that is a mixture of two interconverting Csyn and
Canti conformers resulting of a partial rotation of
the cytosine about the glycosidic and N3-Pt
bonds [5].
The GpX type of sequence has been studied with
the GpC, d(GpC), d(pGpC) and GpA dinucleoti-
des. In each case the guanine-N7 is platinated first
and the chelation leads to a complex mixture of
adducts involving syn and anti isomers of the two
bases. The GC dinucleotides give two couples

of GN7-CN3 chelates in different proportions:
Ganti, Csyn and anti; Gsyn, Csyn and anti [6].
Each couple again results of a rotation of the
cytosine, that could be demonstrated in the
Gsyn case. GpA not only gives three GN7-AN7
chelates (Ganti, Asyn and anti; Gsyn, Asyn)
but also one GN7-AN1 chelate presenting a
partial rotation of the adenine about the glycosi-
dic and NI-Pt bonds. These data together with
the results of kinetic experiments show that despi-
te the large conformational freedom of dinucleoti-
des, Ganti N7-platinated XpG sequences are more
prone to chelation by the adjacent X base than
are the GN7-platinated GpX sequences. Examina-
tion of dinucleotide and double stranded DNA
CPK models suggests that such a difference could
be mainly due to the larger distance between the
X binding site and the GN7-bound platinum wi-
thin stacked conformations of GpX compared to
XpG sequences. This could explain the identifica-
tion of a d(ApG) but not a d(GpA) adduct in the
platinated DNA digests [4].
ii) We have tested the possibility of duplex forma-
tion between short oligonucleotides with one of
the strands bearing a d(GpG).cis-Pt chelate, either
close to the middle or to one end of the sequence.

5'	 3'
d-GCGATCCGGC

CGCTAGGCCG-d

Pt

I. cis-Pt

A stoichiometric mixture of the purified and cha-
racterized GG-platinated oligonucleotide with the
complementary strand actually leads to the duplex
structures I.cis-Pt and Il.cis-Pt. This is shown by
their UV and CD sigmoidal melting profiles and
by their CD spectra of the B-DNA type. The pre-
sence of the platinum chelate lowers the T m of the
duplex structure from 58 to 49°C for I.cis-Pt and
55 to 28°C for II.cis-Pt [7]. 'H NMR analysis of
the exchangeable G-NIH and T-N3H protons in
water shows the presence of the corresponding 10
and 8 hydrogen bonds respectively in I.cis-Pt and
II.cis-Pt, indicating that base pairing is still pre-
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sent for the platinated guanines and their adjacent
bases. It also shows that for II.cis-Pt the imino
protons of the three GC pairs of the platinated
end are exchanged at 15°C indicating the occur-
rence of fraying at this end of the duplex. These
results show that d(GpG) platinum chelation does
not disrupt the DNA duplex structure and leads to
a distortion quite similar to that of a kink [8] as
can be seen with CPK models.
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REACTIONS OF PLATINUM COMPOUNDS
WITH NUCLEIC ACIDS
AND OLIGONUCLEOTIDES

The use of cis-PtC1 2 (NH 3 ) 2 and derivatives as
anti-tumor drugs and the generally accepted view
that binding of these drugs to DNA plays a key
rôle in the cell-killing process continue to stimu-
late research in the area of nucleic acid-metal inte-
ractions.
Our current research program is focussed on the
reaction of cis-PtC1 2 (NH 3 ) 2 (abbreviated cisPt)
and related compounds with DNA (from several
sources; both in vivo and in vitro) and with oligo-
nucleotides (up to 18 base pairs in well-defined
sequences).
The reaction products are — after working up
and purification — studied by enzymatic digestion
(using exonucleases and endonucleases), HPLC in
combination with AAS, NMR spectroscopy (high
frequencies; proton decoupling and NOE techni-
ques; pH dependent) and CD spectroscopy.
This paper will review our recent results in this
area, not only including recent reviews [1,2] and
papers [3-6], but also material not yet published.
Our results obtained up to now can be summa-
rized as follows:

1. The primary mode of attack of cisPt with
DNA, G-containing oligonucleotides and in
competition of nucleotides is always the N7
atom of guanine. This result has been obtained
by a variety of groups.

2. The second mode of interaction (cisPt has
two reactive coordination sites) with oligonu-
cleotides of varying base sequences and with
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DNA appears to be (in decreasing order):
a) A next neighbour N7 atom of a guanine

(resulting in a cisPt(GG) chelate);
b) A 5' neighbour N7 atom of an adenine

(resulting in a cisPt(AG) chelate);
c) Another N7 atom of a nearby guanine

(resulting in either intrastrand, or inter-
strand chelates cisPt(GNG) or cross-links
cisPt(G) 2 .);

d) A cross-link with functional groups of a
protein, forming a cisPt(G)(Protein) com-
plex.

3. The distortion of the double helix in case of
chelation to two adjacent guanines in the same
strand, i.e. in case of formation of cisPt(GG),
is relatively small, as deduced from the fact
that the Watson-Crick base pairs remain intact
at ambient temperatures (seen from low field
imino proton NMR spectra).

4. The kind of distortion in a double stranded
helix for a decanucleotide with a GG-unit in
the central part can best be described as a kink
in the linear helix with an angle of about 40-70
degrees.

5. The distortion in double-stranded DNA after
binding of cisPt (to a GG-unit) appears to be
similar as deduced from "P NMR measure-
ments on double-stranded oligonucleotides and
on DNA.

6. The distortion of the double helix in case of
chelation by the unit GTG (binding through
guanines) is different from a GG-chelate and
apparently much more severe.
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THE BINDING OF PLATINUM
COMPLEXES TO DNA

The cis stereochemistry of the anticancer drug cis-
-diamminedichloroplatinum(II), cis-DDP, is essen-
tial for its biological activity [1]. The trans isomer
is cytotoxic but has no antitumor effect. Numer-
ous studies in our laboratory [2] and elsewhere
[3] have demonstrated that the major adduct of
cis-DDP with DNA, formed preferentially at low
drug-to-nucleotide (D/N) ratios, is an intrastrand
crosslink between adjacent guanosine residues. In
this complex, the stereochemistry of which has
been systematically probed by molecular mecha-
nics calculations presented elsewhere at this confe-
rence [4], the [cis-Pt(NH 3 ) 2 ] 2+ moiety makes two
bonds to the N7 atoms of the guanine bases which
coordinate in a head-to-head arrangement. The
inactive trans-DDP complex cannot, for stereo-
chemical reasons, form this adduct. What then
are the preferred binding sites, if any, of trans-
DDP on DNA and how might knowledge of
these adducts sharpen our understanding of the
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molecular mechanism of action of platinum anti-
cancer drugs?
To address these questions we have used the large
(Klenow) fragment of DNA polymerase I to map
the binding of trans-DDP to M13mp8 viral DNA.
Through this replication mapping approach [5]
we confirmed that (dG) n , n >_ 2, sequences are the
major cis-DDP binding sites on DNA whereas
considerably lower binding specificity is observed
with the trans isomer. The trans-DDP molecules
show a preference for d(GNG) sequences, where
N is any intervening nucleotide. Such an adduct
has previously been proposed to be important for
cis-DDP on the basis of forward mutagenesis
experiments using the lac I system [6]. It is there-
fore curious that the replication mapping results
reveal trans-DDP to form d(GNG) adducts more
readily than cis-DDP at comparably low D/N
ratios. The stereochemistry of the binding of
trans-DDP to short synthetic oligonucleotides has
been further examined by NMR studies of chro-
matographically purified adducts, as will be des-
cribed.
Previously we showed that the regioselectivity of
the binding of cis-DDP to DNA depends critically
upon the nucleotides flanking the d(GpG) target
site [7]. The binding sites can be switched and
modulated by the presence of an external interca-
lating reagent, such as ethidium, during platina-
tion. This interesting stereochemical modulation
of the sequence-dependent local structure of DNA
has now been further elucidated through studies
of the binding of newly synthesized platinum rea-
gents, such as 1 below, in which the intercalator
is chemically linked to cis-[Pt(en)Cl 2 ],
en = ethylenediamine, by a polymethylene chain
[8]. New DNA binding results with this and
related «tethered» platinum complexes will be
discussed.
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THE INFLUENCE OF METAL ION-NUCLEIC
ACID INTERACTIONS ON GENETIC
INFORMATION TRANSFER (G.I.T.)

One of the major concerns of our laboratory for
many years has been the interaction of metal ions
with nucleic acids, and the impact of these and I
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other metal interactions on genetic information
transfer (GIT). All of the steps of this GIT re-
quire metal ions, and there is evidence that the
metals may be involved in genetic regulation.
Nevertheless, under certain conditions, these
same metals are capable of introducing error into
GIT. It is therefore of great importance to
understand how metals can produce both the
beneficial and the deleterious effects.

REACTIONS OF METALS WITH
NUCLEIC ACIDS

Since the nucleic acids are the molecules primarily
responsible for GIT, an understanding of the
reactions of metals with nucleic acids can be of
significance in understanding the effects of metals
on GIT. We have found that metal ions can, in
fact, have profound effects on nucleic acids, such
as the degradation of RNA, the mispairing of
bases, changes in macromolecular conformation;
all of these have implications for GIT [1].

Different Metals.

Not all metals, however, produce all of these
effects, and probably no two metals produce them
at the same rate and to the same extent. The
recognition of this fact leads to the realization
that different metals can influence the nucleic
acids very differently. And, of course, they do.
Some metals stabilize double helices and other or-
dered structures, while other metals destabilize
them. Some metal-nucleic acid complexes are
in fast exchange with their products of dissocia-
tion, while others require much time for forma-
tion as well as dissociation. There are, of course,
similarities among these complexes — e.g., N-7 of
purines is an important binding site for many me-
tals (though not all). Yet the differences are very
important.

Comparisons with Pt-DNA Reaction

The differences must be remembered in relating
some of the above reactions to the chemistry of
platinum-DNA complexes. These complexes have
aroused great interest, as this symposium amply
demonstrates, and justifiably so, because of the
antitumor activity of «cisplatin». As as result, a
great deal is now known about the Pt-DNA inte-

Rev. Port. Quím., 27 (1985)

raction, and it is sometimes assumed that this
knowledge can be readily extrapolated to other
metal-nucleic acid complexes.

RNA SYNTHESIS

GIT includes the synthesis of DNA, RNA and
protein. We have focused on RNA synthesis with
the E. coli RNA polymerase enzyme. This enzyme
contains an intrinsic metal, zinc, at the initiation
site, and a required activating metal — e.g., mag-
nesium — at the elongation site. At both sites a
nucleoside triphosphate substrate is bound to the
metal. The selection of substrate at both sites is
guided by a DNA template, one of whose strands
is copied through recognition of its bases by com-
plementary substrates.

Structure at the Active Site

The distances from intrinsic metal to substrate at
the initiation site and from activating metal to
substrate at the elongation site have been pre-
viously determined by 0-HATTERJI and Wu [2],
and by BEAN, KOREN and MILDVAN [3], respecti-
vely. We have found that the template does not
affect the structure at the elongation site, and
CHATTERJI, Wu, and Wu [4] have shown that the
template does affect the structure at the initiation
site. These studies and our present ESR studies on
the relationship between the metals on the two
sites makes it possible to propose a map of the
active site of the enzyme.

RNA Synthesis and Template Conformation

The conformational changes induced by metal
binding to DNA affect RNA synthesis by RNA
polymerase. We have followed the conformational
change from B to Z DNA under a variety of con-
ditions, and have found that changes in the rate
of RNA synthesis precisely correlate with the con-
formational transition in every instance [5].

RNA Synthesis with Different Metals

A number of metal ions can satisfy the require-
ment for an activator at the elongation site [6].
Both cis and trans-[Pt(NH 3 ) 2 C1 2 ] inhibit RNA
synthesis (cis much more than trans), and we have
shown that the inhibition is due to reaction with
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the DNA template [7]. The activating metals dif-
fer from each other in their ability to cause the
enzyme to differentiate between correct and incor-
rect substrates.  MS3.6 — TU

INORGANIC STRUCTURE PROBES

We have shown some time ago that the ability of
the enzyme to differentiate between the ribonu-
cleoside and deoxynucleoside structures can be mi-
micked by the copper acetate dimer. The two oxy-
gen ligands of a bridging acetate are displaced by
two hydroxyl groups of the ribose on the ribonu-
cleoside; the reaction cannot occur with a deoxy-
nucleoside with only one hydroxyl. This reagent is
therefore a ribonucleoside structure probe. We do
not propose this reaction as a serious model for
RNA polymerase in that we do not believe that
the selection mechanism in the enzyme works in
the same manner. Recent attempts to use a rho-
dium dimer in this way proved unsuccessful, but
the rhodium dimer was able to differentiate bet-
ween adenine and the other nucleotide bases by
the formation of a 7r-bonded complex with the
adenine.
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INFLUENCE OF METAL IONS
ON THE COOPERATIVITY
OF DNA-PROTEIN INTERACTIONS

Complexes of numerous bivalent ions with DNA
have been thoroughly studied. However, the role
of metals in certain complex systems cannot be
explained solely on the basis of experimental data
obained on binary DNA-Me 2+ systems.
One should expect that gradual complication of
the system under investigation may give an answer
to the following question: at what level of the
biological object organization the action of ions
becomes sufficient for the biological effect?
In the present paper, the influence of Zn 2+ ions on
the DNA ability to enter into higher levels of
structural organization is investigated by analys-
sis of the circular dichroism (CD) spectra of DNA
and its complexes with the antibiotic distamycine
analogue distamycine-2 (Dm-2).
The distamycines possess high specificity with
respect to A-T sequences of DNA and, owing to
the presence of -CONH-groups, are widely used
as a protein model in the investigations of
nuclein-protein interactions. On distamycine bind-
ing with DNA, cooperative effects are observed
pointing to the changes in DNA conformation
making possible the further formation of the
structures with higher organization level.
The results obtained in the present paper show
that the joint action of Zn 2+ ions and Dm-2 on
DNA is not a mere sum of their separate actions.
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This fact proves that Dm-2 alters the phase state
of DNA, whereas Zn 2+ ions cause a new «phase»
transition in the latter. Here the observed changes
in CD spectra may result from the DNA electro-
nic state change occuring without any essential
rearrangements in the secondary structure.
DNA undergoes a similar transition in polyethy-
lene glycol solutions, as well, and it is known
from the literature that sharp changes in CD spec-

tra are not accompanied by changes in the curves
of X-ray diffuse scattering. which signifies the
invariability of the DNA secondary structure.
The analysis of the observed phenomena allows us
to come to the conclusion that the DNA complex
with Dm-2 in the investigated conditions deter-
mines the formation of a specific phase in the
system, and its state may be finely adjusted after-
wards by adding Zn 2'.
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AN INTRODUCTION
TO THE MINISYMPOSIUM

This Minisymposium is concerned with the essen-
tiality and toxicity of the chemical elements invol-
ving basic questions of the uptake, transport,
metabolism and function of a group of metals
and non-metals which include some of the least
understood trace nutrients: vanadium, nickel, sili-
con, and selenium. Chromium was also in the ori-
ginal plan but the invited speaker was unable to
be present.
Dr. Farago gives a general introduction to the
Minisymposium discussing the uptake, essentiality
and toxicity of metal ions towards higher plants
and refers particularly to the case of metal-tole-
rant plants and to the internal mechanisms deve-
lopped to ensure tolerance which have been the
object of her work for some years. Some interes-
ting cases of chemical speciation on the uptake
are also considered.
Prof. Saltman describes what may be a funda-
mental mechanism for the mobilization and utili-
zation of iron by biological systems: the direct
reduction under aerobic conditions of low molecu-
lar weight Fe(III) complexes by hemoglobin and
perhaps other heme proteins to form Fe(II) which
can be incorporated into tetrapyrroles, iron-sulfur
proteins and ferritin. The importance of ATP as a
novel potential iron biological chelator is also

considered, extending the role of this bioenergetic
intermediate.
Prof. Chasteen discusses, among other aspects,
the oxidation state of vanadium in blood (which
may have some connexions with the work of
Prof. Saltman). He shows that vanadate is rapidly
and quantitatively reduced in vitro to oxovana-
dium(IV) by fresh human serum and suggests that
the metal is complexed and transported in this sta-
te by the iron transport protein transferrin and
possibly also by albumin. Hence, the claim often
made of a + 5 extracellular oxidation state is not
confirmed experimentally, although uptake ap-
pears to be prefered from the vanadate form.

It is perhaps worth to recall, for information, that
this situation has a paralell in the two other cases
in which vanadium has been shown to play an im-
portant biological role: that of the Ascidiacea Tu-
nicates and that of the Amanita mushrooms. In
the case of the Tunicates, such as Ascidia nigra or
Phallusia mammilata, vanadium seems to be ta-
ken up through the phosphate transport system
and accumulated in the vanadocytes after reduc-
tion to VO 2+ and then to V 3 ', apparently as a
aqua-complex. In the mushrooms, among which
Amanita muscaria is outstanding, vanadium is
again likely to be extracted from the soils as vana-
date, but is present in the toadstool as a VOZ'
complex of N-hydroxyiminodipropionate (amava-
din). Our own work [1] has thrown some light on
the reasons for the selection of this unusual li-
gand: possibly the more favourable competition
of this low basicity polyamino carboxylate with
the hydroxide ion to allow the formation of a 1:2
(ML 2 ) V0 2+ complex at the pH of the mushroom.
This complex may be a catalytic center of fast
turnover, but its function is unknown.

Chromium is not discussed in this Minisymposium
but a few comments will probably be in order.
Indeed, recent research work has questioned well
accepted hypothesis regarding the biological role
of this metal. Chromium has been considered, for
a number of years, to be a component of the
"glucose tolerance factor" (GTF) and much work
was devoted to the synthesis of models of GTF
and to the assay of various chromium compounds
and complexes as substitutes for GTF. However,
it has shown that the active fractions of GTF ex-
tracted been from brewers' yeast did not contain
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chromium [2] and that the function of this subs-
tance could be reproduced by certain organic
compounds containing amine groups at adequate
distances and locations [3]. The possibility that
chromium(III) acts only as a structural element
promoting the formation of octahedral complexes
with ligands which expose amino groups in trans-
-position to the outside of the coordination sphere
is worth exploring. Of course, these results need
to be confirmed and reconciled with the findings
concerning the biological effects of chromium,
particularly with the symptoms observed with ani-
mals submitted to Cr-deficient diets.

As for nickel, one of the most relevant findings in
the last few years was the detection by EPR of a
Ni(III) state in CO-dehydrogenase and in several
bacterial hydrogenases [4], which raises some fun-
damental questions besides that of the actual
function of this element. In urease (and also in
the so called factor F-430 found in methanogenic
bacteria) nickel is present in the Ni(II) state and it
is considered to play a "normal" role of acid-base
catalyst, although zinc is the almost universally
prefered choice. The higher affinity for amines
and the preference for octahedral arrangements
may be determinant for the choice of nickel for
the active site of urease, but the mechanisms sug-
gested for its action do not make use of these mo-
re advantageous properties [5] and the reason why
nickel was prefered to zinc remains unanswered.
The detection of a Ni(III) state in bacterial hydro-
genase is even more puzzling, particularly since
Ni(III)/Ni(II) transitions appear to occur at very
low negative redox potential (— —0.5 V). This is
hardly compatible with the extremely strong stabi-
lisation of the Ni(III) state necessary to achieve a
drop of over 4 V relative to the Ni(III)/Ni(II)
couple in aqueous solution for which we have re-
cently recalculated E° --- 3.7 V [6]. Further investi-
gation of the problem is clearly necessary.

But it is again the Ni(III)/Ni(II) redox couple that
is now considered to play a role in nickel carcino-
genesis, following the demonstration that for pep-
tides and human serum albumin it can participate
in active oxygen biochemistry and toxicity at
physiological conditions. This demonstration is
part of an overview of physico-chemical, metabo-
lic and molecular aspects of nickel carcinogenesis
that Prof. Evert Nieboer presents in this Minisym-
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posium, in which he provides experimental eviden-
ce supporting the hypothesis that bioavailability
and compartmentalisation of Nit+ are determi-
nants of the deleterious effect of this element.
Two non-metal elements are also discussed at this
Minisymposium: silicon and selenium, each of
them with a well-defined and accepted general
function.
Prof. Carlisle describes her extensive work on the
role of silicon in the rate of bone formation and
its importance in connective tissues, not limited to
the structural role admitted in the past but also
related to a defined function in the metabolism of
glucosaminoglycans linked with the formation of
cartilage and connective tissue.
It is perhaps interesting to mention here that
many so called spring silicated waters in Portugal
(waters in which the contents of silicate is of the
order of the total amount of cations) are conside-
red (by popular tradition or clinical observation)
to have beneficial properties for the skin and to
assist wound healing...

Still according to Prof. Carlisle, the fact that silicon
reaches high levels in the mitochondria of osteoge-
nic cells is also considered as an indication that
this non-metal participates in the biochemistry of
the sub-cellular enzyme containing structure of the
cell. Again, these findings must be interpreted in
the light of the thermodynamic predestination of
a Si(IV) state for this element, which suggests that
the metabolic role of silicon would be similar to
that of phosphate, albeit more limited, even if so-
me microorganisms, such as Proteus mirabilis, are
able to synthesise compounds with Si-N and even
Si-C bonds...

The last non-metal considered is selenium, which
Dr. Shamberger has discussed extensively in a re-
cent book [7]. With a well documented function
as a biological specific anti-oxidant, associated to
vitamin E, it is part of the defense system which
protects unsaturated membrane phospholipids
from the adverse effects of oxygen and its reduc-
tion products, particularly the •OH radical.
Selenium has been more the concern of nutritio-
nists than of bioinorganic chemists. The interes-
ting aspects of its selection for biological func-
tions is usually justified with the statement that it
can catalyze 2-electron transfer reactions at a po-
tential close to O V, contrary to what happens
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with the transition metals (molybdenum excepted,
but at lower negative potentials) [8]. Nevertheless,
its current forms of occurrence (selenomethionine,
Se-methylseleno-methionine, selenocysteine, sele-
nocystine, etc.) point to mechanisms different
from those involving two-electron cycling between
e.g. selenate and selenite, unlikely to be naturally
free in biological systems. This is undoubtly an
aspect which needs clarification and the contribu-
tion of Dr. Shamberger in the field of selenium
biochemistry is timely and relevant.
These rather sketchy remarks should be regarded
as no more than an introduction of the speakers
and an attempt to provide a framework to the
contents of this necessarily limited minisympo-
sium, focussing, but not exclusively, on some less
common biological elements. It is hoped that it
will prove to be as interesting and stimulating for
the participants not so much concerned with the
aspects of essentiality and toxicity as it will
certainly be for the researchers in this area of
bioinorganic chemistry.
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METAL IONS AND PLANTS

Metals are particularly important to healthy plant
life; for example copper and zinc have been long
known as essential for healthy growth. Excesses
or deficiencies of metals have effects on growth
and morphology which are well documented [1-3]
and have particular relevance to agriculture.
The root is the plant organ by which most salts
are taken up by the plant. However, BOWLING [4]
has suggested that there are four links in the up-
take chain: movement of ions or complexes in the
soil to the roots; uptake into the root; transport
across the root; and movement to the shoot.
In recent years there has been interest in the
effects on plants of high concentrations of certain
metals, brought about by natural mineralisation
[5] or by metal pollution [6]. Some plants can
grow on soils with metal concentrations that are
normally toxic, and have been used as indicators
of particular environmental conditions. The
mechanisms of such plants tolerance to high
metal concentrations has been the subject of much
work and speculation [7-12]. Mechanisms are divi-
ded into external and internal types, the former
covering the few situations in which the metal is
unavailable to the root. Suggested internal mecha-
nisms are numerous, but can be grouped loosely
under four headings [11,12]:
1. Metal is available to plant root, but is not

taken up
e.g. excretion of a complexing agent rendering
metal unavailable;

2. Metal is taken up but rendered harmless to
metabolism within the plant
e.g. deposition in cell wall or vacuole;
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3. Metal is taken up but excreted
e.g. by guttation, leaching or leaf fall;

4. Metal is taken up but metabolism altered to
accomodate increased concentration
e.g. increase in specific enzymes.

It has been realised recently that the chemical spe-
cies of the element under consideration cannot be
ignored when biological uptake is being conside-
red. For example our work has shown that for the
water hyacinth, Eichhornia crassipes, Pt(II) com-
pounds are more toxic than those of Pt(IV), and
that cis [Pt(NH 3 ) 2 C12 ] is taken up to a greater ex-
tent than the trans isomer [13]. LEPP et al. [14,15]
have shown, in excised barley roots, that the uptake
of the vanadyl cation is generally greater than the
vanadate anion, and that the uptake of TI(I) is by
an active process, while that of TI(III) is passive.
The paper will present a general introduction con-
cerned with the uptake, essentiality and toxicity of
metal ions with reference to higher plants. Some
of our work on Ni-, Zn-, and Cu-tolerant plants
will be described, and the effects of chemical spe-
ciation on the uptake will be discussed.
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THE AEROBIC REDUCTION OF Fe(III)
COMPLEXES BY HEMOGLOBIN
AND MYOGLOBIN

INTRODUCTION

The essentiality of iron in biological systems is
manifest in oxygen transport, redox reactions, me-
talloenzymes, and the maintenance of macromole-
cular structure. Organisms have evolved many
strategies to cope with the unique problems of the
solution chemistry of this element [1-3]. Much has
been learned regarding the participation of low
molecular weight chelating agents and iron-speci-
fic proteins of storage and transport for maintai-
ning the solubility, permeability and transportabi-
lity of iron. Little is known regarding the mecha-
nisms whereby Fe(III), the most stable state of
iron under aerobic conditions, can be reduced to
Fe(II) for incorporation into tetrapyrroles, iron-
-sulfur proteins, or ferritin [4,5].
Two conditions for the facile reduction of iron in
vitro have received much attention: 1) powerful
inorganic reducing agents in the presence of 0 2

(i.e., dithionite) and 2) relatively high concentra-
tion of FAD.H 2 or FMN.H 2 under anaerobiosis.
Neither of these conditions seems to reflect a mea-
ningful physiological environment.
The initial observations of EGYED et al. [6] that
hemoglobin (Hb) mediates the aerobic mobiliza-
tion of iron from transferrin to 2,2'-bipyridine
(bipy) suggested that Hb might serve as a biologi-
cal reductant. These observations were extended
to erythrocytes and reticulocytes [7], where direct
participation of Hb in the reduction and mobiliza-
tion of iron could be inhibited with NO 2- . Red
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cells in an oxygenated environment were found to
generate and mobilize Fe(II) in significant concen-
trations. Our in vitro experiments explore a plau-
sible mechanism for such reduction.

DISCUSSION

Our experiments demonstrate that both Hb and
Mb can reduce Fe(III) complexes and, in turn, be-
come oxidized to their met-species. This reduction
occurs at appreciable rates in the presence of 0 2 ,
although the rate is enhanced in the absence of
02 . These results suggest deoxyHb is the preferred
reductant and that OZ is not involved. The lack
of inhibition by SOD further supports this view.
The following reaction scheme is consistant with
our experiments:

0 2 -Fe(II)-Hb	 Fe(1I)-Hb +02

Fe(II)-Hb + Fe(III)-Chelator = Fe(l II)-Hb + Fe(I1)-Chelator

Fe(II)-Chelator +3 bipy = Fe(II)-(bipy) 3 +Chelator

Consideration of the structure of these two heme
proteins [8] makes it unlikely that the Fe(III)-che-
lator complex can enter the heme pocket to effect a
direct interaction and transfer of an electron. We
speculate that electrons are passed via the peptide
backbone to the surface of the protein where
reduction takes place. This would be analogous to
the mechanism proposed by GRAY et al. [14] for a
redox-active derivative of Mb consisting of a
Ru(III)-complex bound to a specific histidine resi-
due (His-113) on the protein surface. The appre-
ciable differences in reduction as a function of the
presenting complex could be a function of site
specific interaction(s) in the second reaction of the
proposed mechanism. The rates of ligand exchan-
ge as well as the presence of polynuclear iron-
-oxyhydroxide complexes also influence rates of
reduction.
We can only speculate about the involvement of
these two 0 2 -binding proteins in the cellular re-
duction and accumulation of iron. The experi-
ments with both erythrocytes and reticulocytes [7]
demonstrate the direct participation of Hb in iron
mobilization. Pretreatment of erythrocytes aerobi-
cally with 16 mm NaNO2 does not affect Fe(II)
uptake but effectively inhibits iron release from
the cell to the environment. This inhibition is due

to the oxidation of Hb and can be reversed with
dithionite.
The possibility that other heme proteins, including
those normally involved in electron transport
pathways and other redox reactions, can also con-
tribute electrons to Fe(III) complexes is under in-
vestigation. It is no longer necessary to invoke
subcellular environments of low 130 2 or high con-
centrations of FAD.H 2 to reduce iron. Enzymatic
mechanisms for the recycling of Hb and Mb have
been identified [10]. We suggest a novel role for
the 0 2 -transport proteins as powerful reducing
agents, as well as an important new chelation
function for ATP, heretofore considered primarily
as a bioenergetic intermediate.
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SILICON ESSENTIALITY AND FUNCTION

The occurrence of silicon in living systems, its
physiological and biochemical roles, and its toxi-
cology have attracted increasing research interest
over the last 10 years (see [1]) because it is only
within the last decade that silicon has been recog-
nized as participating in the normal metabolism of
higher animals and as an essential trace element.
Silicon has been shown to be required in bone,
cartilage and connective tissue formation as well
as participating in several other important meta-
bolic processes.
A series of experiments has contributed to esta-
blishing silicon's essentiality. The first of these
were in vitro studies [2] which showed that silicon
is localized in active growth areas in young bone,
suggesting a physiological role for silicon in bone
calcification processes. These were followed by in
vivo studies showing that silicon affects the rate
of bone mineralization. Of critical importance, it
was subsequently demonstrated that silicon defi-
ciency is incompatible with normal growth and
skeletal development in the chick and rat [3,4]
and that these abnormalities could be corrected by
a silicon supplement. Recent studies [5] have
demonstrated silicon essentiality under entirely
new conditions and provide strong confirmatory
evidence of silicon's essentiality for bone forma-
tion.
Later work demonstrates silicon's importante in
connective tissue. Although a structural role has
been proposed for silicon in connective tissue,
more recent studies indicate that silicon plays an
important metabolic role. The importance of sili-
con in bone formation is also emphasized in
recent studies where skull and long bone abnor-

malities have been produced in silicon-deficient
chicks under conditions promoting optimal
growth using a semi-synthetic diet containing a
natural protein in place of the crystalline amino
acid based diet used in the earlier studies. The
skull abnormalities were associated with a striking
difference in the pattern of the bone matrix and a
significant decrease in bone collagen content. The
findings demonstrate that silicon has a significant
effect on the bone matrix which in further studies
has been shown to be independent of vitamin D.
An in vivo requirement for silicon has also been
established in articular cartilage and connective
tissue formation. Skeletal and other abnormalities
involving glycosaminoglycans in formation of car-
tilage matrix and connective tissue were found to
be associated with silicon deficiency. These obser-
vations provided the first indication that silicon is
involved with glycosaminoglycans in articular car-
tilage and connective tissue formation. Additional
support for a role of silicon in glycosaminoglycan
metabolism is the further finding that silicon is
associated with animal glycosaminoglycans and
their protein complexes.
The in vivo findings above have been corrobo-
rated in nutritional bone and cartilage studies,
where the essentiality of silicon for growth in
bone, and more recently, in cartilage, has been
demonstrated, and where furthermore, a require-
ment for silicon in collagen and glycosaminogly-
can formation has been established. An effect of
silicon on formation' of extracellular matrix com-
ponents by connective tissue cells has also been
demonstrated. Moreover, additional support for
silicon's proposed metabolic role in connective
tissue at the cellular level is provided by the ear-
lier finding that silicon is one of the major ions of
osteogenic cells, and furthermore, that silicon
reaches high levels in mitochondria of these cells,
indicating that silicon participates in the bioche-
mistry of the subcellular, enzyme-containing struc-
ture of the cell.
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CHARACTERIZATION
OF THE BIOCOMPLEXES OF VANADIUM
METABOLISM IN THE RAT

Interest in the biochemistry and physiology of
vanadium has grown enormously in recent years
[1]. This interest stems in part from observations
that vanadium is a potent inhibitor of a variety of
key enzyme systems, most notably the ATPases.
In a recent study, we obtained preliminary evi-
dence that dietary vanadyl(IV) sulfate is a pre-
ventative agent against the induction by 1-methyl-
-1-nitrosourea of mammary gland carcinogenesis
in the rat [2]. We have undertaken an investiga-
tion of the metabolism of vanadium with the long
range goal of identifying the origin of the cancer
preventative effect.
Sprague Dawley rats were maintained on a casein
based diet, AIN-76, containing 25 ppm vanadium
either as VOSO 4 or NH 4 V0 3 . To identify the pre-
valent oxidation state of vanadium in the gas-
trointestinal tract EPR measurements were made
on the stomach, duodenum (plus lumen) and the
feces of animals. EPR spectroscopy, which is
specific for the +4 oxidation state, indicated the
presence of VO 2+, in all samples. It was further
observed that the AIN-76 diet in a slurry at pH
1.5, which is the approximate pH of the stomach,
quantitatively reduced vanadate(V) to V0 2". These
observations suggest that vanadium as V0 2+ is the
principal form in the gastrointestinal tract regar-
dless of the oxidation state of the salt used in the

diet, although further measurements with animals
are needed to confirm this observation.
To gain information about the relative rates of
vanadium uptake in the +4 and +5 oxidation
states, gastric intubation experiments were carried
out. Solutions of 25 ppm vanadium as either
VOSO 4 or NH 4 V0 3 in 5% glucose solution were
administered to animals which had been pre-
viously fasted for 16 hr. Uptake in the blood
stream was followed using 48 V radioisotope with
samples taken at 1/2 hr intervals for a period of
two hours. Blood levels reached 50 ppb for the
NH 4 V0 3 treated animals and was still increasing
at 2 hr. In contrast, a concentration of only 10
ppb was observed for the VOSO4 treated animals
with no further increase after 1/2 hr. These preli-
minary results point toward a selective mechanism
of vanadium absorption which is dependent on
the oxidation state of the metal, a phenomenon
well known for iron.

Approximately 95% of the V was found associ-
ated with the plasma component of the blood, a
result consistent with the findings of others.
When the plasma was subjected to ultrafiltration
on an Amicon PM 10 membrane (exclusion li-
mit •. 10,000), 96.6% of the vanadium was retai-
ned, indicating that little vanadium was present as
low molecular weight complexes. Polyacrylamide
gel electrophoresis and size exclusion chromato-
graphy of the plasma from either V(IV) or V(V)
treated animals showed association of the ele-
ment with the serum transferrin component
(MW •\, 80,000). However, recovery from the co-
lumns was only 40% indicating that weakly com-
plexed vanadium, perhaps involving other serum
proteins such as albumin (see below), was lost in
the chromatography step. This vanadium eluted
from the column only after extensive washing.

EPR measurements were made in an attempt to
identify the oxidation state of vanadium in blood.
No vanadium(IV) signals were observed, possibly
owing to the low concentration of the metal or to
the presence of only vanadium(V). Evidence for
the oxidation state in serum was therefore obtai-
ned indirectly. When vanadate(V) was added to
fresh human serum in vitro, rapid and quantitati-
ve reduction to V0 2* occurred. EPR measure-
ments showed the characteristic signals of the well
known V0 2+ complexes with albumin and trans-
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ferrin. Thus, these data suggest that the prevalent
form of vanadium in serum is the V0 2 ' ion and
that the metal is complexed to the iron transport
protein transferrin and possibly also to albumin.
It is often stated that extracellular vanadium exists
in the + 5 oxidation state, however, to our know-
ledge the redox chemistry of vanadium in serum
has never been examined.
The kinetics of vanadium(IV) oxidation in the
V0 2 '-transferrin complex by molecular oxygen
(P 02 =0.2 atm, 37°C, pH 7.45) was studied by
EPR and found to have a half-life of approxima-
tely 15 min. The half-life was doubled when the
oxidation reaction was carried out in fresh serum,
presumably due to the presence of reducing
agent(s) (see above). The reaction was also signifi-
cantly retarded in the presence of excess apotrans-
ferrin suggesting that vanadium first dissociates
from the protein prior to oxidation. UV-diffe-
rence spectroscopy and NMR showed that
vanadium(V), once generated from vanadium(IV),
likewise bound to the specific sites of transferrin,
possibly as the cis-VO cation.
Several tissues were examined by EPR. Liver,
spleen, kidney, and lung exhibited prominent EPR
signals due to V0 2° complexed with ferritin, the
iron storage protein. These organs are known to
accumulate vanadium and are also rich in iron.
Transferrin may mediate the uptake of vanadium
by these organs and by neoplastic tissues as well.
Cancer cells have a high iron requirement and
many transferrin receptors on their cell surfaces.
Vanadium delivery to cells by transferrin could be
the first step in the mechanism of antineoplastic
activity of this element.
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PHYSICOCHEMICAL, METABOLIC
AND MOLECULAR ASPECTS
OF NICKEL CARCINOGENESIS

Recent work in our laboratory is consistent with
the hypothesis that bioavailability and compart-
mentalization are determinants in nickel carcino-
genesis. It is visualized that in target organs
(namely lung and nasal mucosa), extracellular and
intracellular pools of particulate nickel com-
pounds provide a continuous intracellular flux of
NiZ'. Intracellular compartmentalization of NiZ' is,
however, balanced by extracellular transport and
excretion. In the somatic mutation model of can-
cer, NiZ' is believed to be the ultimate carcinogen.
Our experimental evidence in support of these
views is reviewed.
In vitro studies with nickel oxides and sulphides
have shown that surface passivity of particulates
(i.e., smooth exterior, crystallinity, low surface
charge, low surface activity such as in protein
adsorption and cell lysis, and moderate solubility
in biological fluids) appears to be predisposing to
carcinogenicity.
Experiments with a number of human and animal
cell types have demonstrated that the uptake of
NiZ' may be described by an "equilibrium
model". Under steady state conditions, the NiZ'
ion distributes passively between the intracellular
and extracellular ligand pools. The removal of
NiZ' from pre-loaded cells can be readily achieved
by ligands such as EDTA, D-penicillamine,
dine andand human serum albumin (even at physiolo-
gical concentrations in the latter two cases). Evi-
dence will also be presented that NiZ' is rapidly
excreted by the kidney.
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Metal ions are known to stabilize left-handed Z-
-DNA. It has been postulated that a number of
carcinogens may alter the equilibrium between
right-handed B-DNA and Z-DNA in vivo, and
that such alterations may have mutagenic conse-
quences [1]. We have shown that the B — Z tran-
sition for poly(dG-dC).poly(dG-dC) is correlated
with the ability of metal ions to complex DNA.
For class B metal ions (nitrogen/sulphur seeking
[2]), the metal/DNA molar ratio for mid-phase
(half) conversion was small (e.g., 0.3 for Ag+)
compared to class A ions (oxygen seeking; e.g.,
450 for Ce'+). The following correlation was ob-
tained: y = —0.994 log x + 3.54 (correlation
coefficient = 0.92, n = 20); with y = X?„r, a cova-
lent index; x = metal ion/DNA molar ratio, and n,
the number of metal ions tested. It is concluded
that since B — Z conversion of DNA is an intrinsic
property of most metal ions, unusual intranuclear
compartmentalization of Nit must prevail if this
phenomenon is relevant to nickel carcinogenesis.
Finally, it has been demonstrated for peptides and
human serum albumin that the Ni(III)/Ni(II) re-
dox couple can participate in active oxygen bio-
chemistry and toxicity at physiological conditions.
Tumour promoters may contribute to cancer deve-
lopment by generating active oxygen compounds
that damage DNA [3].
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SELENIUM BIOCHEMISTRY

Early interest in selenium has been primarily rela-
ted to its toxicity, but was first recognized to be
important in normal metabolism by SCHWARZ
and FOLTZ [1] who found it prevented necrotic
degeneration in the liver of vitamin E-deficient
rats. This initial finding was quickly confirmed by
work that showed the prevention by about 0.1
ppm of dietary selenium of a vitamin E deficiency
disease of the chick, exudative diathesis. The
recognition of selenium as a nutritionally impor-
tant factor came with additional reports that sele-
nium could prevent certain vitamin E deficiency
diseases in animals. Other clinical disorders asso-
ciated with selenium-vitamin E deficiency in do-
mestic animals have been observed. These diseases
include skeletal myopathy in cattle, chickens, hor-
ses, sheep, swine and turkeys; cardiac myopathy
in cattle, swine (mulberry heart disease), and tur-
keys; hepatosis dietetica in swine; encephalomala-
cia and pancreatic necrosis in young chickens; de-
creased egg production and hatchability in adult
chickens; gizzard and intestinal myopathy in tur-
keys; placental retention in cattle; unthriftiness in
cattle and sheep; and infertility in ewes (embryo-
nic death) and periodontal disease in sheep.
Because of the ability of selenium to prevent
certain vitamin E deficiency diseases and because
vitamin E was thought to function as a biologi-
cally specific antioxidant in the prevention of in
vivo lipid peroxidation, hypotheses for the mode
of action of selenium in animals suggested that it
may also function as an antioxidant. These hypo-
theses were confirmed when ROTRUCK et al. [2]
found that selenium is an important cofactor of
glutathione peroxidase (EC 1.11.1.9) an enzyme
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which metabolizes hydroperoxides. Glutathione
peroxidase has been purified from several tissues
of a number of species, and its molecular weight
was estimated to be between 76,000 to 97,000.
Glutathione peroxidase purified from ovine eryth-
rocytes contains four gram-atoms of selenium per
mole and does not contain heme or flavin moie-
ties. Selenium-dependent glutathione peroxidase
together with catalase, superoxide dismutase, and
presumably vitamin E serve as part of an intracel-
lular multicomponent antioxidant defense system
which protects unsaturated membrane phospholi-
pids and/or important proteins from the adverse
effects of reactive oxygen and free radical initia-
tors of the oxygen. During the reduction of mole-
cular oxygen to water, highly reactive intermedia-
tes of oxygen reduction such as peroxides and
superoxides are formed. H 2 02 is produced by a
variety of enzymes, not only within the peroxiso-
mes where they are broken down by catalase, but
also in the microsomal, mitochondrial and soluble
fractions of the cell. In rat liver, up to 5% of
oxygen is consumed for the production of hydro-
gen peroxide. Much of the hydrogen peroxide re-
sults from the dismutation of superoxide anions
which means that H 2 O and 02- may be present si-
multaneously in biological material. This condi-
tion favors the formation of 'OH and singlet oxy-
gen which may attack a variety of organic com-
pounds. Two other selenoproteins have also been
reported in animals. Selenoproteins are also im-
portant in bacterial metabolism.
Selenium occurs naturally in foods and feedstuffs
in the organic molecules which are mainly seleno-
methionine, Se-methylselenomethionine, selenocys-

tine, and selenocysteine. The amounts of selenium
in feed and food plants vary according to the con-
centration and bioavailability of soil selenium.
While many of the regions of the world contain
adequate selenium to meet the nutritional needs of
animals and people, many regions of the world
are deficient in selenium. Substantial differences
in selenium intake exist between people in diffe-
rent parts of the world. Less than 60 mi-
crograms/person/day may be consumed in New
Zealand, Finland and parts of China. The severe
deficiencies observed in Northeastern China seem
to be responsible for an endemic cardiomyopathy
(Keshan Disease) observed in children. This disea-
se affects as many as 11% of the population in
the target age groups, and the case-fatality rate is
near 80%. Even though other factors may also be
involved, prophylaxis with orally administered
sodium selenite almost completely eliminated Kes-
han disease. Similar cardiomyopathies also occur
in total parenteral nutrition patients who have a
very low selenium intake. Epidemiological eviden-
ce also links a low selenium intake to various
types of human cancer, and a large number of
experiments show that selenium, at greater than
nutritional levels, can inhibit carcinogenesis in
several experimental animal models.
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SYNTHETIC ANALOGS OF OXIDIZED
HEME PROTEINS.
PREPARATION AND CHARACTERIZATION
OF IRON(IV) PORPHYRINS

Oxidized forms of the heme-iron center have been
shown to be isolable states for the peroxidases [1].
Similar intermediates have been proposed for the
catalytic cycle of cytochrome P-450 [2]. It is now
recognized that the one-electron oxidation of sim-
ple iron porphyrins leads to oxidation of the
porphyrin ligand to give Fe(III) porphyrin radi-
cal species. The addition of methoxide ligands to
the sterically hindered tetramesitylporphyrin
(TMP) derivative, Fe(III)(TMP•)(C10 4 ) 2 (1) has
very recently been shown [3] to afford a dime-
thoxyiron(IV) complex, Fe(IV)(TMP)(OCH 3 )2 (2).
Only two other families of monomeric iron(IV)
porphyrin complexes are known; an oxoiron(IV)
species Fe(IV)(0)(TPP) [4] and an oxoiron(IV)
porphyrin radical complex Fe(IV)(0)(TMP•)(X)
(3) [5]. We describe here the preparation of seve-
ral derivatives of 3 in which the axial ligand X is
varied and the disproportionation of 1 and 2 to
generate 3.
As we have previously described [6], the oxidation
of Fe(TMP)(Cl) in methylene chloride-methanol
with m-chloroperoxybenzoic acid (MCPBA) at
—78°C afforded the oxoiron(IV) porphyrin radi-

cal complex 3. The identity of the sixth ligand in
this complex can now be identified as the solvent
methanol on the basis of the following observa-
tions. When the reaction was carried out in tolue-
ne-methanol at —90°C with Fe(TMP)(C1),
Fe(TMP)(benzoate) or Fe(TMP)(OCH 3 ), three
different complexes with 1 H-NMR spectra similar
to 3 were initially formed (pyrrole H, S —9.01,
—15.6 and —16.2 in toluene-d 8 at —78°C, respec-
tively). Upon standing at —67°C, all three solu-
tions changed with time to show the NMR spec-
trum of 3 (pyrrole H, S —22.8 in toluene). The
most reasonable interpretation of these results is
that the initially formed oxoiron(IV) complex
underwent ligand solvolysis.
Attempts to coordinate imidazole derivatives to 3
by ligand metathesis led only to reduction of the
complex. The dimethoxyiron(IV) complex 2 reac-
ted with one equivalent of 4-methylimidazolium
trifluoroacetate to produce an unsymmetrically li-
gated, low spin iron(III) porphyrin radical com-
plex [Fe(III)(TMP•)(OCH 3 )(4-McIm)]' (4) (pyrrole
H, d —30.5 at —77°C). The oxidation of 4 with
iodosylbenzene produced the oxoiron(IV) porphy-
rin radical complex Fe(IV)(0)(TMP•)(4-MeIm) (5)
(pyrrole H, S —13.7 at —78°C). The addition of
norbornene to a mixture of 4 and 5 caused the
reduction of 5 in 10 minutes at —49°C but had
no effect on 4. Norbornene oxide was detected in
67% yield based on 5.
While the addition of two equivalents of methoxi-
de to solutions of 1 produced 2 [6], the addition
of only one equivalent of methoxide produced a
30% yield of the oxoiron(IV) porphyrin radical
complex 3. Since there were no other oxidizing
agents in this solution except the starting iron(III)
porphyrin radical, the presence of 3 can only indi-
cate that an initially formed iron(IV) complex
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underwent further oxidation to 3 under these con-
ditions. The only reasonable source of the oxo
oxygen in this system is trace amounts of water in
the medium. Thus, oxoiron(IV) porphyrin radical
complexes can be formed by disproportionation
without the need of peroxidic oxidants.
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TETRA(4-N-METHYLPYRIDYL)PORPHYRI-
NATOIRON(III) PENTACATION,
A POLAR CATALYST FOR MODEL SYSTEMS
FOR CYTOCHROME
P450 MONO-OXYGENASES

A common feature of the iodosylarene based
model systems for the cytochrome P450 mono-
-oxygenases is that they use a metalloporphyrin

Rev. Port. Quím., 27 (1985)

catalyst dissolved in a low polarity solvent [1].
However, the poor solubility of the iodosylarene
in these solvents results in an inhomogeneous
reaction mixture [2]. We report here how, by
using tetra(4-N-methylpyridyl)porphyrinatoiron(III)
pentacation (Fe IIITMPyP) as the catalyst, the
oxidations can be carried out in protic and dipolar
aprotic solvents and that in methanol the reac-
tions are homogeneous.
The epoxidation of alkenes by Fe 111TMPyP/PhIO
in methanol shows very similar stereoelectronic re-
quirements to the corresponding reaction of tetra-
phenylporphyrinatoiron(III)chloride/PhIO
(Fe tt1TPPC1/PhIO) in dichloromethane (Table I)
and both systems give stereospecifically the syn-
-addition product. In the hydroxylation of cyclo-
hexane and [ 2 H IZ ]cyclohexane the two model
systems show large primary kinetic isotope effects
(k H/k D>_ 7.0) [3].

Table I
The reactivities of aliphatic alkenes, relative to cyclohexene,
towards epoxidation with iodosylbenzene catalysed by
Fein TMPyP in methanol and by Felt! TPPCI in dichloro-

methane a)

Substrate Epoxide
Yield (%) b)

Reactivity relative to
cyclohexene

Fel1ITMPyP`1 Fe III TPPCI`1

2,3-Dimethylbut-
-2-ene 95 8 10

1-Methylcyclohe-
xene

cis-4-Methylpent-
-2-ene

55

55

4

2.2

4

1.5
Cyclohexene
trans-4-Methyl-

pent-2-ene

30

20

1.0

0.2

1.0

0.1

a) Data obtained from competition experiments with molar
ratio of each substrate to oxidant and to catalyst, 200:10:1,
respectively.

b) Typical yields, based on PhIO, from reaction in McOH.
c) Relative reactivities were unchanged when reactions were

carried out under nitrogen.

The similarity in the behaviour of the two iron-
-porphyrin catalysts is also apparent from kinetic
isotope effect measurements in oxidative O- and
N-dealkylations. The data in Table II show that
each model system demethylates anisole via a rate
determining methoxy C-H cleavage [4] whilst with
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tertiary amines there is a rate determining elec-
tron-transfer (small k H /k D) followed by a product

Table II

Kinetic isotope effects in oxidations with iodosylbenzene

catalysed by Fein TMPyP and by Fern TPPCI

Kinetic isotope effects (k H /k D )

Oxidising	 PhOCH3b1 PhCH 2 NMe 2 PhCH 2NCD2Ph a)

System	 PhOCD3 PhCD 2 NMe 2 	Me

intermolecular intramolecular

Fe in TPPCl/
/PhIO/PhH 9t3`1 1.3±0.1a) 3.0f0.2
Fe w TMPyP/
/PhIO/CH 3 CN 5.5 ± 1 1.3±0.1d) 6.0±1.Oe1

a) Measured by g.c.-m.s.
b) Calculated from relative yields of phenol and 2-methoxy-

phenol [4].
c) Solvent CH 2 Cl 2 [4].
d) Each substrate was oxidised in competition with 4-chloro-

-N,N-dimethylbenzylamine.
e) Solvent water.

determining proton transfer (medium to large
k H/k D) [5]. Hammett e values (-0.41±0.02
and —0.73±0.08 for the Fe" t1TPPCI- and
Fe I11 TMPyP-catalysed systems respectively) from
the competitive oxidations of 3- and 4-substituted
N,N-dimethylbenzylamines corroborate the elec-
tron-transfer oxidation of tertiary amines.
We conclude that the use of the catalyst
Fe I11TMPyP extends the range of solvents that
can be used for the metalloporphyrin-catalysed
model systems. The studies also reveal the negligi-
ble effect of the solvent polarity and the charge
on the porphyrin ligand on the course and mecha-
nism of these oxidations.
We are currently looking at the kinetics of these
oxidations using Fe IIITMPyP/PhIO in methanol.
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HEME MODEL STUDIES ON OLEFIN
OXIDATION BY CYTOCHROME P-450

Cytochrome P-450-dependent monooxygenases
catalyze the monooxygenation of a wide range of
organic compounds, including alkanes, alkenes
and aromatic compounds, by 0 2 in the presence
of NADPH as well as by several single oxygen
atom donors like PhIO, NaI0 4 , alkylhydroperoxi-
des and peracids. Model systems using simple
iron-porphyrins as catalysts and PhIO [1] or
alkylhydroperoxides [2] have been reported to per-
form epoxidation of alkenes. The mechanism
generally admitted for these cytochrome P-450-
-dependent or model reactions is that of eq. (1):

Fe ltt + AO 	 > [Fe V =0] +RH> [Fe IV —OH +R•]

	 > Fe ltl +ROH	 (1)

This paper describes our recent results on:
(a) the use of such model systems to interpret at
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the molecular level and in detail the mechanisms
of the different reactions involved in the oxidation
of alkenes by cytochrome P-450.
(b) the preparation of iron-porphyrin catalysts
bearing optically active amino-acids in close proxi-
mity to the iron, which are, like cytochrome
P-450, able to catalyze the asymmetric epoxida-
tion of olefins.
Monosubstituted olefins are oxidized by cytochro-
me P-450 leading to allylic alcohols, epoxides and
aldehydes. The oxidation of non-hindered mono-
substituted olefins gives in vivo the same products
but also a slow degradation of the cytochrome
P-450 heme leading to the accumulation of
N-alkylated protoporphyrin IX into the liver [3].
Oxidation of the same olefins by PhIO in the pre-
sence of iron-porphyrins led us to strikingly simi-
lar results with the formation of identical oxida-
tion products derived from the olefin [4]. Moreo-
ver, with non-hindered monosubstituted olefins, a
slow degradation of the catalyst was observed, a
new inactive iron complex appearing in the reac-
tion medium. Demetalation of this complex by
acidic treatment led to green pigments which were
identified as N-alkylporphyrins in the case of
1-butene, 1-pentene, 4-methyl-pent-1-ene and
1-hexene. The structure of the N-alkylporphyrin
derived from 1-butene was determined. The re-
sults are in agreement with the involvement of
metallocycle A in the olefin oxidation (eq. (2)).

The unstability of complexes A precluded so far
their complete characterization. However, we
could prepare the first iron-porphyrin complexes
exhibiting this metallocyclic structure, upon reac-
tion of iron-porphyrins with an iodonium ylid
which is the carbon equivalent of PhIO (eq. (3))
[5].

B

(3)
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Complex B was isolated and completely charac-
terized. Its visible spectrum is similar to that
of complex A observed during oxidation of
1-alkenes.
All these data (i) clearly show that such five-mem-
bered metallocycles derived from iron-porphyrins
do exist and are formed upon model- or cytochro-
me P-450-dependent oxidation of 1-alkenes, (ii)
suggest, with other literature results, that  another
kind of metallocycles, four membered Fe-O-C-C

metallocycles, could be involved as intermediates
in these olefin oxidation and, above all, (iii) de-
monstrate that the different reactions observed
upon cytochrome P-450-dependent oxidation of
alkenes are well mimicked by iron-porphyrin mo-
del systems.
However, iron-porphyrins as simple as
Fe(TPP)(Cl) are naturally unable to perform, un-
like cytochrome P-450, any specific binding of al-
kenes and any asymmetric epoxidation of alkenes.
We have prepared «picket» and «basket-handle»
iron-porphyrins bearing optically active phenylala-
nine residues on both sides of the porphyrin pla-
ne. These optically active complexes were found
able to catalyze the epoxidation of p-chlorostyrene
with enantiomeric excess ranging from 20 to 60%.
The optically active «basket-handle» iron-porphy-
rin (complex C) which exhibits the most rigid chi-
ral environment of the iron gave the best enantio-
meric excess.
These first data suggest that studies on such chiral
complexes should lead to the design of efficient
catalysts for chiral oxidations and to the unders-
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tanding of the role of amino-acids on substrate re-
cognition and binding in hemoprotein-catalyzed
oxidations.

REFERENCES

[1] J.T. GROVES, T.E. NEMO, J. Am. Chem. Soc., 105, 5786
(1983).

[2] D. MANSUY, P. BATTIONI, J.P. RENAUD, J. Chem. Soc.,

Chem. Commun., 1255 (1984).

[3] P.R. ORTIZ DE MONTELLANO, M.A. CORREIA, Ann. Rev.

Pharmacol. Toxicol., 23, 481 (1983).
[4] D. MANSUY, J. LECLAIRE, M. FONTECAVE, M. MOMEN-

TEAU, Biochem. Biophys. Res. Commun., 119, 319 (1984).
[5]
 

For preliminary results on that point, see:
D. MANSUY, J.P. BATTIONI, I. AKHREM, D. DUPRÉ, J. Fls-

CHER, R. WEISS, I. MORGENSTERN-BADARAU, .1. Am.

Chem. Soc., 106, 6112 (1984).

MS5.4 —TH

CHRISTOPHER A. REED
GERALD E. WUENSCHELL
PETER D. W. BOYD
JOHN R. TATE
SUSAN RASMUSSEN
Department of Chemistry

University of Southern California

Los Angeles, California 90089-1062

U.S.A.

DERIVATIZED PORPHYRINS
AS MODELS FOR H-BONDED
OXYHEMOGLOBIN
AND CYTOCHROME OXIDASE

Hydrogen bonding by a distal protein residue was
postulated as long ago as 1964 as a factor in the
stabilization of coordinated dioxygen in oxyhemo-
globin [1]. More recently, protein crystallography
has put such H-bonding by distal histidine on a
firmer basis [2,3]. NMR studies on strapped
porphyrin model complexes show that the N-H
bond of a secondary amide can interact with coor-

dinated oxygen and contribute about an order of
magnitude to the affinity constant [4,5].
The ligand in Fig. 1 has been synthesized in order
to model the effect of distal histidine. The indole
picket is one of a number of rigidly appended
bases which position an H-bonding moiety in
the vicinity of the coordinated dioxygen in a
Fe(0 2 )(Porphyrin)L complex. Progress towards
the structural characterization of such a complex
and the effect of the H-bonding moiety on its 0 2

affinity will be reported.

Fig. 1

Cytochrome oxidase is known to have an active
site where an iron porphyrin is in close proximity
to a copper center. The porphyrin illustrated in
Fig. 2 has been synthesized for a model complex

Fig. 2

N
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approach and progress towards the definitive
structural characterization of iron and copper
derivatives will be presented.
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GEMINATE RECOMBINATION
IN THE PHOTOLYTIC DISSOCIATION
OF NO AND CO FROM HEMES
AND HEME PROTEINS

Recently the study of recombination of NO, 0 2 ,
and CO to heme proteins by fast kinetic methods
has revealed processes occurring at 10 to 10 -1 sec -1

which are independent of ligand concentration
and show spectroscopic characteristics of ligand
rebinding from a geminate pair. The fact that ge-
minate recombination of CO occurs with rate
constants as low as 10 6 -10 7 sec -1 , unprecedented
in low viscosity solvents, suggest some special
function of the protein which prevents diffusion
out of the protein «geminate cage».
We have therefore searched for geminate recombi-
nation to model compounds in solvents of various
viscosities. No geminate recombination of CO to

Rev. Port. Quím., 27 (1985)

chelated protoheme was observed even in mineral
oil at 0° where the viscosity exceeds one poise.
This suggests that protein pockets present the
equivalent of a very high viscosity. To further
probe this effect, photolyses of the faster reacting
NO ligand were studied using the heme/1-
-methylimidazole system of KASSNER and

HOFFMAN.
Measurement of quantum yield of NO photolysis
from protoheme compared to CO photolysis (pre-
viously shown to have a quantum yield of 1.0) re-
vealed a quantum yield of 0.08 in water/1-
-methylimidazole (30%) and 0.007 in glycerol/1-
-methylimidazole (30%) at 20°C. Similarly, the
quantum yield of mesoheme dimethyl ester was
0.19 in toluene/1-methylimidazole (20%) and 0.06
in mineral oil/1-octadecylimidazole (0.3 M) con-
taining 10% chloroform. Thus viscosity has the
expected effect of decreasing the quantum yield
(see figs. IA and B).
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Plot of the effect of solvent viscosity on NO photorelease

quantum yield.
A) FePP(IX)(1-Melm); (x) H2 0/30% 1-Melm, (c) glyce-

rol/30% IMelm.
B) Mesoheme dimethyl ester; ,(x) toluene/20% 1-Melm,
(+) 0.3 n t octadecyl imidazole in mineral oil/10% CHCI 3
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Fig. 2

Plot of the NO photorelease quantum yield for cyclophane

hemes and mesoheme dimethyl ester in toluene/20% 1-Meim;

(x) pyridine-5,5-cyclophane heme, (o) adamantane-6,6-

-cyclophane heme, (+) mesoheme dimethyl ester

In order to probe the influence of distal side steric
effects on geminate recombination, cyclophane
hemes having varying size pockets were subjected
to the studies described above. The results clearly
show that distal side steric effects increase quan-
tum yields (see fig. 2). Thus the lowered quantum
yields in heme proteins cannot be explained with
distal side steric effects. These results will be dis-
cussed in terms of effects of structure and visco-
sity on both diffusion and recombination rates.
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FORMATION OF IRON(IV) OXO
DERIVATIVES VIA REDUCTION
OF FERROUS PORPHYRIN DIOXYGEN
ADDUCTS AND REACTION
WITH CARBON DIOXIDE

The catalytic cycle of cytochrome P450 involves
the binding of molecular oxygen to the ferrous
heme protein and the conversion of this ferrous-
-dioxygen adduct to a high-valent iron-oxo deriva-
tive with two oxidation equivalents above
iron(III). While synthetic metalloporphyrin-dioxy-
gen complexes have been obtained which model
the spectroscopic properties of the oxy-states of
cytochrome P450 and cobalt substituted cytochro-
me P450 CAM, the conversion of ferrous dioxygen
complexes into reactive iron-oxo species has so far
not been achieved. In order to obtain high-valent-
-iron-oxo derivatives, we have studied the reduc-
tion of dioxygen adducts of iron(II) porphyrins
with complex hydrides or strongly reducing thio-
lates and reaction with carbon dioxide, acyl chlo-
rides and other electrophiles.
Fe(0)(THF)Po (Po = TP P1 ,P, TPP, TMP and
OEP) react at —40°C in THE with sodium bis
2-methoxy-ethoxy-aluminium hydride (red-al)
or I Na'c 222 I t-butyl S - to yield the pe-

roxo-iron(III) porphyrin complexes [Fe-1 PoJ - .
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The structure of complexes of this type has been
studied by EXAFS using perturbed difference
Fourier analysis. The results of these studies con-
firm the dihapto-triangular geometry of the Fe0 2

moiety with an Fe-O bond distance of 1.81 ± 0.03
A. These peroxo-iron (III) porphyrin derivatives
react at —70°C with carbon dioxide and acyl
chlorides to form a novel red species which has
MOssbauer properties which are similar to known
iron (IV) species. The MOssbauer spectrum of the
species obtained by reduction of [Fe(0 2 )
(THF)TPp; VP] and reaction with carbon dioxide
shows the following parameters:

ó (rel. a Fe at RT)	 AEQ

(mms -1 )	 (mms-1)
4.2 K 0.120 2.200 0.414

100 K 0.088 2.087 0.378
±0.007 mms - '

Magnetic spectra (H ex 1// = 6.7 T parallel to the -y
beam) recorded at 4.2, 30 and 100 K confirm the
presence of low-spin iron(IV) in this compound.
The 400 MHz, 1H NMR of the tetramesithylpor-
phyrin analog in deuterated THF at —50°C presents
as in other iron(IV) species a resonance at a very
high-field (S= —36,4 ppm) and other resonances
at the expected diamagnetic positions (7.33 s (me-
ta-H), 2.97 s (o-methyl), 2.81 s (p-methyl)).
Addition at —70°C of IMeIm to the species
obtained in THF with TP P; ,,P yields another red
species having a visible spectrum very similar to
that known for (Fe(= O) IMeIm TPP)

(>max= 426 , 560, and 590 nm). The MOssbauer
spectrum (H ex 1 = 0) recorded at 4.2 and 100 K pre-
sents the following parameters:

ë (rel. a Fe at RT)	 DE
(mms -1 )	 (mms-1)

4.2 K 0.109 1.372 0.315
100 K 0.074 1.370 0.320

+0.007 mms - '

These parameters are practically identical with
those for met-Mb-H 2 02 and for japanese-radish
peroxidase and very similar to those known for
Fe( = O) IMeIm TPP.
These results indicate that the peroxo-iron(III)-
-porphyrinates which form by reduction of the
dioxygen adducts react with carbon dioxide to
form iron(IH) peroxymonocarbonate intermedia-
tes and that the O-O bond present in these inter-
mediates is only homolytically cleaved to form
low-spin iron(IV)-oxo-porphyrin derivatives.
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SYNTHETIC APPROACHES TO THE METAL
CENTERS OF NITROGENASE

The MoFe protein of nitrogenase contains two
novel metal-sulfur clusters: the FeMo-cofactor
and the P clusters [1]. The former is a novel
Mo-Fe-S cluster of as yet unknown structure, with
approximate stoichiometry MoFe 6 S 10 and an
S=3/2  ground state. The latter are apparently
atypical 4Fe-4S centers in which three of the iron
atoms exhibit unusual MOssbauer parameters, pre-
sumably due to the presence of non-cysteinyl or
additional ligands to those iron atoms. We present
results of our studies aimed at developing synthe-
tic analogs of these clusters.
Two basic types of synthetic Mo-Fe-S cluster [2,3]
containing the MoFe 3 S4 «cubane» and the «li-
near» MoS 2 Fe [3,4] units, have been prepared as
potential models for the FeMo-cofactor of nitro-
genase; the synthetic route in all cases involves
reaction of [MoS4 ] 2- with an iron complex. We
have developed a new synthetic route in which the
sulfide originates with the iron reagent, and which
produces clusters containing the novel MoS 2 Fe2

structural unit in addition to a variety of novel
Fe-S clusters.
Reaction of the [Fe 2 S2 (CO) 6 ] 2- ion [5] with MoC1 5

gives at least five new clusters, as shown in the
scheme below:

r
(mms -1)
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	3[Fe 2 S 2 (CO) 6 ] 2- 	+	 MoCI 5

	

(THF, - 78°)	 1	 (MeCN, R. T.)

	

(Q')2[MoFe6S6(CO)18] (1)	 +	 (Q' )2[Fe4S4(CO)12] (H)
brown crystals	 green crystals

	

+(Q')2[Fe5S6(CO)12] (III)	 +	 (Q'h [Fe5 54(c0)121 (IV)
purple crystals	 brown crystals

+(Q12[Mo2O4(Fe2S2(CO)6)2] (V)
red crystals

The structure and some properties of II have been
reported [6], while the structure of III has been
solved and that of IV is in progress. In addition,
independent syntheses of all five compounds have
been developed. Complex I has not yet yielded
crystals suitable for detailed X-ray diffraction stu-
dies. Reaction of Fe 2 S 2 (CO) 6 with t-BuS - produ-
ces the [Fe 2 S2 (S-t-Bu)(CO) 6 ] - ion (VI), whose
structure shows it to be the mixed organic disulfi-
de analog of II. Reaction of [Fe 2 S 2 (CO) 6 ] 2- with
MoOCl 3 gives the novel hexanuclear [MoOFe 5 S6

-(CO)12 ] 2- ion (VII), the structure of which has
been solved. Cluster VII contains the expected
MoS 2 Fe2 (CO) 6 unit plus a 3Fe cluster attached to
Mo via sulfide bridges. The synthesis, structures,
properties, and reactivity of these novel clusters
will be described.
Our approach to the synthesis of models for the P
clusters of nitrogenase has centered on the prepa-
ration of large, rigid tridentate ligands capable of
coordinating to three iron atoms of a 4Fe-4S clus-
ter and stabilizing the mixed-ligand clusters in
solution. Our specific goal is a trisubstituted
triptycene that is capable of facile modification to
permit exploration of the hypotheses presented
regarding possible ligands to the P clusters.
Results obtained to date via this approach will be
presented.
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THE REACTIONS, STRUCTURAL
CHARACTERIZATION AND ELECTRONIC
PROPERTIES OF THE NEW METASTABLE
[Fe 6S 6L 6] 3- AND [Fe 6S 6L 6] 2– COMPLEXES

The synthesis of the [Fe 4 S 4 (SR) 4 ] 2- and
[Fe 2 S 2 (SR)4 ] 2- synthetic analog clusters is accom-
plished readily by spontaneous self assembly from
mixtures of appropriate reactants. This type of
synthetic procedure is based on the premise that
«... clusters derived from substitutionally labile
iron (II, III) reactants, form as a consequence of
being the thermodynamically most stable soluble
reaction products» [1]. The «spontaneous self as-
sembly» procedure is inappropriate for the synthe-
sis of molecular analogues for certain «non-con-
ventional» protein Fe/S sites that may owe their
stability to the protein environment. Such metas-
table sites in the absence of protein constraints
and given the appropriate activation energies are
likely to transform to the thermodynamically sta-
ble «conventional» clusters. The synthesis of a
new class of metastable Fe/S clusters was accom-
plished recently in our laboratory.
The metastable [Fe 6 S6 X6 ] 3- clusters (X = Cl -, Br- ,
I -, RO- ) have been isolated [2,3] in crystalline
form and the structures of the [Fe 6 S6 C1 6 ] 3- [2]
and [Fe 6 S6 (p-CH 3 -Ph-O) 6 ] 3- [3] anions have been
determined by X-ray crystallography. The prisma-
tic [Fe 6 S6 ] 3+ core (fig. 1) is a common feature in
these clusters which possess both the conventional
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Fig. I
The structure of the [Fe6 S6 (p-CH3 -Ph-O) 61 cluster (Ref. (3))

Fe2 S2 structural fragments (Fe-Fe — 2.75 A; Fe-S-
-Fe — 75°) and the unusual Fe 3 S3 «puckered» ring
units (Fe-Fe — 3.8 A; Fe-S-Fe — 113°). The only
other example of a Fe 3 S3 unit with similar structu-
ral parameters is available in the structure of the
3Fe site in Fd I from A. vinelandii [4].
The metastable nature of the [Fe 6 S6 L 6 ] 3- anions
(L = CI -, Br-, I-, RS - ) is apparent in the facile,
quantitative transformation (fig. 2) to
[Fe 4 S 4 X 4 ] 2- according to the reaction
2[Fe 6 S6 X6 ] 3" — 3 [Fe 4 S., X 4 ] 2- . The [Fe 6 S6 L6 ] 3-

Fig. 2
Cluster transformations in C113 CN solution. (a) [Fe 6 S6 C1613- ;
(b) [Fe4 S4 C14[2- , obtained by heating solution (a) to 60°C for
5 min.; (c) [Fe6S6(SPh)6[3- , obtained immediately following
the addition of six equivalents of PhS - to solution (a) at am-
bient temperature; (d) [Fe4 S4 (SPh) 4[2 obtained from solution
(c), after standing for 10 min. at ambient temperature

clusters are paramagnetic and their EPR spectra
are consistent with S=1/2 ground states and g x ,
g y and g Z values within, 2.038-2.039, 1.713-1.794
and 1.209-1.287 respectively.
The [Fe 6 S 6 X 6 ] 3- anions undergo reversible electro-
chemical oxidation to the [Fe 6 S6 X6 ] 2- dianions.
These oxidations which occur at low positive po-
tentials can be affected chemically by a mild oxi-
dizing agent such as the [(C 5 H 5 ) 2 Fe]+ ion. Oxida-
tion of [Fe 6 S 6 C1 6 ] 3- solutions with one equivalent
of [(C 5 H 5 ) 2 Fe] [PF 6 ] in CH 3 CN results in the for-
mation of the [Fe 6 S6 C1 6 ] 2- diamagnetic cluster [5].
The structure of the [Fe 6 S 6 C1 6 ] 2- anion has been
determined and contains the [Fe 6 S6 ] 4+ core. A
comparison of the structural parameters in the
[Fe6 S6 CI6 ] 2- and [Fe6 S6 CI6 ] 3- anions (Table I)
shows shorter Fe-S bonds in the former and sug-
gests that the highest occupied M.O. in
[Fe 6 S6 C1 6 ] 3- is antibonding in nature.

Table I
Interatomic Distances°t (A) and Angles (°) in the

(Fe6 S6 CI6)2- , A and (Fe6 S6 C16)3 , B Anions

Distances Ab) B`)

Fe-Fed) 3.791(6,5) 3.790(3,7)
Fe-Fee) 2.757(6,5) 2.765(3,3)
Fe-Sd) 2.268(6,8) 2.284(3,3)
Fe-Se 2.254(12,8) 2.272(6,2)
Fe-CI 2.189(6,8) 2.224(3,2)
S-Sd) 3.743(6,8) 3.801(3,8)
S-Se) 3.585(6,8) 3.618(3,5)

Angles

S -Fe-Sd) 112.0(6,9) 113.7(3,3)
S -Fe-Se) 104.8(12,5) 105.2(6,2)
Fe-S-Fed) 114.5(6,6) 113.2(3,3)
Fe-S-Fee 75.1(12,4) 74.8(6,2)
Fe-Fe-Fe d) 60.0(6,4) 60.0(3,2)
Fe-Fe-Fee) 86.9(6,5) 86.5(3,3)

a) See fig. 1 for the labeling scheme. The mean values of
chemically equivalent bonds are given. In parenthesis the
first entry represents the number of independent distances
or angles averaged out, the second entry represents the
larger of the standard deviations for an individual value es-
timated from the inverse matrix or of the standard devia-
tion:
a = [EN 1 (x 1 - x) 2 /N(N - 1)1 1 / 2 .

b) From Ref. [5].
c) From Ref. [2].
d) Distances or angles within the Fe 3 S 3 structural units.
e) Distances or angles within the Fe 2 S 2 rhombic units.

In search of a general procedure for the synthesis
of the [Fe 6 S 6 X6 ] 2- dianions from readily available
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reagents the oxidation of the [Fe 4 S4 X4 ] 2- clusters
was attempted in CH 2 C12 according to the reac-
tion
3 [Fe,S4 X4 ] 2- + 2[Fe(C 5 H5)21 . — 2[Fe 6 S 6 X6 

)2-
 + 2Fe(C5H5 )2

The reaction proceeds cleanly at ambient tempera-
ture and for X = C1 , Br - the oxidative transfor-
mation of the [Fe 4 S4 X4 ] 2- clusters to the
[Fe6 S 6 X 6 ] 2- «prismanes» is quantitative [5].
The oxidative transformation of [Fe 4 S4 C14 ] 2- to
[Fe6 S 6 C16 ] 2- should be contrasted with the oxidati-
ve transformation of the Fe4 S4 centers to Fe 3 S4

centers in certain ferredoxins [6]. The apparent
structural difference in the oxidation products in
the two systems may reflect the ability of the pro-
tein matrix to «capture» unstable intermediates
and prevent subsequent rearrangements or higher
order coupling reactions.
The facile reversible reduction of [Fe 6 S6 C16 ] 2- at
low potential (E 112 =0.32 V, in CH 2 Cl2 vs SCE)
reveals a new Fe/S redox couple and introduces
the Fe 6 S 6 core as a viable candidate for future
consideration in the biochemistry of «unconven-
tional» and perhaps hitherto unknown Fe/S pro-
teins. The metastable nature of the [Fe 6 S6 ] 3+ and
[Fe6 S 6 ] 4+ cores clearly indicates that core extrusion
reactions are not likely to reveal the presence of
such species in proteins. The facile transformation
of [Fe 6 S6 ] 4+ to the [Fe4 S4 ] 2+ and [Fe 2 S2 ] 2+ more
stable cores [5] may indeed lead to erroneous con-
clusions for core extrusion experiments which
involve non-heme iron proteins that may contain
[Fe 6 S 6 ] 3 +. 4+ centers.
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IRON(III)-CATALYZED OXYGENATION
OF CATECHOLS

Mechanistic studies on the intradiol cleaving cate-
chol dioxygenases suggest that the iron center in
these enzymes remains in its high-spin ferric oxi-
dation state throughout its catalytic cycle [1]. This
is due to the presence of tyrosinate ligands which
stabilize the ferric state [2]. Such observations
have led to a proposed mechanism involving subs-
trate activation by the ferric center where catechol
coordinated to the iron through only one of its
oxygens reacts with dioxygen [3]. Several iron(III)-
-catecholate complexes have been synthesized
and characterized to test this hypothesis.
Fe(saloph)catH [4] and Fe(TPP)catH [5] are
examples where catechol acts as a monoden-
tate ligand and [Fe(salen)cat] - [6] and
[Fe(NTA)DBC)] 2- [7] are examples of chelated
catecholate complexes. The reactivity studies,
conducted on the corresponding 3,5-di-tert-
-butylcatechol (DBCH 2 ) complexes, provide
valuable insights. Of the four complexes, only
Fe(salen)DBC-H and [Fe(NTA)DBC] 2- react with
dioxygen. Fe(salen)DBC-H undergoes a one-elec-
tron oxidation to the corresponding chelated semi-
quinone complex [8], while [Fe(NTA)DBC] 2- gives
rise to the desired oxidative cleavage product in
good (80%) yield [7,9]. Chelated catecholate is
not expected to react with dioxygen based on elec-
trochemical studies; the chelation stabilizes the
catecholate oxidation state to the extent that it is
too weak a reducing agent for dioxygen. To ratio-
nalize the reactivity of [Fe(NTA)DBC] 2- , some
structural change must occur prior to reaction
with dioxygen. It is proposed that the DBC ligand
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STRUCTURE, RECOGNITION
AND TRANSPORT OF FERRIC
ENTEROBACTIN IN E. COLI
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becomes monodentate during the reaction, as sug-
gested by the structure of the [Fe(NTA)DBC] 2-

complex which shows an unsymmetrically chelated
DBC ligand (Fe-O(DBC), 1.89 and 1.98 A). The
cleavage reaction is initiated by the breaking of
the longer Fe-O(DBC) bond. The time required
for the reaction (4 days) probably reflects the
energy necessary to break this bond. The activated
complex then reacts with 0 2 to form a peroxide
intermediate. It is proposed that the ferric center
coordinates the peroxide and facilitates its decom-
position to the desired cleavage product as illus-
trated below:

o  
CN

^
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The transport and uptake of iron by microbes, a
process which is essential for their growth, is me-
diated by low-molecular-weight complexing agents
called siderophores [1,2]. A siderophore produced
by E. coli, enterochelin [3] (here called enterobac-
tin [4]), is the most powerful iron complexing
agent known and has been among the most tho-
roughly studied of the siderophores [5]. Ferric
enterobactin transport in E. coli has been studied
with respect to the specificity of the outer mem-
brane protein receptor and the mechanism of
enterobactin-mediated transport of ferric ion
across the outer membrane. Transport kinetic and
inhibition studies were performed with ferric ente-
robactin and synthetic structural analogs (Fig. 1)
to map the parts of the molecule important for
receptor binding. The ferric complex of the syn-
thetic structural analog of enterobactin,
1,3,5-N,N',N"-tris(2,3-dihydroxybenzoyl)-triami-
nomethylbenzene (MECAM) is transported with
the same maximum velocity as ferric enterobactin.
A double label transport assay with 59 Fe[ 3 H]-
MECAM showed that the ligand and the metal
are transported across the outer membrane when
a large excess of extracellular complex was added
to the cell suspension. At least 60% of interna-
lized 59 Fe enterobactin exchanged with extracel-
lular "Fe enterobactin (Fig. 2). Internalized
59 Fe[ 3 H]MECAM was released from the cell as

Rev. Port. Quím., 27 (1985)	 113



ENTEROBACTIN

oMo

O

f 1/`R

0
MEC•M	 •. Cly—MM — I O

014 o«

r11IrCAM	 — 0

5.4--loeJlrs

500
O

E
▪ 400
o
ó
E 300	 59Fe

JIL

• 200

100

20 40 806Ó

MINISYMPOSIA: 5. MODELS OF IRON BINDING SITES IN BIOLOGY

Fig. 1

The structure of enterobactin and several synthetic enterobac-

tin analogs: MECAM[1,3,5-N,N',N"-tris(2,3-dihydroxyben-

zoyl)triaminomethylbenzeneJ; TRIMCAM[1,3,5-tris(2,3-dihy-

droxybenzoylcarbamido)benzeneJ; and LICAMS[1,5,10-N,

N', N"-tris(5-sulfo-2,3-dihydroxybenzoyl)triazadecaneJ

the intact complex when either unlabeled Fe
MECAM or Fe enterobactin was added extracellu-
larly. The results suggest a mechanism of active
transport of unmodified coordination complex
across the outer membrane with possible accumu-
lation in the periplasm. Energy-dependent binding
of 67 Ga enterobactin was observed, but the rate
was substantially lower than the rate of 59 Fe ente-
robactin transport. The results establish important
correlations between the coordination chemistry
of the metal and the mechanism of receptor-me-
diated uptake.

minute s

Fig. 2

Exchange of external and cellular ferric enterobactin. The cell

concentration was 1.22 mg/mL and the pH was 7.4. In all ex-

periments the initial concentration of SSFe enterobactin was

201; o, 59Fe enterobactin uptake with no additions; 0, (con-

trol) SSFe enterobactin uptake with the addition (at 51 min,

arrow) of the same substrate at 30 pi concentrations;
n 59Fe enterobactin uptake with addition (at 51 min, arrow)

of 55 Fe enterobactin at 30 µM concentrations; A, "Fe entero-

bactin accumulation in the same experiment; ❑ , numerical

sum of S5Fe (A) and 59Fe(M) in the same experiment
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ACTIVATION OF HYDROPEROXIDES
BY Fe °(MeCN) 4(C10 4) 2 AND Fe °1CI 3

IN ACETONITRILE; MODEL SYSTEMS
FOR THE ACTIVE SITES OF PEROXIDASES,
CA TA LASE, AND MONOXYGENASES

Addition of Fe 11 (MeCN) 4 (C104 ) 2 to solutions of
hydrogen peroxide in dry acetonitrile catalyzes the
rapid disproportionation of H 2 02 via initial for-
mation of a Fe 11 (H 2 02 ) 2.- adduct, which, in turn,
oxidizes a second H 2 02 to yield dioxygen. The
intermediate of the latter step dioxygenates
diphenylisobenzofuran, 9, 10-diphenylanthracene,
and rubrene, which are traps for singlet-state
dioxygen. This intermediate also dioxygenates
electron-rich unsaturated carbon-carbon bonds

[Ph 2 C=CPh 2 	2Ph2C(0),
PhC = CPh-- . PhC(0)C(0)Ph,
cis-PhCH = CHPh — 2PhCH(0)].

In the presence of organic substrates such as 1,4-
-cyclohexadiene, 1,2-diphenylhydrazine, catechols,
and thiols, the Fe(II)-H 2 0 2 /MeCN system yields
dehydrogenated products (PhH, PhN = NPh, qui-
nones, and RSSR) with conversion efficiencies
that range from 100% to 17%. Although the
Fe(II) catalyst does not promote the disproportio-
nation of Me 3 000H or m-CIPhC(0)OOH, these
hydroperoxides are activated for the dehydrogena-
tion of organic substrates. With substrates such as
alcohols, aldehydes, methyl styrene, thioethers,
sulfoxides, and phosphines, the Fe ► l(H202)2+

adduct promotes their monoxygenation to aldehy-
des, carboxylic acids, epoxide, sulfoxides, sulfo-
nes, and phosphine oxides, respectively.

Fe(II)+ H202-> Fell(H202)2+  RH Fe(II)
+ ROH + H 2 O

The reaction efficiencies for the group of substra-
tes with the Fe(II) adducts that are formed by
H 2 0 2 , Me 3 COOH, and m-CIPhC(0)OOH have
been evaluated. Also, the reaction rates for the
substrate-[Fe 11 (H 2 0 2 ) 21 dehydrogenations and
monoxygenations relative to that for Ph 2 SO have
been determined, as have the substituent effects
for the monoxygenation of 4-X-PhCH 2 OH and
4-X-PhCH(0). The Fell(H202)2+ adduct is an effi-
cient catalyst for the autoxygenation of PhCH(0)
to PhC(0)OOH. In all of these processes the
iron(II) catalyst remains in its reduced state.
Solutions of Fe 111C13 in dry acetonitrile also ca-
talyze the rapid disproportionation of H 2 02 to 02

and H 2 O, but the catalyst remains in the Fe(III)
state. In the presence of triphenylphosphine, di-
methyl sulfoxide, and olefins the Fe II1 C1 3 -H 2 02 /
/MeCN system yields monoxygenated substrates
(Ph 3 PO, Me e SO2 , and epoxides). The epoxidation
of olefins is especially favored by the Fe 111 C1 3

--H2 0 2 adduct.
Both of these catalyst systems [Fe 11 (MeCN) 4

(C104 ) 2 and Fe II1C1 3 ] in dry acetonitrile activate
hydroperoxides for the dehydrogenation and mo-
noxygenation of organic substrates, and do not
promote radical processes (Fenton chemistry).
Their ability to facilitate these reactions via the
oxene chemistry of ferryl (Fe0 2+) and perferryl
(FeCI 3 0) make them useful reaction mimics for
the active sites of peroxidases, catalase, and
monoxygenases.
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pic and magnetic properties are compared with
the natural proteins. The reactivity of the core
has also been investigated. The reactions of the
model compounds with N3, NCS - etc. afford
binuclear oxo-bridged species, e.g.
[(tcn)(N3 )2 Fe-O-Fe(N 3 ) 2 (tcn)], and [(tcn)Fe(N 3 ) 3 ]
indicating the facile degradation of the (µ-oxo)-
-bis(carboxylato) unit.

Analogous compounds containing Mn III have also
been prepared. Their structures, spectroscopic,
magnetic and chemical properties will be briefly
discussed.

SYNTHESES OF IRON MODEL COMPOUNDS
WITH MACROCYCLIC
N-DONOR LIGANDS

Small macrocyclic N-donor ligands have been
used to assemble inorganic model compounds for
the met form of vertebrate respiratory protein
hemerythrin from mononuclear Fe 111 complexes.

These ligands include the following examples:

A series of iron(III) complexes containing the
(µ-oxo)bis(µ-carboxylato)diiron(III) core with the
above ligands have been synthesized and characte-
rized by X-ray crystallography. Their spectrosco-

/O \ Mn "I L

C

CH3  CH
3

The mixed valence Mn 111 
Mn

 Iv binuclear comple-
xes are readily obtained by oxidation of the above
complex with AgBF 4 in acetonitrile. These
complexes may serve as models for the water-
-oxidation enzyme photosystem II.
Finally, an octameric cation, [Fe 6 (tcn) 6 (µ3 -O) 2

(µ2 -OH) 12 ] 8 c , has been prepared and characterized
by X-ray crystallography. The quantitative
assembly of this species in aqueous solution at
ambient temperature and pH 7-8 starting from
mononuclear (tcn)FeC1 3 may serve as a model
reaction for the iron storage protein ferritin.

L Mn"
2+
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FERRITIN: A GENERAL VIEW
OF THE PROTEIN, IRON CORE,
AND THE IRON-PROTEIN INTERFACE

The need for ferritin arose 2.5 billion years ago
when oxygen generated during photosynthesis
converted Fee' to insoluble Fe 3 '. Most contempo-
rary organisms, with representatives among
plants, animals, and bacteria, use ferritin to
provide a soluble, concentrated reservoir of iron.
Ferritin consists of three parts: the outer protein
cover, the inner iron core, and the iron-protein
interface.
Apoferritin, the protein without any iron, consists
of 24 subunits arranged in a hollow sphere. Con-
servation of protein structure is indicated by im-
munological crossreactivity, spanning vertebrate
classes from fish to mammals, by similarity of se-
quence and crystals of apoferritin from different
sources. The subunits are of similar or identical
size, but subtle differences in primary structure of
the subunits identifies apoferritin from different
organisms; moreover, within an organism small
differences in the primary structure of the subu-
nits is associated with particular types of cells,
particular physiological states, and with variations
in the bioavailability of stored iron. The varia-
tions in the structure of the ferritin protein sug-
gest that the information for the primary structure
of the subunits is coded for, in part at least, in a

multigene family which is differentially used in
each cell type. Evidence which supports such a
hypothesis has recently been obtained.

Cell-specific variations in the protein are exempli-
fied by comparing liver and red cell ferritin from
bullfrog tadpoles in which the number of serine
residues varies from 9/subunit to 15/subunit,
respectively. Although both proteins may be phos-
phorylated in the assembled state, more of the se-
rine residues in the red cell protein are accessible
and some of them reside in unique regions, as
judged by autoradiograms of tryptic peptides of
the proteins phosphorylated using 32 P [1]. Iron
stored in red cell ferritin appears to be more avai-
lable than that in liver or macrophage cells.

Physiological variations have been observed in
spleen macrophage ferritin from normal and iron-
-loaded lamb, where apoferritin from the normal
cells contains protein subunits that are covalently
crosslinked to form intramolecular dimer pairs
[2]. Similar crosslinks may be introduced into the
apoferritin from iron-loaded tissue with 1,5-
-difluoro-2,4-dinitrobenzene. A relative decrease
in the rate of iron core formation (0.52) and a re-
lative increase in the rate of iron release (1.68) we-
re associated with natural or synthetic crosslinks
when the proteins were examined in vitro. The
differences in the relative rates observed in vitro

predicates a relative difference in steady state iron
content of 0.31. The observed difference in the
iron content of the two types of ferritin as isola-
ted from the spleen is 0.39, which is sufficiently
good agreement to indicate that the effect of the
subunit crosslinks observed in vitro corresponds
to the effect in vivo. Thus, physiologically signifi-
cant modifications of apoferritin structure, e.g.

formation or disruption of crosslinked protomers,
allow adjustment of the storage properties of fer-
ritin to the needs of the cell, i.e. when iron is in
excess, the apoprotein is modified to retain more
iron in the stored form.

The iron core of ferritin is a polynuclear complex
of hydrous ferric oxide with small amounts of
phosphate and an average formula:
[(FeO.OH) 8 FeO.OPO 3 H 2 ]. Variations in the core
size range from 0-4500 Fe atoms, which within an
individual molecule may be arrayed in single large
or multiple small crystallites. The crystalline pro-
perties of the iron core depend on the presence of
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the protein and are very similar to the mineral fer-
rihydrate. Since ferrihydrate has no phosphate,
phosphate appears to reside in disordered regions
of the core. The actual arrangement in the core is
unknown, but accessibility to chelators suggests
that it is distributed throughout the core. The pre-
sence of phosphate during reconstitution of the
core diminishes both the polydispersity and the
size of the magnetic domain. Polynuclear iron
complexes of Fe(III) and ATP also have phospha-
te throughout the cluster, judged by EXAFS
analysis, and thus serve as models for the ferritin
core [3].
An interface between iron and apoferritin has
been observed by electron microscopy. Binding of
metals such as V, Cr, Zn, and Tb has been detec-
ted by proton release, X-ray diffraction, X-ray
absorption, and EPR and visible [4] spectroscopy.
Recently a complex of Fe(III) and apoferritin,
with an iron environment distinct from that in the
core, has been observed by EXAFS analysis [5].
Properties of the complex suggest an environment
with carboxylate ligands provided by apoferritin.
Ability to trap iron in an environment distinct
from the polynuclear iron core allows examination
of the role of apoferritin in initiation of forma-
tion of the iron core and of the effect of varia-
tions in apoferritin structure.
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PRIMARY STRUCTURE STUDIES
ON APOFERRITINS:
IRON UPTAKE AND RELEASE

The ferritins are a group of non-haem iron
binding proteins which are widely distributed in li-
ving organisms (from man to bacteria). Their role
is to conserve iron in a soluble, non-toxic and bio-
-available form within cells (in animals ferritin is
also present in variable amounts in serum). The
apoferritin molecule is composed of 24 subunits,
of MW around 20,000 for the best characterized
mammalian proteins, forming a compact, roughly
spherical protein shell of external diameter 12 nm
which encloses a cavity (diameter 7-8 nm) within
which iron is deposited essentially as polymeric
ferric oxyhydroxide.
The amino acid sequence of apoferritins from
horse spleen, human spleen and liver have been
determined by classical protein sequencing techni-
ques while those of rat liver apoferritin and of a
human liver apoferritin (of the heavy or H type)
have been determined by cDNA techniques. The
latter appears to resemble closely the sequence of
H type apoferritin found in HeLa cells (unpubli-
shed studies from the author's laboratory). The
sequences of four of these apoferritins are com-
pared in fig. 1. We can immediately remark that
whereas the three L type sequences are closely si-
milar, the human H type sequence is considerably
different from the L sequences. A detailed analy-
sis of amino acid substitutions reveals that with
the exception of an 8 residue insertion in the re-
gion between the D and E helices in rat liver apo-
ferritin and of a His for a Leu at position 169 in
the E helix of the human H sequence, the residues
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which line the 3-fold and 4-fold axes, through
which iron may penetrate to the interior of the
molecule, are conserved, as are the putative !iron
oxidation sites on the internal face of the B-helix.  MS6.3 — FR 
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70 80 90
A)GA ERLLKMQNQRGGRALFQDLQKPSQDEWG
B)xYxxxxxxxxxxxxxxxxxxIKxxAExxxx
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100 110 120
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C)xxLExxxxxLxxxxNxxxxxxxxxxxxxxQ
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130 140 150
A)ADPHLCDFLESHFLDEEVKLIKKMGDHLTN
B)TxxxxxxxxxTxxxxxxxxxxxxxxxxxxx
C)AxxxxxxxxxSxxxxKxxxxxxxxxNxxxx
D)Nxxxxxxx I xTxTxNEQxxAxxELxDxVxx

160 170 180
A)IQRLVGSQAGLGEYLFERLTLKHD
B) LHKxGxPExxxxxxxxxxxxxxxx
C)xRRWQxxXxSxxxxxxxxxxxxxx
D) xxKMGAxESGxAxxxxDKHxWETV I MKAKP

RANFP

Fig. I

Comparison of Amino Acid Sequences of Apoferritins

A) Horse spleen, B) Human spleen, C) Rat liver, D) Human H

chain. Sequences which are identical with that in the line im-

mediately above are marked x. The human H chain sequence

extends 11 residues further than the other sequences, while the

rat liver apoferritin has an 8 residue insertion at position 158

(marked as $)

The mechanisms involved in iron deposition and
mobilisation are assumed to involve oxidation of
Fee+ and reduction of hydrolysed (and non-ionic)
ferric iron respectively. Our current understanding
of these processes will be discussed in the light of
comparative sequence studies and the role of fer-
ritins in intracellular iron metabolism will be
analysed.
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THE THREE-DIMENSIONAL STRUCTURE
OF APOFERRITIN:
A FRAMEWORK CONTROLLING
FERRITIN'S IRON STORAGE AND RELEASE

Ferritin is a giant clathrate compound comprising
a protein cage encompassing an «iron-core» of the
mineral ferrihydrite complexed with phosphate
[1]. The space for this mineral is a sphere of ca.
80 A diameter allowing the storage of up to about
4500 Fe 3+ atoms. The cage, apoferritin, is a nearly
spherical protein shell of thickness about 25 A.
This shell is composed of 24 polypeptide chains
arranged in 432 symmetry [1] (Fig. 1). Each chain
is folded into a roughly cylindrical subunit (ca.
25 x 55 A), and antiparallel pairs of these subunits
form the 12 faces of a rhombic dodecahedron.
The apoferritin subunit is a bundle of 4 long anti-
parallel helices, A,B,C and D, with a shorter
helix, E, lying at about 60° to this bundle. There
is also a long strand running the length of the
bundle which forms a short stretch of antiparallel
(3-sheet with a 2-fold related subunit. Subunits are
arranged such that one end lies beside a molecular
3-fold axis and the other points towards a 4-fold
axis. Around the latter axes four nearly parallel E
helices from four subunits are in close contact and
form another, shorter bundle, with a small hydro-
phobic central channel (diameter ca. 3-4 A, length
ca. 15 A) which passes through the protein shell.
In the L-chains the amino acids lining these chan-
nels, twelve leucines from four subunits are con-
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Fig. I
View of an apoferritin molecule down one of its three fold
axes. A three fold axis channel can be seen at the centre of the
molecule. Six of the molecular two fold axes lie in the plane

of the paper, subunits are drawn as connected a C atoms

served. Channels around the 3-fold axes are shor-
ter (diameter ca. 3-4 A, length ca. 8 A) and
hydrophilic in character being lined by three as-
partic acid residues towards the inside and three
glutamic acid residues towards the outside (Fig.
2). These are conserved in all known sequences.
Residues neighbouring these channels are also
conserved or conservatively replaced. On the
internal surface of the molecule, the rhomb face
formed by each pair of subunits is flat except for
an intersubunit groove, which contains water
molecules. Residues are predominantly hydrophi-
lic, often but not always conserved and many of
them are notable for their weak electron density
suggesting flexibility. Some of these residues may
be in contact with iron-cores in ferritin and may
play a role in the initiation of ferrihydrite deposi-
tion during ferritin formation.
To provide a storage and reserve function apofer-
ritin must allow the passage of iron into the pro-
tein's internal cavity, its deposition inside and the
subsequent mobilization of this iron.
How can these processes be related to the three-
-dimensional structure of apoferritin? Available
data consist of kinetic measurements, usually by
means of optical absorption spectroscopy, and

binding studies of metal probes by X-ray crystal-
lography, ESR, EXAFS or NMR spectroscopy or
by equilibrium dialysis. This wealth of data has
not yet led to definitive mechanisms due to the
complexity of the molecule and of the processes
of iron deposition and release. Thus, for example,
Zn 2+, the most effective known inhibitor of ferri-
tin formation, has been located at four different
sites on apoferritin by X-ray crystallography [2].

Fig. 2
View of the region round a three fold channel showing amino
acid residues of three subunits related by that axis. Note the
three aspartic acid and three glutamic acid residues lining

the channels

Iron may also bind at several sites on apoferritin
as well as on the iron-core itself. Two metal sites
which bind either Zn 2+ or Cd 2+ are located in the
3-fold channels, one having three aspartyl groups
and the other having three glutamyl groups (and
three water molecules) as ligands [2]. In crystals
grown from TbC1 3 this double site is replaced
by a single Tb 3+ site with all six carboxylate li-
gands [2]. This indicates flexibility of metal ligand
interaction within this intersubunit region which
could be a feature important for the channelling
of iron into or out of the molecule. Metals are
also bound at other positions both inside and out-
side the molecule. Some of the former may re-
present sites for initiation of the iron-core.
The three-dimensional structure of the apoferritin
molecule and its known metal binding sites will be
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presented as a framework for the discussion of
mechanisms of iron incorporation into ferritin
and mobilization of iron from its iron-core.
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THE EFFECT OF HISTIDINE
MODIFICATION ON THE IRON BINDING
CENTERS OF HUMAN SERUM
TRANSFERRIN

The transferrins are a class of iron-binding pro-
teins which include serum transferrin, ovotransfer-
rin from egg white, and lactoferrin found in milk
and other fluids. These proteins have molecular
weights near 80,000 and reversibly bind two Fe 3 +
ions in separate but structurally similar domains.
String models, based on the amino acid sequences
of the various transferrins as well as on results

from chemical modification studies and spectros-
copic data, have been proposed for the iron
binding regions of these proteins [1-3]. Likely can-
didates for the protein ligands in the N-terminal
domain of human serum transferrin include His-
-119, His-249, Tyr-185, and Tyr-188. Examination
of the portion of the sequence where these groups
are clustered reveals several other amino acid resi-
dues which may also participate in the uptake and
release of iron by the protein. These residues have
cationic side chains and include several lysines,
arginines and one or two histidines. The present
investigation was undertaken to study the effect
of histidine modification on the kinetics of iron
removal from diferric transferrin by chelating
agents.

The modification reaction with ethoxyformic
anhydride (EFA) was initially studied. The reac-
tion followed biphasic kinetics consisting of a fast
reacting pool of 10 histidines and a slowly
reacting pool of 5 histidines.

The iron removal reaction was studied at pH 6.9
in 0.1 M HEPES, 0.02 M NaHCO 3 using pyro-
phosphate (3 mM) as a mediating chelator and
desferrioximine B (0.9 mM) as a terminal iron
acceptor while monitoring the absorbance decrea-
se at 295 nm. Semilogarithmic plots of the absor-
bance data showed that the reaction was biphasic,
the fast and slow rates corresponding to loss of
iron from the N-terminal and C-terminal binding
sites respectively. This assignment was established
by conducting urea-PAGE on samples of the reac-
tion mixture at various times. The rate of iron re-
moval from the C-terminal monoferric protein
was also measured and found to closely corres-
pond to the slower rate of the diferric protein.
The two macroscopic pseudo first-order rate cons-
tants were obtained by curve fitting the absorban-
ce data to the sum of two exponentials. Under the
conditions of the experiment, iron was removed
from the N-terminal site at a rate approximately
three times faster than from the C-terminal site.
The four microscopic rate constants were obtained
from nonlinear least-squares curve fitting of the
time dependence of the concentrations of the four
transferrin species, i.e. [Tf], [Fe NTf], [TfFe c],
and [FeTfFe], to the general equations for sequen-
tial iron removal from the diferric protein by two
parallel pathways. The microscopic constants were
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in accord with the macroscopic constants from the
spectrophotometric data.
The effect of histidine modification on the
macroscopic rate constants was investigated. As
diferric transferrin was progressively ethoxyformy-
lated, both rate constants decreased in proportion
to the number of fast reacting histidines modified.
The data for both sites plotted in the form of a
Tsou Chen-Lu graph gave straight lines for i =1.
These results suggest that a single histidine, presu-
mably one in each iron binding domain, is invol-
ved in the release of iron from the protein.
It is well known that the rate of iron removal
from transferrin is greatly accelerated below pH
7, following first-order kinetics in [H 5 ]. The effect
of histidine modification on iron release was the-
refore investigated as a function of pH. Modifica-
tion imparted increased kinetic stability to the
protein in the pH range 5 to 7 with the effect
greatest at pH 5. The kinetics at pH 5 were stu-
died using citrate, pyrophosphate, orthophospha-
te, ATP GTP, and DPG as mediating chelators.
In every case protein modification significantly
slowed the rate by factors ranging from 2 to 10.
Evidently the reduction in pK a of histidine upon
ethoxyformylation imparts kinetic stability to the
protein in acid, perhaps by eliminating the forma-
tion of a protonated imidazole group near the
iron. Such a group may be the site of binding of
chelates and other anions to the protein.
The structural features of transferrin which play a
role in the mechanism of iron release are largely
unknown. Until now, amino acids which are not
ligands have received little attention. The chemical
modification studies presented here implicate the
involvement of a key histidine, presumably not
bound to the metal, in this process. We speculate
that His-207 in the N-terminal domain of serum
transferrin, which has counterpart residues in the
C-domain and in both domains of ovotransferrin,
is responsible for the effects reported here. Lacto-
ferrin has unusual stability in acid and lacks histi-
dine in this location in the N-domain [1-3]. The
corresponding portion of the C-domain has not
been sequenced.
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TRANSFERRIN AND IRON TRANSPORT

The critical role of transferrin in the regulation of
iron metabolism has long been appreciated, but
the molecular mechanisms underlying the
protein's activities are still largely obscure. Trans-
ferrin functions as an iron donor to cells requiring
this essential metal for the biosynthesis of hemo-
globin and other vital iron proteins, and as an
iron acceptor from cells where the metal is absor-
bed, released from stores, or recovered from the
hemoglobin of senescent red blood cells. Thus,
both limbs of the metabolic iron cycle — plasma-
-to-cell and cell-to-plasma — hinge upon transfer-
rin. Without functional transferrin, neither the
maintenance of zero iron balance, nor the delivery
of iron to cells, is successfully regulated by the
organism.
Many of the processes underlying the interaction
of transferrin with iron-requiring cells have been
clarified in recent years [1,2]. Iron transfer from
protein to cell is receptor-mediated, entails inter-
nalization of the receptor-transferrin complex to
an acidic, pre-lysosomal compartment where the
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iron-protein bond is disrupted and iron becomes
available to the cell, and culminates with release
from the cell of iron-depleted but otherwise intact
transferrin. Relatively little is known, however, of
the processes entailed by the return to transferrin
of iron recovered from the hemoglobin of catabo-
lized red blood cells. To approach these mecha-
nisms, we have used an in vitro model in which
immunosensitized red cells are phagocytosed by
rat macrophages. In this model, more than half of
the iron initially in hemoglobin can be processed
for release to the medium, making it suitable for
the study of iron delivery from cell to protein.
When apotransferrin is present in the culture
medium, from 40-70% of the iron released by ma-
crophages is rapidly bound to the protein, with
most of the remainder in a ferritin-like form. Ma-
crophages induced by inflammation, or stimulated
by preincubation with methemalbumin, release
much less iron than non-stimulated macrophages,
in accord with the clinical observation of hypofer-
remia in inflammatory states. Iron excreted by
macrophages exhibits no distinct preference for ei-
ther site of transferrin, so that our experiments
offer no explanation for the observed differences
in site occupancies of transferrin in the circulation
[3,4]. The absence of transferrin in the culture
medium depresses iron release only slightly, with
much of the excreted iron then in a form that rea-
dily binds to apotransferrin in vitro. Treatment of
macrophages with pronase, which largely abolis-
hes their ability to bind apotransferrin [5], depres-
ses iron release no more than 10-15%. It appears,
therefore, that binding of apotransferrin to ma-
crophages may not be essential for iron excretion
by the cells [6]. The chemistry underlying seques-
tration of released iron by transferrin remains an
enigma.
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COMPARATIVE CHEMICAL
AND BIOLOGICAL STUDIES
OF INVERTEBRATE FERRITINS

Ferritin has been isolated from the hemolymph of
several molluscan species and characterised with
respect to its protein composition, the nature of
the iron cores present and to its biological func-
tion(s). In the case of the chiton Clavarizona hir-
tos%, ferritin is the major iron binding protein
present in the hemolymph as determined by the
chromatographic fractionation of hemolymph
both according to its iron content and according
to the distribution of presented Fe-59. The he-
molymph concentration of ferritin is remarkably
high, ca. 400 µmol/mL, a level that can be asso-
ciated with its role of delivering Fe to the minera-
lising front of those tissues where magnetite,
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Fe3 0, is extensively deposited. Ferritin from C.
hirtosa has a MW of 550,000, subunit MWs of
28000 and 25000, pI values of 4.2 - 4.5 and is im-
munologically distinct from horse splee.i ferritin.
The iron core contains on average 2000 Fe atoms.
Very high resolution electron microscopy has been
used to determine the particle size distribution of
the core and the extent of the crystallinity present
within the core structure. Temperature dependent
MOssbauer spectra indicate that the cores exhibit
superparamagnetic behaviour with a blocking tem-

perature between 20 and 40 K. Comparable beha-
viour has also been observed in the case of the
mollusc Patella vulgata, whose hemolymph ferri-
tin has a core of limited crystallinity that has a
blocking temperature of about 20 K. In the case
of the tropical rock oyster Saccostrea cuccullata,
ferritin has been identified as the major iron bin-
ding protein present in the body mass. Moreover,
in oysters containing elevated tissue levels of Zn,
ferritin, as isolated, accounts for significant
amounts of protein-bound zinc.
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7. Kinetics in Bioinorganic
Chemistry
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STEADY STATE AND BURST KINETIC
STUDIES ON PEROXIDASES

Despite the tremendous advances in mechanistic
studies brought about by transient-state and
relaxation kinetics, many problems remain more
amenable to treatment by steady state and burst
techniques. Two examples follow:

1 — THE CHLORINATION OF MONOCHLO-
RODIMEDONE

The overall reaction is
Cl - +HCID+H 2 O 2 +H'  C1P >C12D+2H20
were HCID represents monochlorodimedone with
its replaceable H atom, Cl 2 D dichlorodimedone
and CIP chloroperoxidase from Caldariomyces
fumago. Thus the reaction involves three substra-
tes, Cl- , HCID and H 2 02 . One of the substrates,
Cl - , also inhibits the enzyme. A question of some
importance is the mechanism of chlorination. An
earlier conclusion, based largely on specificity stu-
dies, indicated that enzyme-activated hypochlo-
rous acid is the active chlorinating reagent [I].
However recent work on chloroperoxidase sup-
ports a free-radical mechanism [2] and a study on

myeloperoxidase led to the conclusion that free
hypochlorous acid is the active reagent [3].
Our steady-state kinetic results, which will be pre-
sented, provide clear evidence that under the con-
ditions of our experiments chloroperoxidase-acti-
vated hypochlorous acid is the active reagent [4].

2 — CHEMILUMINESCENCE FROM ISO-
BUTYRALDEHYDE

When isobutyraldehyde is added to horseradish
peroxidase an apparently spontaneous reaction
occurs in which triplet acetone and formic acid
are formed, with resultant emission of light from
the electronically excited acetone. Experimental
results were obtained by use of an oxygen-monito-
ring electrode and a photon counter. The light
emission proceeds through a burst phase into a
steady state phase.
From a variety of conditions it was possible to
demonstrate that the reaction is initiated by the
autoxidation of isobutyraldehyde to a peracid
which forms compound I of peroxidase. Subse-
quent steps proceed through a normal peroxidatic
cycle, not a chain reaction. An almost-complete
mechanism will be presented for this reaction [5,6]
which provides both a model and a probe for
light emitting reactions in biology [7].
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KINETIC STUDIES OF THE REACTION
OF PSEUDOMONAS
CYTOCHROME OXIDASE (C-d I )

Pseudomonas A., grown under suitable condi-
tions, synthesizes a soluble enzyme containing
heme c and heme d / , which is referred to as Ps
nitrate-reductase or oxidase since it is employing
as a terminal electron acceptor both nitrate and
dioxygen. The functional properties of this enzy-
me have been investigated by equilibrium and
kinetic methods, involving largely absorption
spectroscopy. The transient and steady state kine-
tics with both macromolecular substrates, i.e. azu-
rin and cytochrome c SS1 , have been extensively
investigated; the bimolecular steps involved in
electron transfer with these two metalloproteins,
as well as the internal electron transfer (c d 1),
have been carefully characterized. Likewise, the
reaction of the reduced enzyme with dioxygen has
been investigated, and a mechanism has been pro-
posed, keeping in mind the formation of water as
the final product of oxygen reduction.
The results are presented and discussed with
special reference to the dimeric structure of the
enzyme, also in view of recently acquired data
on the kinetic properties of a monomeric state of
the macromolecule obtained by chemical modifi-
cation.

J.D. SINCLAIR-DAY
A.G. SYKES
Department of Inorganic Chemistry

The University

Newcastle upon Tyne, NEI 7RU

England

BINDING SITES FOR_INORGANIC
REDOX PARTNERS ON [2Fe-2S]
AND 2[4Fe-4S] FERREDOXINS

Reactions of [2Fe-2S] parsley ferredoxin (M.Wt.
10,500), and bacterial 2[4Fe-4S] ferredoxin from
Clostridium pasteurianum (M.Wt. 6,000) with
inorganic redox partners will be considered. The
[2Fe-2S] ferredoxins have a single peptide chain of
98 amino-acid residues and an active site bound
by four cysteine side chains (RS) as in (A). They
are one-electron redox active (E° = —0.42 V), [1],

[Fe2S2(SR)412 + e	 [Fe2S2SR4]3	 (1)

A crystal structure of the [2Fe-2S] protein frjm
Spirulina platensis has been reported. Studies on
the 2[4Fe-4S] ferredoxin from Peptococcus aero -

genes have confirmed a structure in which a single
peptide chain of 55 amino-acids binds two 4Fe-45
clusters as in (B), with the centres 12 A apart.

Each cluster is one-electron redox active
(E° = —0.40 V), (2),

[Fe4 S4(SR)4]2 + e -=[Fe4 S4(SR)4] 3

Rate constants were determined by stopped-flow
spectrophotometry with the inorganic reactant in
large ( > 10-fold) excess of the protein (— 10 -5 M).
All studies reported were at 25°C with ionic

(2)
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strength I= 0.10 M (NaC1). The buffer was
Tris/HCI in the range pH = 7.0 - 9.0.
Reductants with Parsley [2Fe-2S]. The Cr(II) com-
plex of the 1,4,8,12-tetraazacyclopentadecane
saturated macrocycle ligand, here designated as
[Cr(15aneN4 )(H2 0) 2 ] 2+ (E° = —0.58 V), has labile
axial ligands. Following reduction of the 2- state
protein product analyses have demonstrated that
Cr(III) remains attached, and therefore that the
reaction falls within the definition of inner-sphere
electron transfer. The reaction site is not blocked
by redox inactive [Cr(en) 3 1 3+, and is therefore
different to that used by the positively charged
oxidants. The rate constant at pH 8.0
(1.03 x 10 3 m- ls-1 ) increases by 30% on decreasing
the pH to 7. The reductants [Co(sep)] 2+ and
[Co(9aneN 3 )2 ] 2+ give (outer-sphere) rate constants
of 2.8 x 10 2 tuft s_ 1 (conventional spectrophoto-
metry) and 1.06 x 10 3 M-t s - t respectively. Experi-
ments to determine the effect of pH and with
[Cr(en) 3 ] 3+ are in progress.
Oxidants with Parsley 12Fe-2S1. Experimental
first-order rate constants (k °bs) gave linear depen-
dences on oxidant concentrations with negative
and zero charged oxidants, enabling k (M- ts -t ) to
be determined. With 2 + through 5 + charged
oxidants a non-linear dependence on oxidant con-
sistent with the reaction sequence (3) - (4) is
obtained.

P + oxid  P,oxid

P,oxid ke t

Table I

ket	 k

(s -11 ) 	(M 
15

 1)

[(NH 3 )5 CoNH 2 C0(NH 3 )5 ] 5+ 26,400a) 214a) 5.6 x 106b)

[Pt(NH 3 )6 1 4' 21,000 3.29 6.9 x 104b)

[Co(NH3)61 3. 998 19.2 1.9 x 104b)

[Co(NH3)5C 1 1 2. (194) (2300) 4.1 x 1050

[Co(NH3 )5 C2 
0412. 5.7 x 10 3

[Co(acac)3 ] 4.3 x 10 3

[Co(edta)] - 7.2 x 10 3

lC0(C204)31 3_ 3.9 x 10 3

a) Extrapolated from data 0-7°C

b) k = Kket

No dependence on pH was observed over the
range pH 7.0 - 9.0. Positively charged redox
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inactive complexes associate with the protein,
[Cr(NH 3 ) 6 1 3. (K = 464 M -1 ), and [Cr(en) 3 ] 3 +

(K =590 M-1 ), and block reaction with the positi-
vely charged oxidants. They only partially block
reaction with neutral complexes, and accelerate
the reaction with [Co(edta)] - . The variation of K
values with charge is consistent with a binding site
of charge 3- on the protein.
Reactions of Other 12Fe-2S1 Proteins. Similar data
has been obtained for [2Fe-2S] ferredoxins from
parsley, spinach, and the blue-green algae Spi-
rulina platensis with [Co(NH 3 ) 6 1 3+ as oxidant,
Table II.

Table II

Source of [2Fe-2S] K ket
(W I ) (s-3)

Parsley 998 19.2

Spinach 993 15.9

Spirulina platensis 2070 4.9

Since there is a 35% variation in residues between
parsley and Spirulina platensis, conservation of
binding site or sites seems likely.
Location of Binding Sites. Conserved 3- negative
patches at 67-69 and 94-96 are close to the active
site. From NMR line broadening studies using
Anabaena variabilis [2Fe-2S] MARKLEY et al. have
designated negatively charged residues 22-24 and
nearby 63 as a possible binding site. Spinach
[2Fe-2S] is now known to consist of a mixture of
ferredoxin I and II components which are difficult
to separate. They have 25 residues different.
If this observation applies to other [2Fe-2S] pro-
teins then all data reported will be for I and II
components. We have not observed any instances
of biphasic kinetics, and if mixtures are present
the dominance of conserved binding sites between
I and II components is implied.
Similar studies with 2[4Fe-4S] have been carried
out.
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This may suggest a difference in mechanism for
reduction by the two radicals. It is believed that
SO 2- attacks the imidazole ligand and transfers its
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REDUCTION BY RADICALS
OF METMYOGLOBIN, METHEMERYTHRIN
AND DERIVATIVES

Myoglobin and hemerythrin are oxygen-binding
proteins. Myoglobin is a heme-iron protein which
undergoes a one-electron transfer process between
the met (Fe(III)) and deoxy (Fe(II)) forms.
Hemerythrin contains a well characterized binu-
clear iron site which can exist in the met
(Fe(III)Fe(III)), semi-met (Fe(III)Fe(II)) and deoxy
(Fe(II)Fe(II)) forms. The two proteins show inte-
resting similarities, as well as contrasts in their
redox chemistry. We have previously examined
the reduction by dithionite of metmyoglobin,
methemerythrin and anionic adducts [1,2]. In
general, the effective reducing agent is the S0 2-

radical which is present in small concentrations in
solutions of dithionite. We have now extended
these studies by using as a reducing agent the
diquat radical (DQ'•) produced by one-electron
reduction of DQ 2+ (1,1'-ethylene-2,2'-bipyridy-
lium ion).
Metmyoglobin and derivatives. The reduction
by DQ'• is compared with that by SO 2- [1,2] in
Table I. Some of the features shown by S0 2- and
already discussed [1,2] are shared with the organic
radical. The rate constant/pH profiles for Mb'
with SO 2- and DQ'• are similar. and the basic
form (Mb'OH - ) is at least 10 2 less reactive than
the acid form, Mb'OH 2 . Although all three myo-
globin adducts can be directly reduced by DQ'•,
that of the imidazole is by far the most reactive.
Only Mb'imid is directly reduced by SO 2- [1].

Table I

Second-order rate constants (nr t s-1)  for reduction by DQ'•

and SO2- of metmyoglobin (Mb') derivatives at 25°C and

1=0.5 M

Protein k(DQ'•) k(502-)
Mb'OH 2 1.3 x 10' 4.5 x 106

Mb' OH - < 1 05 10+

Mb' imid 3.4 x 10' 8.8 x 10'
Mb' N3- 6.1 x 10 3 < 103

Mb' F- 1.1 x 10 3 <2x 102

HRP' 1.5 x 10 5 5.0x 105

electron through the 7r-system to the metal ion [1].
The much bulkier viologen radical by contrast
may react at some point on the periphery of the
protein and then this is followed by electron
transfer to the metal ion.

Methemerythrin and derivatives. Most of the early
work on reduction of methemerythrin (Hr') by
dithionite was carried out at pH 8.2 [3]. The reac-
tion is quite complex and this is now understood
to reside in (a) the base form of Hr' being redu-
ced only slowly by S 2 042- and (b) the conversion
of base to acid form of Hr' (pH= 7.8) also being
slow, k x.10 -3 s - t . Reduction of Hr` at pH = 6.0 is
cleaner, the acid form of Hr' being easily reduced
by SO 2 - (k = 1.5 x 10 5 1vf's -1) to the Fe(III)Fe(II)
form [3]. Further reduction of Fe(III)Fe(II) at all
pH's is slow, independent of [S2 0421 concentra-
tion, k ".10 -3 s -1 , and may also be associated with
a conformational change in the protein. Reduc-
tion of anionic adducts of Hr' by dithionite
occurs only via the dissociated fragment [4]. No
direct reduction occurs. Even at pH = 8.5, reduc-
tion of Hr` SCN - produces a form of Hr' (the acid
form?) which is easily reduced. The role of the
semi-met form in these reductions and in the
autoxidation of oxyhemerythrin is currently being
explored.
The reduction of Hr' by DQ' • and other viologen
radicals is also being examined. The rate constant
for the one-electron reduction by 4,4'-diMeDQ'•
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is 5.4x 10 6 tufts - t at 25° and pH 6. Further reduc-
tion is slower (k=9.1 x 10 4 tvfts - t) but appears to
be direct, unlike the behavior with SO 2- ion.
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It has been found that the cobalt(II) complex of
PYDIEN forms a peroxo-bridged binuclear dioxy-
gen adduct which undergoes facile autoxidation
through successive oxygenation and dehydrogena-
tion (anaerobic) steps, as follows:

2CoL 2+ + 02 	(CoL)202+ (1)

(CoL) 2 02+	 ^ 2(CoL') 2+ + 2H 2 0 (2)

2(CoL')2+ + 0 2 	(CoL') 2 01+ (3)

(CoL') 2 01+ 	— 2(CoL") 2+ + 2H 2 0 (4)

2(CoL") 2+ + 0 2 	(CoL" ) 2 02+ (5)

(CoL") 2 02+ + 2H+— 2(CoL") 3+ + H 2 02 (6)

The kinetics of reaction (2) have been studied in
detail, and have been found to follow the rate
law:

ARTHUR E. MARTELL
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Texas A&M University

College Station, Texas 77843
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-d [02 complex]/dt = k t [0 2 complex] +

+ k 2 [0 2 complex] [OH - ]	 (7)
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The two types of autoxidation reactions of binu-
clear cobalt dioxygen complexes that have been
identified involve oxidative dehydrogenation of
the ligand with regeneration of a cobalt(II) com-
plex, and conversion to an inert cobalt(III) com-
plex of the unchanged ligand with release of
hydrogen peroxide. Examples of ligands which
form dioxygen complexes exhibiting these two
types of characteristic reactions are the penta-
dentate polyamines, tetraethylenepentamine (TE-
TREN, 1), 1,9-bis(2-pyridyl)-2,5,8-triazanonane
(PYDIEN, 2), and 2,6-bis(2-(3,6-diazahexyl)pyri-
dine (EPYDEN, 3). The stabilities and properties
of the cobalt dioxygen complexes of ligands 1, 2,
and 3 have been described [1-4].

Transition state, 6

Decomposition of the cobalt(II) complexes formed
in reactions (2) and (4) with strong acid results in
the formation of pyridine-2-carboxaldehyde,
which was identified quantitatively as the 2,4-
-dinitrophenylhydrazone. The reaction mechanism
suggested for the autoxidation steps (2) and (4) in-
volve the formation of a deprotonated coordina-
ted amino nitrogen in a pre-equilibrium step, fol-
lowed by electron and hydrogen atom shifts
through a transition state 6 in which the following
transformations occur in a concerted fashion:-
O-O fission, shift of a-proton to oxygen, and
electron transfer through the metal ion from the
a-carbon to the oxygen.
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The final autoxidation step (6) is entirely different
in nature, and involves the conversion of the me-
tal ion to an inert Co(III) complex, with dissocia-
tion of hydrogen peroxide. This reaction is also
base-catalyzed, with a pre-equilibrium ligand de-
protonation step. The rate law is similar in form
to (7), but involves an entirely different mecha-
nism with respect to the fate of dioxygen.
The autoxidation reactions of the cobalt dioxygen
complexes formed from TETREN and EPYDEN
are assigned a similar rate law (7) and reaction
mechanism, involving the displacement of the pe-
roxo ligand after deprotonation of a coordinated
amino nitrogen in a pre-equilibrium step. The lack
of dehydrogenation in the autoxidation of the co-
balt dioxygen complex formed from EPYDEN has
been found to be due to the fact that the ligand
has a folded conformation in the dioxygen com-
plex that does not allow generation of an imine
double bond conjugated with the pyridine ring

[5]. This interpretation is supported by crystal
structure determinations [6,7]. The lack of dehy-
drogenation in the autoxidation of the cobalt
dioxygen complex containing TETREN is conside-
red due to the lack of an aromatic ring to stabilize
the imine by conjugation.
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CLINICAL DISORDERS OF ZINC
METABOLISM AND THEIR TREATMENT

The importance of metals to biochemistry, bio-
logy, pathology, and clinical and veterinary medi-
cine is now generally recognized. In intact cells,
under normal conditions, these elements participa-
te in enzymatic catalysis, oxidation reduction reac-
tions, nerve conduction, muscle contraction, cyto-
kinesis, karyokinesis, transport across membranes,
intracellular organelle stabilization, among other
biochemical and biological processes. However,
under pathological conditions, they induce disea-
ses in humans, animals and plants. The signs and
symptoms of the diseases each metal produces
vary; they are dependent on the tissues of organs
affected and whether the mechanisms underlying
the resultant disorders are the consequences of a
deficiency, imbalance or excess.
The pathophysiology of the various diseases asso-
ciated with disorders of zinc metabolism has been
studied and serves to illustrate these comments
concerning metals, in general.
In a 70 kg human, there are 2 to 3 g of zinc. Over
99% of this zinc is found within cells and appears

to be inaccessible to the organism for use in the
synthesis of new zinc dependent enzymes, pro-
teins, etc. Less than 1% of the total is found in
serum at concentrations between 90-120 µg per
ml. Approximately 30% of the serum zinc is
associated with a2 macroglobulin and the remain-
der with one or more proteins of molecular weight
> 100,000 dalton. The identity of this latter spe-
cific zinc binding protein(s) is unknown, though
many believe it is albumin. The zinc associated
with a2 macroglobulin is relatively stable under
normal and diseased states. The zinc content of
the other fraction is "labile". It is determined
normally by a physiological balance between

the availability of this metal from dietary
sources, b) its absorption into the blood through
the small intestine, particularly the jejunum and
ileum, c) the effect of hormones, d) the amounts
taken up by newly formed or growing cells, and e)
its losses through e.g. the urinary system. The
zinc in this fraction represents the sole pool
of this element accessible to cells and, hence,
provides the zinc required for all the new
metabolic/biological needs of the organism.
Reductions in this "labile" zinc fraction lead to
zinc deficiency within days. The classical signs
and symptoms of zinc deficiency in both animals
and man derive from abnormalities in organs with
a high cellular turnover; for example, skin (para-
keratosis, acrodermatitis), intestine (loss of muco-
sal cell lining, fibrosis), gonads (hypogonadism
and aspermia) or in organs which are undergoing
rapid growth (dwarfism). In addition, in the deve-
loping fetus these are extensive malformations
(over 90%) of all organs.
In humans, diseases due to zinc deficiency can be
a) hereditary in nature (acrodermatitis enteropa-
thica), b) acquired by individuals whose daily
requirements are normal: due to failure to ingest
at least 15 mg zinc/day, concurrent ingestion of
fibers, clay, chelators, or other compounds which
bind to and prevent zinc absorption, during ma-
labsorption states associated with diseases of the
small intestine, following surgical removal of the
small intestine, following administration of hype-
ralimentation fluids with no added zinc, etc. or c)
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acquired by individuals with increased need for
zinc: such as in pregnancy, during the acute phase
of many common illness or in a number of illnes-
ses including cirrhosis, trauma, burns, etc. In the
latter, excessive amounts of the metal are lost in
the urine. Independent of the origin of the illness,
all are successfully treated by appropriate zinc
replacement.
Disorders secondary to inbalances in the amount
of metal present in the diet or through metal-me-
tal interactions in the blood have been described.
Prominent in this category are those reported for
interactions between zinc and either calcium,
copper or cadmium.
Effects of increased zinc in organs are limited sin-
ce conditions leading to excessive absorption of
zinc are not known. Oral ingestion of large doses
of zinc has led to gastric irritation and ulceration.
Furthermore, inhalation of the metal into the
lungs causes "zinc fume fever" a condition
characterized by pulmonary inflammation and
fibrosis.
The metabolic bases for the clinical disorders in-
duced by zinc deficiency still need to be defined.
It has not been possible to account for them on
the basis of alterations of the functions of zinc in
any one, or combinations, of its known metal-
loenzymes. Recent studies with experimental, mo-
del systems, however, suggest a role for zinc in
the regulation of the structure, composition and
function of the genome which differs from that of
its function in enzymatic catalysis. The identifica-
tion of this role for zinc suggests that effects on
genome function induced by its deficiency might
provide the molecular mechanism to account for
the above clinical manifestations.
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MAGNESIUM DEFICIENCY STATES

Since magnesium is the second most abundant
intracellular cation and is required in many bio-
chemical reactions, one would expect deficiencies
in this element to occur in man.
Magnesium was first found to be required for
normal growth of mice in 1926. In 1932 magne-
sium deficiency was induced in young rats and
appeared clinically as neuromuscular hyper-irrita-
bility, described as tetany, which culminated in
seizures and death after three to four weeks of the
deficient diet. In the same year, naturally occur-
ring clinical magnesium deficiency was observed
in lactating cows and sheep and was given the na-
me grass tetany or grass staggers. This form of
magnesium deficiency continues to be a serious
problem in the field of animal husbandry. While
there were early anecdotal reports of magnesium
deficiency in humans as early as 1934, it was not
until the 1950's that clinical magnesium defi-
ciency, accompanied by a decrease in the serum
magnesium concentration and manifested by a va-
riety of neuromuscular abnormalities, was defini-
tely established by a number of investigators
including Flink and his co-workers and Vallee and
his co-workers.
The clinical manifestations vary, and the severity
does not correlate with the concentration of mag-
nesium in serum. The disorder may be characteri-
zed by tetany, athetosic movements, nystagmus,
convulsions, agitation, tremors, hallucinations,
neuromuscular weakness, dysphagia, cardiac
arrhythmias or with any combination of these
signs and symptoms. While clinical deficiency can
occur in the presence of a normal serum magne-
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sium concentration, a decrease in serum magne-
sium concentration is usually present.
It is extremely difficult to produce experimental
magnesium deficiency in adult humans. Only by
reducing the oral intake virtually to zero, has it
been possible to induce symptomatic experimental
magnesium deficiency in humans. Thus, clinical
magnesium deficiency in man is a «conditioned
deficiency». The conditioning factors consist of
either decreased absorption or increased excretion
of magnesium usually in the presence of an inade-
quate dietary intake. It occurs as a complication
of many diseases and as the result of drug the-
rapy, which either decreases absorption or increa-
ses renal excretion.
Specific congenital absorption and excretion de-
fects leading to symptomatic magnesium defi-
ciency have been identified in humans.
Despite the availability of adequate means for the
measurement of magnesium in serum and other
body fluids for over 20 years, magnesium defi-
ciency in man, even when it is symptomatic, fre-
quently goes undetected. This is particularly so in
patients with cardiovascular disease, who are
receiving large doses of potent diuretics. In such
patients magnesium deficiency causes hyper-irrita-
bility of the heart and enhanced toxicity of the
digitalis glycosides which may lead to severe ven-
tricular tachyarrhythmias and death.
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FROM THEORY TO THERAPY:
HOW TO MAKE A NEW DRUG OUT
OF A NEW IDEA

I remember iron, quinine and strychnine tablets as
a sort of Spring tonic, along with sassafras tea, at
our house when I was a child. Calomel («mild

mercurous chloride», the old pharmacy texts
called it) was prescribed, but I don't know why
except that the tablets or powders were said to be
laxative at doses of 1/2 to 3 grains. Today, these
things are abhored by physician and regulatory
agency alike.
Times have changed and so has the discovery and
development of new drugs. Today, we conceive
the way to new therapy as Designed Discovery;
the fitting of chemical structure to the clinical
correlates of disease that we express one way or
another in our laboratory methodology. Luck and
serendipity still find expression where there is
keen perception and unusual discernment. These
less precise ways are not adequate, of themselves,
to justify complex research programs and structu-
res that require the investment of many careers
and hundreds of millions of dollars.
Whether it be inorganic, organometallic, or orga-
nic compound, simple or complex, of least or
great size, bringing a biologically active agent
from theory to therapy becomes increasingly com-
plex as our ability to conceive and ask relevant
questions regarding utility and safety increases.
Biological activity of an agent can be delineated,
simply, as 1) its primary attribute, that for which
it is to be used — as for blood pressure lowering,
or antidepressant or antiulcer activity; 2) its
secondary attributes, the pharmacological effects
that have to be contended with — for example,
bronchoconstriction in an antihypertensive agent,
dryness of the mouth in an antihistaminic drug
for the relief of some allergies; 3) The third attri-
bute has to do with safety.
Just as the first two attributes have to do with
a) what's good about it? and
b) «yes, but»,
the third attribute relates to what is bad about the
exciting new agent.
To the regulatory agency a new use for an other-
wise old agent makes it new from the standpoint
of its overall assessment. This would be the case
for the assessment of an element, such as helium
or lithium, potassium, calcium, or barium, which
may be made available in some state of purity as
such or as an inorganic or organic salt.
You may be interested in developing an immu-
noassay for your favorite copper-containing enzy-
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me. It may work, but if the assay picks up both
relevant and irrelevant isozymes it maybe worse
than useless. It may be misleading.
Organisms have made use of organic compounds
having elemental reactive sites since their incep-
tions. We have used more simple organometallic
compounds in medicine almost as long as chemists
have synthesized them. Such complexes of mer-
cury, antimony, and gold have stood us in good
stead for many decades for the treatment of
syphilis, as diuretics for the relief of edema, the
treatment of schistosomiasis and the management
of arthritis.
You may know that safety of such compounds is
almost as important as efficacy, but you probably
have no idea how to go about bringing an interes-
ting agent from theory to therapy. The purpose of
this lecture is to explain how you might go about
making a new drug out of an interesting agent
today; the excitement, the pitfalls, the time, the
cost and «what's it to you».
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LITHIUM IN MEDICINE

Lithium has been used in medicine since the mid-
dle of the nineteenth century. However, it has
been used extensively only in psychiatry and only
since 1949 when CADE [1] first discovered the
"anti manic" action. Latterly this was exploited
by SCHOU [2,3] who recognised the significant
prophylactic, or preventative, action against recur-
rent mood swings in periodic affective disorders,
the manic depressive psychoses. Currently some
25,000 patients in the United Kingdom (1 in 2000
of the population) receive lithium therapy.

The biochemical basis of the action of lithium,
and indeed the aetiology of the disease itself, has
been extensively studied but so far a solution elu-
des us [4]. A number of side effects of lithium has
been frequently described and these, themselves,
have become the bases for a number of medical
uses of lithium. In particular its use in granulocy-
topaenia, a deficiency of specific white blood
cells, granulocytes, has been documented in a ma-
jor review volume by ROSSOF & ROBINSON [5]
Lithium has also been used in attempts to eluci-
date mechanisms and provide a diagnostic test in
essential hypertension where it may interact with
sodium transport mechanisms [6].

In psychiatric practice lithium is always given
orally, a dose of up to 1 g lithium carbonate per
day being usual and with the objective of maintai-
ning the blood plasma concentration of lithium in
the range 0.6-1.2 mmol/l. Excessive plasma
lithium is an indication of impending toxicity
which may result from overdosage (accidental or
with suicidal intent) reduced fluid or salt intake,
excessive sweating or dietary restriction. Toxicity
is best treated by haemodialysis which must be
maintained until the body burden of lithium is
significantly reduced. Practical aspects of therapy
have been comprehensively discussed by JOHNSON

[ 7 ].

In an attempt to prevent the wide daily excursions
in plasma lithium shown following the administra-
tion of conventional lithium carbonate prepara-
tions on a normal regime, slow release formula-
tions have been used in which the lithium carbo-
nate is either embedded in a waxy or cellulose ma-
trix or very highly compressed. The efficacy of
these has been questioned and we have carried out
a series of studies to identify the mode of transfer
of lithium across the gastrointestinal tract [8,9].
Recent fears that lithium might cause permanent
renal damage in long-term therapy have now been
largely discounted though there still remains some
doubt of the safety of combinations of lithium
with other major psychotropic drugs over a pro-
longed period. Combination of lithium therapy
with other long-term psychotropic therapy there-
fore is best avoided.

It has been suggested that lithium may act by in-
terference with magnesium dependant processes
due to the chemical similarity between the two ele-
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ments resulting from the diagonal relationship in
the periodic table [10]. Kinetic studies of magne-
sium dependant enzymes and investigation by
NMR of interactions of lithium and magnesium
with nucleotides [11], have shown only weak ef-
fects of lithium on magnesium regulated processes
and the working hypothesis must therefore be
reconsidered.
Lithium carbonate is a useful and inexpensive
drug which has an important role to play in cur-
rent therapeutics. Its mode of action is not well
defined and much scope therefore remains for
further study in this area of Inorganic Pharma-
cology.
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CLINICAL APPLICATIONS
OF PLATINUM METAL COMPLEXES

In the Iate 1960's ROSENBERG noted that the
growth of bacteria exposed to an electric field
became filamentous, suggesting the presence of an
antiproliferative agent in the culture medium. This
observation led to the identification of cis-dichlo-
ro-diammine platinum II (cisplatin) as a possible
anticancer agent [1]. Subsequent clinical studies
performed initially in the USA and England, but
later throughout the world have established cispla-
tin as one of the most important new anticancer
drugs to enter clinical practice in the last ten years
[2]. Its use in combination in the treatment of tes-
ticular tumours has transformed the prognosis.
Even for patients with disseminated disease cure
rates in the region of 90% are now achieved in
most major centres [3]. Cisplatin is also the prime
agent in ovarian cancer [4] and is active in a
variety of other tumours.
Cisplatin is capable of forming adducts to nucleo-
philic sites on biological molecules, the chorine
atoms acting as leaving groups. In common with a
number of other anticancer drugs, cisplatin will
cross-link DNA via the guanine residues. The pro-
perty of cisplatin which endows it with its special
activity is not known. However, cisplatin is capa-
ble of forming intrastrand cross-links [5] and it is
tempting to speculate that these differentiate its
activity from that of other drugs. The analogue
transplatin possesses most of the biological pro-
perties and toxicities of cisplatin but is both
devoid of antitumour effect and incapable of for-
ming intrastrand cross-links.
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Although cisplatin has been one of the most acti-
ve anticancer drugs to be introduced recently, it is
also one of the most toxic. Cisplatin causes severe
emesis and is toxic to the kidneys and the periphe-
ral nervous system. It can also cause deafness,
anaemia and convulsions, the latter mediated by
hypomagnesaemia. The acute renal failure which
occurred in the early trials of cisplatin may be
averted by forced hydration and diureses, al-
though a progressive decline in renal function still
occurs and limits both the maximal single dose
and the total dose which may be given. OzoLs
et al. [6] have shown that hyperhydration and the
administration of hypertonic saline will allow hig-
her doses of cisplatin to be given without a mar-
ked decline in renal function, possibly due to a
common ion effect in the renal tubule stabilising
the leaving groups of cisplatin. However, the inci-
dence of the other complications, particularly
deafness and peripheral neuropathy, was mar-
kedly increased.

Another approach has been to search for analo-
gues. In a collaborative programme with the
Johnson Matthey Company we have evaluated
about 300 analogues of cisplatin as potential alter-
natives to the parent drug. Of these, eight were
selected which showed antitumour activity similar
to that of cisplatin in experimental systems. An
intensive toxicity study of these eight led to the
selection of 2 analogues without nephrotoxicity.
These were cis-diammine-1,1-cyclobutane dicar-
boxylate platinum II (JM8, CBDCA, Carboplatin)
and cis- dichloro - trans - dihydroxy - diisopropyla-
mine platinum IV (CHIP, JM9, Iproplatin) [7].
Carboplatin has been extensively evaluated in the
Royal Marsden Hospital and latterly in other cen-
tres [8]. It has activity similar to that of cisplatin
in carcinoma of the ovary, but is devoid of renal
toxicity and ototoxicity [9]. It also causes signifi-
cantly less emesis. Carboplatin is also highly acti-
ve in small cell lung cancer [10] and has shown
encouraging activity in a number of other tu-
mours. The dose-limiting toxicity of carboplatin is
to the bone-marrow. Iproplatin is at an earlier
stage, but has been evaluated in Rosewell Park
(USA) and Manchester (England). It also posses-
ses reduced non-haematological toxicity compared
to cisplatin and has shown encouraging signs of
antitumour activity. It is interesting that there is

some clinical evidence that Carboplatin and Ipro-
platin may be active in patients whose tumours
are resistant to cisplatin [11]. These observations
suggest that the pursuit of cisplatin analogues may
lead to the discovery of drugs with an enhanced
or different spectrum of antitumour activity in
addition to having a more acceptable toxicity pro-
file.
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ENVIRONMENTAL ASPECTS OF NICKEL
TRANSPORT AND NICKEL TOXICITY
IN SELECTED ALGAL SPECIES

More than ten years ago it was shown that nickel
can function as an essential element by Zerner's
group in Queensland, Australia. In a series of
seven papers in Biochemistry, a detailed study of
the structure, kinetics and mechanism of Jack
Bean urease was reported by this group who sho-
wed that nickel is present at the active site of this
enzyme. Since that time nickel has been found to
play a very important role in the metabolism of
carbon-1 (CO compounds in the anaerobic bacte-
ria. Nickel containing coenzymes function in the
active sites of the enzymes which fix molecular
hydrogen (i.e. the hydrogenases), in the terminal
enzyme for methane biosynthesis (i.e. a nickel-
-containing B 12 -analog or nirrin macrocycle), and
in the hydration of carbon monoxide by those
organisms which utilize CO as sole carbon and
energy source.
In sediments nickel forms stable and insoluble
complexes with sulfide ions and with thiolates to
give nickel sulfides and stable oxidization comple-
xes with organic compounds which contain thiol-
-groups. However, at the sediment/water inter-
face, nickel forms weaker coordination complexes
with oxygen donors such as carboxylate,
hydroxyl, and other oxy-ligands (e.g. humic acids,
fulvic acids, clays, metal oxides, etc.). Slightly
stronger complexes are formed with oxygen

donors at the cell surfaces of bacteria and
algae which have many anionic functional groups
from both proteins and polysaccharides (e.g. poly-
galacturonic acids at the surface of green algae).
These complexes, to the weaker oxygen donors,
are unstable enough for nickel to be exchanged
with the fast exchange ions Ca 2+ and Mg 2 + relea-
sing Ni 2+ into the water. Thus, Ni 2` has an inter-
mediate exchange rate with Ca 2+ and Mg 2+, and so
Ni 2+ cannot be removed entirely from industrial
wastewater by traditional treatment methods.

Since algae are known to bioaccumulate nickel di-
rectly from the aqueous environment, we conduc-
ted a basic study to determine some of the para-
meters necessary for nickel removal by, and nickel
resistance in, these photosynthetic organisms. I
shall present here a summary of the results of this
study by selecting two axenic cultures of cyano-
bacteria, (Synechococcus ATCC 17146 and Oscil-

latoria UTEX 1270) compared with two strains of
green algae (Scenedesmus ATCC 11460 and
Chlamydomonas UTEX 89). Nickel tolerance was
found to vary widely among these four species,
with the two species of green algae (Eukaryotes)

being much more resistant to nickel poisoning
than the two species of cyanobacteria (Prokaryo-

tes). Using 63Ní 2+
, and a microplate technique, we

examined nickel transport through cell membra-
nes, nickel complexation at the cell surface, as
well as inside cells, and nickel efflux from cells in
these four algal species. Also we examined a va-
riety of environmental factors which regulate nic-
kel bioaccumulation and toxicity. Chlamydomo-

nas tolerates up to 10 ppm of Ni 2+ without any ef-
fect on its growth rate. In fact this organism will
even grow slowly in the presence of up to 150
ppm Ni 2

+. Scenedesmus tolerates up to 5 ppm, but
Oscillatoria only tolerates 1 ppm and Synechococ-

cus is very sensitive accepting only 0.02 ppm.
With the exception of Chlamydomonas, these al-
gae all accumulate Ni 2+ optimally at pH 8.0.
Chlamydomonas does not accumulate Ni 2+ in the
pH range 7.0 to 9.0. A detailed study of Ni 2 +
bioaccumulation in Scenedesmus indicated that
Ni 2+ uptake is not affected by either competing
cations or competing anions, however, the rate of
Ni 2+ uptake was affected by the age of the culture
and by light versus dark conditions. Ni 2+ was
found to be primarily complexed at the cell surfa-
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ces which accommodated a 3 x 10 3 fold increase in
concentration over the external environment. Nic-
kel transport in Chlamydomonas was found to be
dependent on the concentration of Mgz+ in the
culture medium. Competition experiments bet-
ween Mgz+ and Nit* showed that Mgz* prevents
Niz+ toxicity. Similar competition between Cat*
and Niz+ could not be shown, indicating that Niz+
is probably transported in Chlamydomonas by
way of the ATP-dependent Mgz+ channel. In the
absence of Mgz+, at equivalent concentration to
Niz+, growth inhibition then occurs for a period of
time until cells develop an efflux mechanism
which pumps out the intracellular nickel. Similar
efflux mechanisms have been discovered in Pro-
karyotes for the specific removal of Cd 2+ (Staphy-
lococcus aureus) and for the removal of arsenicals
and antimonials (Escherichia colí). Synechococcus
was found to be the most sensitive organism to
Niz+ in this series of experiments. Therefore, at-
tempts were made to select for more tolerant mu-
tants. This was accomplished by selecting survi-
ving colonies from solid culture media containing
10-5 M nickel sulfate. After approximately two
weeks colonies appeared which resisted nickel poi-
soning by the selection of two different mecha-
nisms. One class of mutants was found to synthe-
size large quantities of an intracellular polymer
which complexed Niz* approximately 300 fold
over the internal cytoplasm concentration. The se-
cond class of mutants did not accumulate nickel
as is the case with the parent culture Synechococ-
cus ATCC 17146. This ability to resist both nickel
complexation at the cell surface, and nickel upta-
ke, was brought about by the synthesis and excre-
tion of a low molecular weight polar ligand which
complexes nickel outside the cell and prevents its
uptake. Although we have not yet determined the
structure of this ligand, we have isolated its
63Ni 2+-complex and found that it has a molecular
weight of less than 1000. Fast atom bombardment
mass spectroscopy failed to fragment this complex
due to its extreme hydrophobicity. When this li-
gand is added back to cultures of the parent strain
of Synechococcus, nickel toxicity is prevented.

The experiments described above show that seve-
ral direct mechanisms are available to the algae
for both the bioaccumulation of and resistance to
nickel.
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ARSENIC IN THE ENVIRONMENT

Arsenic is an ubiquitous element notorious as a
poison and at the same time essential for life.
During the past decade the transformation of
arsenic compounds in the environment that take
part in the cycling of arsenic were investigated.
Most of the arsenic is present in the environment
in inorganic form as arsenides, arsenite, and
arsenate. Organic arsenic compounds are disper-
sed into the environment by man and are synthe-
sized by organisms from inorganic precursors
through largely unknown pathways.
Biological methylation of inorganic arsenic com-
pounds is ubiquitous in nature. The mechanism of
this reaction and the required methyl donors are
not yet known with certainty. Algae, shrimp,
lobsters, crabs, and other marine organisms accu-
mulate arsenic inform of organic compounds mo-
re complex than simple methylarsenic derivatives.
Arsenobetaine, (CH 3 ) 3 As+-CH 2 -COO - , was iden-
tified in several marine organisms. Dimethyl(ri-
bosyl)arsine oxide was found in kelp. Growth
experiments with algae indicated that algae are
capable of synthesizing arsenolecithins, in which
nitrogen is replaced by arsenic. Arsenocholine —
the expected hydrolysis product of arsenic-contai-
ning lipids — has not yet been identified in orga-
nisms. Experiments to synthesize arsenocholine,
arsenobetaine, arsenocholine phosphate, arsenic-
-containing lipids, and arsenoriboses have been
rather successful. Within a year synthetic samples
of all these compounds should be available in
quantities sufficient to evaluate the toxicity of the-
se arsenic compounds and to develop chromato-
graphic techniques for their detection in extracts.
A thorough understanding of the role of arsenic
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and its compounds can be achieved only, when
the identities and concentrations of arsenic com-
pounds in the environment are known, when their
transformations have been studied, and when
their interactions with biologically important mo-
lecules and structures have been elucidated. For
this purpose, liquid chromatographic techniques
were developed for the separation of arsenic com-
pounds that use graphite furnace atomic absorp-
tion spectrometers and inductively coupled plasma
emission spectrometers as element-specific detec-
tors. Progress in the environmental bioinorganic
chemistry of arsenic will only be achieved when
many more investigators replace total arsenic
determinations by determinations of arsenic com-
pounds.
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KINETICS AND MECHANISM
OF PHOTO-ASSISTED REACTIONS
ON IRON OXIDE SURFACES

The kinetics and mechanisms of the photo-indu-
ced reductive dissolution of hematite (cx-Fe 2 0 3 ) by
S(IV) oxyanions and S(IV) autoxidation in
aqueous suspensions of hematite have been inves-
tigated. Experimental quantum yields for Fe(II) aq

production are reported for anoxic hematite sus-
pensions containing S(IV). Quantum yield studies
together with spectroscopic information indicate
that = Fe(III)-S(IV) surface complexes undergo a
photo-induced ligand to metal charge transfer
reaction resulting in the reductive dissolution of
hematite and production of Fe(II) aq .

An experimental rate expression for the photo-in-
duced reductive dissolution of hematite has been
formulated as:

d[Fe(II)] aq

dt = Ci) Fe(11)I0 (A/V)

Direct excitation of charge transfer bands in
Fe(III)-S(IV) surface complexes provide the sim-

plest explanation which is consistent with experi-
mental observations, although excitation of the
low energy 0 2- — Fe 3' charge transfer band in the
bulk solid cannot be totally excluded.
The autoxidation of S(IV) in oxic hematite sus-
pensions exhibits autocatalytic behavior. This be-
havior is interpreted in terms of three general pro-
cesses: i) production of Fe(II) aq from photo-indu-
ced ligand to metal charge transfer reactions of

Fe(III)-S(IV) surface complexes, ii) oxidation of
Fe(II) aq to Fe(III) aq and, iii) the Fe(III) aq cataly-
zed autoxidation of S(IV). A numerical model,
based on these processes, is developed to predict
the disappearance of S(IV) in oxygenated hematite
suspensions under illumination.
Irradiation of a wide variety of semi-conductor
solids with visible and near UV light results in the
acceleration of rates of surface redox reactions.
Similar processes may possibly play important ro-
les in the atmospheric transformation of SO 2 , al-
dehydes, ketones, and aldehyde addition products.
Whereas, in natural waters photo-induced reduc-
tion of iron (hydrous) oxides will increase the dis-
solved concentrations of Fe(II) aq and Fe(III) aq

above the levels that would be predicted to exist
in oxygenated waters at equilibrium with the at-
mosphere. The net effect of surface photo-redox
reactions may be to increase the rate of iron
cycling in surface and atmospheric waters and to
increase the concentrations of iron species which
may be preferred for biological uptake. Further-
more, reactions which are catalyzed by Fe(III) aq ,
such as S(IV) autoxidation, may proceed at much
higher rates than those predicted by models which
constrain Fe(III) aq to be in equilibrium with an
iron (hydrous) oxide phase. In addition, photo-in-
duced reductions of Mn(III,IV) and Fe(III)
(hydrous) oxides by naturally occurring organics
are likely to play important roles in the geochemi-
cal cycling of these elements.
The overall reaction rate for a given surface pho-
to-chemical reaction of interest in natural waters
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will depend on: i) the relative abundance of the
solid in natural waters, ii) the wavelength depen-
dent quantum yield of surface complexes and/or
of the solid for the given chemical reaction, and
iii) the wavelength dependent light intensity in the
water of interest.
The band model has proven to be a useful model
for understanding the electronic properties of
some solids. In order to assess the potential of a
wide variety of naturally occurring solids for par-
ticipating in surface photochemical reactions, an
examination of the band gap energies of some
well characterized solids may be useful, provided
one realizes that the band theory may not be the
most appropriate model for the electronic proper-
ties of all solids. Within the framework of band
theory, for a solid to participate in surface photo-
chemical reactions of interest in natural waters, its
band gap energy must be constrained to values
less than 4.20 eV, which corresponds to light of
wavelength 295 nm. The minimum energy requi-
red to activate the solid may be altered by surface
coordination, stoichiometric deficiencies, impuri-
ties, and crystal defects, all of which may introdu-
ce energy levels within the band gap.
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IRON UPTAKE AND PHYTOPLANKTON
GROWTH

The kinetics of iron uptake have been studied in
cultures of the coastal diatom Thalassiosira weiss-
flogii, both in chelated (buffered) and unchelated
media. The availability of the iron is governed by

the effective free ferric ion concentration near the
cell surface as controlled by coordination and
redox reactions, and by transport processes. In
media containing high concentrations of chelating
agents, uptake rates in the dark are simply pro-
portional to the equilibrium free ferric ion con-
centration in the bulk solution. Many Fe(III) che-
lates are photoreactive, so that in the light, a ra-
pid reduction of the chelated Fe(III) to Fe(II) and
reoxidation of Fe(II) by oxygen can take place,
leading to an increase in the effective free ferric
ion activity and in uptake rate. In the absence of
chelating agents, iron transport can become limi-
ted by the dissolution rate of iron oxide or by the
diffusion rate near the cell surface depending on
concentrations and mixing conditions. The kine-
tics of uptake are also directly affected by other
trace metals (e.g. Cd) which compete with iron
for cellular transport sites.

Under all conditions, a sizeable fraction of the
cellular iron (20-80%) is bound to the surface of
the cells, and can be readily removed by acidifica-
tion, reduction or chelation. Under steady condi-
tions, that iron is not measurably transported into
the cell and thus the surface bound iron does not
then serve as an iron storage mechanism. Howe-
ver, upon decreases in pH, a fraction of the sur-
face bound iron is released, a large portion of
which is transported into the cell. There is thus a
two step mechanism providing for surface accu-
mulation of iron at high pH (e.g. during the day
when the algae photosynthesize and deplete the
CO 2 locally) and subsequent uptake at low pH
(e.g. during the night when the algae respire and
increase the local CO 2 concentration).

The maximum iron uptake rate is dependent on
the previous iron nutrition of the algae. Under
iron limitation, one can observe increases in maxi-
mum (short term) uptake rates, decreases in cellu-
lar iron, and/or decreases in growth rates depen-
ding on the free ferric ion concentration. The
general relationship among these physiological
parameters has been elucidated quantitatively. At
a "median" free ferric ion concentration (ca. a
10 -20 NO both the short term uptake rate and the
cellular iron concentration are near their maxi-
mum values and result in maximum growth rate.
At higher free ferric ion concentrations, the maxi-
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mum short term uptake rate is decreased in such a
way that the actual steady iron uptake rate, the
iron cellular quota and the growth rate all remain
constant (and maximum). At lower free ferric ion
concentration, the cellular quota decreases in such
a way as to maintain maximum growth rate.
When the cellular iron quota reaches some mini-
mum value, the growth rate itself decreases pro-
portionally to the free ferric iron concentration.
The mathematical model corresponding to these
interactive processes appears generally applicable
to all limiting phytoplankton nutrients. The model
can be further applied to formulate the uptake
and growth kinetic effects of toxicants and to pre-
dict the stable ambient nutrient and toxicant con-
centrations in systems under geobiological control.
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PLUTONIUM SPECIATION
FROM DISPOSAL VAULT INTO MAN

Plutonium is one of the most important compo-
nents of radioactive waste arising from the
nuclear power programme. It is the major transu-
ranic by-product of the nuclear fuel cycle and,
although a considerable proportion of the radio-
element is removed during reprocessing, nuclear
wastes may contain significant quantities of this
element. The chemistry of plutonium — its long
half-life (2.41 x 10 4 years for Pu-239 and
6.55 x 10 3 years for Pu-240), its high specific acti-
vity of a-emission and its chemical toxicity —
make this element of paramount importance in
radiological assessments. Hence, the predicted

chemical behaviour of plutonium in any proposed
radioactive waste disposal site must be care-
fully considered.

The disposal of any radioactive material involves
the encapsulation of the waste within a suitable
matrix and its subsequent placement in either a
natural or engineered repository, known as the
vault. It is intended that this barrier will contain
the waste until such a time that it no longer
poses an environmental threat [1]. However, the
situation in which the vault fails, and the radio-
active material enters the surrounding geosphere
and is ultimately incorporated into biosphere food
chains, must be considered when assessing the
safety of a proposed site.
In order to evaluate the behaviour of plutonium
along the pathway from the vault through the
geosphere to the biosphere, a knowledge of its
physical and chemical forms at each stage is
required. Computer simulation modelling may be
used to predict such information concerning the
speciation of plutonium. Chemical speciation mo-
dels use thermodynamic formation constant data
for all possible complexes which may be present
and compute the equilibrium species distribution
in a given scenario, enabling the most important
plutonium species to be identified. To model a
particular system, it must be fully characterised in
terms of component concentrations, Eh and pH,
together with the physical properties of the dispo-
sal environment pertaining to ion exchange and
sorption phenomena.

Cement is being considered as a matrix for waste
containment for low and intermediate level waste
disposal facilities [2]. Hence, as a first approxima-
tion, the flooded vault may be considered as a
cement solution. Calculation of the speciation of
plutonium in this media has shown that the beha-
viour of this radioelement in the vault is domina-
ted by the high pH encountered therein. Subse-
quent release of this solution into the geosphere is
accompanied by a decrease in pH to the near neu-
tral conditions typically encountered in groundwa-
ters. In this situation, competitive complexing by
inorganic ligands, such as carbonate and fluoride,
and by organic material, becomes important.

The bioavailability of a metal is dependent on its
chemical speciation. Thus, the extent to which
plutonium is taken up by man will be determined
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by its chemical form in the biosphere. Plutonium
can become concentrated in food chains, particu-
larly in the presence of chelating agents, such as
citrate and DTPA, and may be subsequently in-
gested by man. In addition, another important
assimilation route is the inhalation of plutonium
particulates. Again, the chemical form of the plu-
tonium entering the lungs will determine its rate
of removal [3]. Insoluble compounds, e.g. oxides
and fluorides, may take years, whilst soluble com-
pounds and labile complexes, e.g. nitrates and
citrates, may take only a few weeks. The distribu-
tion of plutonium in vivo mimicks that of iron,
being primarily complexed to ferritin, hemoside-
rin, transferrin and citrate [4]. A variety of chela-
ting agents have been developed for plutonium de-
corporation therapy [5]. However, such drugs are
generally only effective if given immediately after
intoxication since plutonium is rapidly incorpora-
ted into tissues and bones where it is inaccessible
to the treatment.

In conclusion, a knowledge of the chemical spe-
ciation of plutonium along the disposal pathway
from vault to man is essential for a full unders-
tanding of its behaviour. Such information allows
accurate predictions of the consequences of ra-
dioactive waste disposal over the long timescale
involved.
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together with proton induced X-ray emission
(PIXE). For amorphous materials solid state
NMR and EXAFS have obvious advantages. We
shall illustrate many of the methods.
A reference for those who know little about the
subject is the book [1) "Mineral Phases in Bio-
logy". 
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RT3.1 — TU 

BIO-MINERALS

RT3.2 — TU  
In the last ten years a few of us have been develo-
ping a new branch of bio-inorganic chemistry,
that of the solid state. Bio-minerals are not a
small class but include Ca, Fe, Si, P, Mn, Sr, Ba,
Al, S, F, Zn, Cu compounds some of which are
amorphous. The minerals are used as structural
units (bone and shell), as protective devices (glass
needles), and as sensors of fields (gravitational
and magnetic). The minerals are usually formed
together with an organic matrix to make a compo-
site material of highly desirable physical proper-
ties. In my opening introduction and in the dis-
cussion I hope that the way in which biological
systems control allotropy, crystal morphology and
crystal packing will become clear. Material science
has a great deal to learn from these bio-minerals
since evolution has imposed upon them a perfec-
tion of the relation between composition, struc-
ture and function. This was necessary for example
in the two-way competition between grasses and
species which eat grass.
A point of equal interest is the recent develop-
ment of methods for the analysis of the mi-
crocrystalline or amorphous materials. The elec-
tron microscope used in various modes is the
main tool for seeing the objects and also for dif-
fraction and lattice imaging. Elemental analysis
has to be carried out on extremely small volumes
and here the electron microscope can be used
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MOSSBAUER AND PIXE STUDIES
OF IRON BIOMINERALS

Biomineralisation of iron is now known to be a
widespread phenomenon, having been reported in
all five living Kingdoms, ranging from Animalia
to Monera. The spatial organisation of these bio-
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minerals and their biosynthesis are of particular
interest since they represent in many cases compo-
site bioinorganic materials of exquisite morpho-
logy and design.
The mature teeth along the radula or tongue of
the limpet Patella vulgata contain hard minera-
lised phases of iron and silicon oxides within an
organic matrix. Mineralisation of the radula teeth
is a continuing process and thus the radula exhi-
bits a spatial and temporal sequence of element
deposition. The distribution of chemical elements
in these teeth has been determined using proton
induced X-ray emission (Pixe). The focussed pro-
ton beam of energy 4 MeV and intensity 100
pA/µm 2 was operated in the scanning mode with
a spatial resolution of ca. 2 µm. The early unmi-
neralised teeth show little evidence of organized
distribution of elements in the already fully
formed organic structure. Progressive mineralisa-
tion however leads to distinct localisation of many
elements including Fe, Si, Ca, P and Cu. The

data can be represented as high-resolution colour-
-coded elemental maps that provide unique in-
sights into the compositional development of these
biomineralised structures.
As an approach complementary to the Pixe stu-
dies, Fe-57 MOssbauer spectroscopy has been used
to determine the chemical form, stoichiometry
and crystallinity of iron present in the teeth. The
spectrum of mature teeth at 1.3 K is composed of
2 magnetically split sextets. The intensity of the
minor sextet decreases as the temperature is raised
and a doublet appears in the centre of the spec-
trum. These and related data indicate that the
biomineralised iron occurs as massive crystals of
goethite (a-FeOOH) and as small superparamag-
netic particles that appear to be poorly ordered.
Comparable spectral analyses of the early matu-
ring teeth and of morphologically distinct teeth
fragments confirm that well-formed crystals of
a-FeOOH constitute a significant amount of the
iron species present.
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THE pH DEPENDENCE OF THE ELECTRON
SELF EXCHANGE RATE
OF AZURIN FROM
PSEUDOMONAS AERUGINOSA
AS STUDIED BY NMR

Several research groups have found that the time
course of the reduction of oxidised cytochrome
c551 by reduced azurin (Az) from Ps. aeruginosa
shows a fast and a slow phase [1,2]. The occur-
rence of two phases has been interpreted as being
due to the presence of a redox active and a redox
inactive form of the Az, which interconvert on a
time scale of 10-100 msec. Later it was concluded
from kinetic experiments that the interconversion
is related to a proton association/dissociation
equilibrium with pK around 7 [3]. Subsequently
the interconversion was linked to the titration
behaviour of a particular histidine (His-35). In a
series of NMR experiments it has been shown
that His-35 participates in an acid/base equili-
brium with the same pK and the same kinetics as
the interconversion of the «active» and «inactive»
forms [4,5]. Protonation/deprotonation of His-
-35, moreover, appeared to be connected with a
conformational change of the protein which quite
clearly affected a number of the Cu ligands [6,7].
Recently GORIN et al. [8] have argued on the basis
of T-jump experiments that the low and high pH
forms of reduced as well as oxidised azurin may
exhibit different redox activities towards cytochro-
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me c551 , but that the biphasic nature of the reac-
tion kinetics does not necessarily imply that one
form of the Az is two or more orders of magnitu-
de more reactive than the other forms, as assumed
previously [3].
As suggested by SILVESTRINI et al. [3], a particu-
larly telling experiment would be the determina-
tion of the pH dependence of the electron self
exchange rate of azurin.
In principle this rate can be obtained from the
NMR spectrum of slightly oxidised solutions of
Az. As long as the so-called «strong pulse» or
«slow exchange» conditions obtain, the exchange
rate can be extracted from the broadening of a
few selected peaks in the NMR spectrum. It has
been demonstrated that the ligand peaks are well
suited to this purpose [9]. Thus the electron self
exchange rate of azurin has been measured under
a variety of conditions. The results will be repor-
ted on the poster. The main conclusion, surpri-
singly, is that at room temperature the self ex-
change rate does not depend strongly on pH or
buffer. There is a clear effect on both the entropy
and enthalpy of activation, but the effect I is of an
isokinetic nature, with an isokinetic temperature
of about 300 K and an isokinetic exchange rate of
about 9 x 10 5 tvr 1 s -1 . The implications for the
redox characteristics of azurin will be indicated on
the poster.
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ELECTRON TRANSFER
AND PROTONATION STEPS
IN THE REDUCTION OF DIOXYGEN
TO WATER BY LACCASE

There are only two classes of oxidases which can
catalyze the complete reduction of molecular oxy-
gen to two water molecules. These enzymes are
the blue copper-containing oxidases and cytochro-
me oxidase. They are shown to share many pro-
perties which are of importance in their ability to
reduce dioxygen without the release of any inter-
mediate. For example, their minimal functional
units contain four transition metal ions which all
take part in the catalytic electron transfer between
one-electron donating reductants and dioxygen.
Earlier studies have elucidated some of the steps
in the electron flow mediated by the proteins
[1,2]. However, in order to understand the me-
chanism of dioxygen reduction it is also necessary
to know how protons are involved in these reac-
tions. Such studies are difficult to perform and
have therefore not been done for any of these
proteins.
Recent studies in this laboratory have shown that
it possible to observe two discrete proton con-
sumption steps during reoxidation of tree laccase
with dioxygen [3].
This has led to a better understanding of how mo-
lecular oxygen is reduced and the nature of the
oxygen intermediate.
It was earlier reported that when reduced laccase
is reoxidized with dioxygen two reaction steps can
be observed [4]. In the first, rapid step, type 1
Cu(I) is reoxidized at the same time as an oxygen
radical is formed. This radical intermediate decays

in a much slower reaction which involves the reo-
xidation of type 2 Cu(I). The type 3 copper pair,
as a rule, acts as a two-electron, acceptor-donor
and no EPR signals are therefore observed from
this site during the reoxidation of the enzyme. It
is therefore not fully established whether the pair
is reoxidized or not in the rapid reaction. If it is
not reoxidized, the oxygen radical would be a
superoxide ion which is probably bound to the
copper pair. If the pair is also reoxidized, the in-
termediate could be an 0 - radical, as suggested
earlier [4]. It could also be a type 3 (Cu 2 -02 )
complex with 0-2 H° on the dioxygen if the O-O
bond has not been broken.
The results from the proton consumption studies
have allowed a distinction between these possible
intermediate species. Two protons are used up in
the rapid reaction with dioxygen. The oxygen
intermediate can therefore not be O2, Oz - or
HOz - . A H 2 02 radical is also less likely since it
would not appear to be as stable as the oxygen in-
termediate has been found to be [5]. It is therefo-
re suggested that the intermediate is an 0 - radical.
The following reaction sequence appears to be
supported by the data: Dioxygen first binds to the
reduced type 3 copper pair and then receives two
electrons to form a peroxide complex with the
reoxidized metal pair. An electron from type 1
Cu(I) is then rapidly transferred to this peroxide
complex. This electron presumably first reduces
one of the type 3 Cu(II) ions before the charge is
further transferred to dioxygen. The increased
charge on dioxygen will then result in the clea-
vage of the O-O bond and one water molecule
and an 0- radical are formed. The radical would
be bound to the copper pair until it is' slowly re-
duced by electron transfer from type 2 Cu(I) as
two more protons are consumed and fully reoxidi-
zed laccase is formed. This mechanism of dioxy-
gen reduction is also occuring during turnover
with the exception of the last step. The fourth
electron is there delivered by the re-reduced type 1
copper.
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INTRAMOLECULAR ELECTRON TRANSFER
BETWEEN TWO METALS BRIDGED
BY SATURATED LIGANDS

Although the transfer of electrons between two
metals is one of the simplest reactions in che-
mistry, important questions have emerged as to
the contribution of distance, molecular structure,
and the driving force to the rate of electron trans-
fer between two redox active sites [I]. In biologi-
cal systems, a systematic variation of the above
mentioned parameters is difficult and often im-
possible to achieve. A systematic study of the role
of distance, molecular structure, and variation in
redox potential in simple inorganic model com-
plexes would thus provide a more thorough under-
standing of the electron transfer processes of me-
talloproteins. Our laboratory has developed a
system to directly measure the rate of intramole-
cular electron transfer between two metals bridged
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by a saturated ligand. An important feature of
our system is that the bridging ligand can be
varied in order to separate the two metals from
3 to 9 A. In addition, both metals (osmium and
cobalt) exhibit reversible electrochemical behavior,
therefore accurate reduction potentials and driving
forces can be measured.
We have used a simple model system in order to
study intramolecular electron transfer between
osmium and cobalt bipyridyl centers. As in our
previous work with ruthenium [2], we have used
cyclic alkyldione dioxime bridging ligands. In the
model compound initially studied (I), (bpy = 2,2'-
bipyridine), addition of one equivalent of Ce(IV)
to the doubly reduced dimer generates the Os(III)-
Co(II) dimer, which in a slow intramolecular
electron transfer step (k et = 7.2 x 10 -5 s -1 ) produces
the more thermodynamically-stable Os(II)-Co(III)
dimer [3].

	[H 2 0(bpy) 2 CoN
	

NOs(bpy)2CI]3'
	O 	

O

	

H	 H

The electron transfer reaction is clearly shown to
be intramolecular based upon (a) the concentra-
tion dependence on the electron transfer rate, and
(b) the determination of the rate of intermolecular
electron transfer between the mononuclear com-
plexes (II, III):

[CI(bpy) 2 0sN N] 2' [H2O(bpy)2CoN =N]2'
O O O O
H H H H

II
	

III

The rate reported herein, the first of its kind in
which the electrochemical driving force is known
[4], (DE = 300 mV), is within the same order of
magnitude as intramolecular electron transfer
rates reported by ANDERES and LAVALLEE [5] and
ISIED and VASSILIAN [6] in systems of unknown
driving force.
This approach has been extended to completely
rigid dioxime ligands having variable Os-Co sepa-
rations. A systematic study of the rates of thermal
intramolecular electron transfer across a saturated
barrier as a function of the distance of separation
is now possible.
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ELECTRON TRANSFER REACTIONS
IN CYTOCHROME C OXIDASE

Cytochrome c oxidase (ferrocytochrome c: oxygen
oxydoreductase) catalyses the electron transfer
from cytochrome c to oxygen. In the mitochon-
drion the enzyme during its oxidation-reduction
process pumps protons [1] across the mitochon-

drial membrane. The proton gradient generated is
used by the ATP-ase to produce ATP. Cytochro-
me c oxidase contains four redox centres which
are all involved in the enzyme mechanism: two
haem a groups associated with cytochrome a and
cytochrome a 3 , respectively, and two copper ions.
The haem iron in cytochrome a and one of the
copper ions (Cu A) are involved in the uptake of
electrons from cytochrome c and the electron
transfer to the dioxygen-binding site. The haem
iron of cytochrome a 3 and the other copper ion
(Cu B) are able to bind dioxygen and to reduce it
to water. X-ray edge absorption spectra of oxidi-
zed cytochrome c oxidase have demonstrated [2]
that the distance between these two metal ions is
3.75 A. This value is in agreement with the distan-
ce of 4.5 A which was obtained [3] from simula-
tions of the triplet EPR spectra of the cytochrome
c oxidase species formed in the presence of azide
and NO. The binuclear copper-iron site is able to
bind two ligands simultaneously as was concluded
from photodissociation experiments on the va-
rious NO complexes of cytochrome c oxidase [4].
These observations lead to further support for the
notion that during turnover of cytochrome c oxi-
dase both metal ions are involved in binding and
reduction of dioxygen and/or intermediates.
Relatively little is still known about the pathways
during turnover via which electrons are transfer-
red from cytochrome a to the cytochrome a 3 -

Cu B pair. It has been shown [5] that in the mi-
xed-valence CO complex upon dissociation or bin-
ding of the CO molecule the various redox centres
in the enzyme change their redox state accord-
ing to:

light –
Xa 3+ •CO `   Xa

3+ 
 ---

X a3+

CO
where X is cytochrome a or Cu A . These electron
redistributions are explained by the changes in the
apparent midpoint potential of cytochrome a 3

when CO binds to or photodissociates from the
reduced cytochrome a 3 [6]. These light-induced
electron transfer reactions can be studied optically
by a steady-state illumination technique or by la-
ser photolysis. Data will be presented that show
that in the partially reduced enzyme a pathway is
present between Cu A and the cytochrome a 3 - Cu B

pair, via which electrons are transferred rapidly
(k =7.10 3 s - t).
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There is evidence that during turnover dioxygen
is reduced to peroxy intermediates [7] via a 2-
-electron transfer process. How these intermedia-
tes are subsequently reduced to water is not clear.
We have therefore studied the reaction of mixed-
-valence carboxy-cytochrome c oxidase, which
contains 2 electrons, with hydrogen peroxide. This
reaction can be studied by photolysis of the CO
compound after mixing with H2 02 under anaero-
bic conditions. The results show that H 2 0 2 reacts
rapidly (k =2.5.10 4 M -1 . s -1 ) with the partially
reduced enzyme to form the fully oxidized enzy-
me. On the time scale of our experiments no other
intermediates were observed. This demonstrates
that under suitable conditions partially reduced
cytochrome c oxidase can use hydrogen peroxide
as a 2-electron acceptor instead of the 4-electron
accepting dioxygen molecule. These results are in
line of those of ORII [8], who showed that cyto-
chrome c oxidase may act as a cytochrome c pero-
xidase.
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MECHANISM AND REGULATION
FOR A COUPLED TWO-ELECTRON
TRANSFER IN A TETRAHAEM
CYTOCHROME

The need for a two-electron transfer process is a
recurrent and elusive problem in biochemistry [1].
Analysis of the relative microscopic midpoint
redox potentials for the four haems of Desulfovi-
brio gigas cytochrome c 3 [2] provides evidences
that this molecule has the potential proper-
ties to optimize this function.
The oxidation of cytochrome c 3 can be considered
to involve five steps which are obtained by succes-
sive loss of one electron [2]: Step O (all haems
reduced) through Step IV (all haems oxidized).
A full description of the redox equilibria involves
16 oxidation states and 32 microscopic midpoint
redox potentials el k ' (the presence of the uppers-
cripts j, k, I, indicates those haems which are
oxidized). The relative values, De is = e ; —e,, as
well as the haem-haem interacting potentials
I i; =e i —el =e,—el, were obtained for D. gigas
cytochrome c3 by a thorough NMR study (see
Table 3 of reference [2]). The microscopic redox
potentials are such that for a dynamic equilibrium
(e.g., in an electron transfer chain) a situation
optimized for a two-electron transfer can be gene-
rated. In order to explain the mechanism by
which this phenomenon is achieved, let us follow

149



ROUND TABLES: 4. ELECTRON TRANSFER PROCESSES

the successive alterations of the microscopic mid-
point redox potentials of each haem throughout
the oxidation at pH = 7.2, starting with the fully
reduced protein (ze12 = —35 mV, ze13 = —36 mV,
and ze14 = —61 mV). Oxidation of the haem with
lowest midpoint redox potentials (haem 1, e l ) mo-
difies the microscopic midpoint redox potentials
of the other haems (el, i =2, 3 or 4). It is impor-
tant to notice that although I12 is positive (+19
mV), 1 13 is negative (-29 mV), altering the values
of e2 and e 3 in such way that e2 <e 2 , e3 >e 3 and
e3 » e3. Haem 2 is now easier to oxidize and
haem 3 becomes more difficult to oxidize. Subse-
quent oxidation of haem 2 has a similar but even
more drastic effect on haem 3 (I23 = + 42 mV) and
haem 4 (I24 = —24 mV). I 23 is so large and positi-
ve that e32 becomes equal to e3, within experimen-
tal error. Thus, oxidation of haem 2 impels the
concomitant oxidation of haem 3. Haem 4 is now
more difficult to oxidize (1 34 = —18 mV). Using
the values given in the table cited above [2] it is
easily seen that a similar situation is also observed
both for the reduction at pH = 7.2 as well as for
the oxidation/reduction at pH = 9.6 of D. gigas
cytochrome c3 .
The above analysis depicts a situation of strong
cooperativity (coupling) between the redox cen-
ters, of Desulfovibrio gigas cytochrome c3 , where
oxidation (reduction) of haem 1 (haem 4) triggers
a process by which two electrons are selected to
be released (captured) in an essentially simulta-
neous way.
It is worth stressing that by purely electrostatic
considerations, the values of the interacting poten-

tials, I,J , should be always negative and could
never be of use for a similar mechanism. Redox-
-linked conformational modifications must be in-
volved. These conformational changes result in
the presence of regulatory redox centers as well as
redox centers actually implicated in the electron
transfer chain.
This regulatory role may be quite general. In par-
ticular, the present knowledge on D. gigas hydro-
genase [3] for which cytochrome c 3 is a coupling
protein, suggests the use of redox centers with a
similar role.
Furthermore, the postulation of these centers
makes it possible to reconcile the need for fast
electron transfer with that of avoiding "short-cir-
cuits" [4]. The ready state for the redox centers
involved in the electron transfer chain, e.g., an
entatic state [5], can only be generated after a
signal has been emitted by the dispatcher redox
center.
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STRUCTURE/FUNCTION CORRELATIONS
OF THE COUPLED BINUCLEAR COPPER
ACTIVE SITE

Chemical and spectroscopic studies of the coupled
binuclear copper active site [1] in hemocyanin and
tyrosinase have led to a spectroscopically effective
model of this metalloprotein site (Fig. 1A). Two
tetragonal cupric ions at — 3.6 A separation with
imidazole protein ligands have an endogenous
bridge (R0 - ) which provides a pathway for strong
superexchange coupling between the equatorial
d _y2 valence orbitals, leading to the EPR-nondetec-
tability of the coppers. Exogenous ligands (i.e.
0 2 -2 in the oxygenated form) bind at the site and
bridge the coppers and axial exchangeable coordi-
nation positions allow for associative ligand subs-
titution. Our recent studies of metalloproteins
containing this coupled binuclear copper site have
focused on correlations between the geometric and
electronic structure of the binuclear copper unit
and the chemical activity of these sites.
The coupled binuclear copper site in tyrosinase
catalyzes the ortho-hydroxylation of monophenols
to o-diphenols and their subsequent oxidation to
o-quinones. Carboxylic acids are competitive inhi-
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bitors of these tyrosinase reactions and, in colla-
boration with Konrad Lerch of Universitüt
Zürich, we have studied [2] the mechanistic and
spectroscopic perturbations of carboxylate binding
to the tyrosinase active site. Carboxylate inhibi-
tors are found to divide into two types. A group
of relatively poor inhibitors (acetate, phenyl aceta-
te, etc.) have binding affinity for the copper site
not different from that for aqueous Cu(II); when
ligated to the half met [Cu(II)Cu(I)] tyrosinase de-
rivative, they produce normal tetragonal Cu(II)
EPR and ligand field spectral features indicative
of equatorial coordination. In contrast, a group
of good competitive inhibitors (benzoate, p-tolua-
te, etc.), which are substrate analogues in the sen-
se that the coordinating carboxylate is conjugated
to an aromatic ring forming a planar structure,
binds to the site with a much higher affinity. Li-
gation of these carboxylates to half met tyrosinase
produces unusual EPR and ligand field spectral
features which reflect c1,2  mixing into the grounds-
tate and indicate a distorted trigonal bipyramidal
copper geometry. A ligand field analysis of the C s

distortion coordinate for associative ligand substi-
tution reactions of tetragonal complexes indicates
that these carboxylate substrate analogues are bin-
ding midway along this coordinate and the protein
pocket is implicated in providing the higher affi-
nity and trigonal bipyramidal geometry. Stabiliza-
tion of substrate in this manner is suggested to
lower the barrier for formation of the ternary
([Cu(II)] 2 , 02-2 , substrate) complex and provide a
favorable geometric and electronic structure for
facile ortho-hydroxylation of phenol in the tyrosi-
nase coupled binuclear copper site (Fig. 1 B).

Laccase is a multicopper oxidase containing one
coupled binuclear copper unit (type 3), one nor-
mal copper (type 2) and one Blue copper (type 1).
Recent chemical and spectroscopic studies [3] of
the native and the type-2-depleted form have indi-
cated that, in contrast to hemocyanin and tyrosi-
nase, exogenous ligands do not bridge the coupled
binuclear copper ions. Azide binding to laccase
has now been studied [4] in considerable detail
using variable temperature absorption, MCD and
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Fig. I

A(left): Spectroscopically effective model of the coupled binu-

clear copper active site; B(right): Proposed geometric and elec-

tronic structure of the ternary intermediate in ortho-hydro-

xylation of phenol by the tyrosinase coupled binuclear

copper site

EPR to probe the geometric and electronic featu-
res of ligand binding by this multicopper enzyme.
Specifically, the combination of low temperature
MCD and absorption spectroscopies has allowed
us to differentiate the charge transfer (CT) featu-
res (temperature dependent MCD) associated with
N3- binding to the paramagnetic type 2 Cu(II)
from those (temperature independent MCD) asso-
ciated with N3 - binding to the antiferromagneti-
cally coupled, and therefore diamagnetic, binu-
clear type 3 copper unit. Further, in a limited
fraction of type 3 sites, N3 - and H' competitively
displace and protonate the endogenous bridge, eli-
minating the superexchange pathway, resulting in
a pair of paramagnetic, dipolar-coupled Cu(II)
centers whose associated N 3--to-Cu(II) CT transi-
tions are observed in the low temperature MCD
spectrum. A correlation of these spectroscopic
studies strongly suggests that low affinity N3-

bridges between the paramagnetic type 2 and the
diamagnetic type 3 binuclear coppers in fully oxi-
dized laccase. High affinity N3- is indicated to
bind to the paramagnetic type 2 Cu(II) in a limi-
ted fraction of the native protein where the type 3
coppers are reduced. Finally, this study has led to
a proposed model (Fig. 2) for exogenous ligand
binding to a trinuclear copper laccase active site,
involving both the type 2 and type 3 coppers,
which may enable the irreversible reduction of
dioxygen to water by this multicopper oxidase.
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a few minutes after addition of gaseous NO yield
an axial EPR spectrum with g 11 =2.76, g 1 =1.84
(Fig. 2). Double integration of the spectrum yields
0.9 spins/2 Fe. Addition of excess N3 or CNO -

but not several other anions results in immediate
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A NITRIC OXIDE ADDUCT
OF THE BINUCLEAR IRON CENTER
IN DEOXYHEMERYTHRIN
FROM PHASCOLOPSIS GOULDII.
ANALOGUE OF A PUTATIVE
INTERMEDIATE IN THE OXYGENATION
REACTION

The preparation and characterization of a nitric
oxide adduct of the binuclear iron site in the non-
-heme oxygen-carrying protein, hemerythrin (Hr)
[1] are reported. Addition of gaseous NO to an
anaerobic solution of deoxyHr results in a nitric
oxide adduct. The optical spectrum of this adduct
is different from that of any other adduct of Hr in
[Fe(II),Fe(II)] (deoxy), [Fe(III),Fe(III)] (oxy
or met) or [Fe(II), Fe(III)] (semi-met) oxidation
levels (Fig. 1). Samples of deoxyHr frozen within

A

Fig. 2

bleaching of the optical spectrum and disappearan-
ce of the EPR spectrum. The anion specificity is si-
milar to that observed for bleaching of the oxyHr
color and demonstrates the reversibility of the NO
reaction. The 57Fe Mbssbauer spectrum of the NO
adduct consists of two quadrupole doublets at 100
K but shows magnetic hyperfine splitting of both
doublets at 4.2 K. The parameters of one of the
doublets are characteristic of high spin Fe(II). The
parameters of the remaining doublet are close to
those of a non-heme ferrous nitrosyl complex ha-
ving S=3/2.  The g values of the EPR spectrum
can be fit by assuming antiferromagnetic cou-
pling of the high spin Fe(II) (S=2) with the
[FeNO}' (S=3/2) leading to a ground state,
S' = 1/2. X-ray crystallography suggests that 0 2

has direct access to only one of the iron atoms in
Hr and binds with a bent Fe-0-O geometry [2].
These data suggest a [Fe(II),Fe(III)NO - ] formula-
tion for the NO adduct of deoxyHr. This forma-
lism is analogous to that of a presumed
[Fe(II),Fe(III)O 2- ] intermediate in the oxygenation
reaction:

I

i
[Fe(II),Fe(II)] (deoxy) +

+0 2 [Fe(III),Fe(III)0 22- ] (oxy)

Our results suggest either that the iron atoms in
deoxyHr are antiferromagnetically coupled or
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become coupled after addition of NO or 0 2 to the
exposed iron, but prior to formal oxidation of the
second iron.
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CHARACTERIZATION OF A NOVEL
COPPER ENZYME:
BACTERIAL NITROUS OXIDE REDUCTASE

The respiratory capability of bacteria is highly
diverse considering the terminal oxidants being
used other than dioxygen. About 25 genera of ta-
xonomically different groups of bacteria respire
nitrate to N2, NO or N 2 0. Three or four terminal
oxido-reductases accomplish this respiratory redox
process. When dinitrogen is the final product of
nitrate respiration, it is formed from N 2 0, invol-
ving catalysis by a novel Cu protein. The enzyme
from denitrifying Pseudomonas perfectomarina
(ATCC 14405) has been isolated and purified to
homogeneity [1]. Nitrous oxide reductase contains
about eight copper atoms per molecular weight
120 000. The protein is a dimer of two presu-
mably identical subunits. Several spectroscopically

distinct forms of the enzyme have been identified.
A "pink" form of the enzyme is obtained when
the purification is done aerobically. The specific
activity of this species is 15-35 nkat per mg pro-
tein as measured by the nitrous oxide-dependent
oxidation of photochemically reduced benzyl
viologen. The spectrum of the pink form has
absorption maxima at 480, 530, 620 and 780 nm
(Fig. la).

	

500	 700
	

900
Wavelength (nth)

Fig. I

Electronic spectra of (a) pink form of enzyme as isolated; (b)

purple form as isolated; (c) dithionite-reduced form

Cells that were broken anaerobically and fractio-
nated excluding oxygen from all chromatographic
steps, yielded a "purple" form of the copper pro-
tein whose catalytic activity was consistently three
to fivefold higher than that of the pink form. The
spectrum of the purple form is shown in Fig. lb.
This form, as isolated, had absorption maxima at
540 and 780 nm. Maxima at 480 and 620 nm
observed in the pink form were found only as
slight shoulders.

EPR spectra of the pink and purple forms of the
enzyme were similar, with the purple form provi-
ding better resolution. A representative spectrum
of the oxidized purple protein is shown in Fig. 2a.
The data suggest the presence of an unusual type
1 Cu. The type 1 Cu is unusual in the sense that
although there is a relatively narrow hyperfine
splitting (A 11 = 35.33 Gauss; g = 2.215,
g 1 =2.033) it does not appear to be associated
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Fig. 2

EPR spectra of (a) purple form of enzyme as isolated in 50

mm phosphate, pH 7.1; (b) pink form after 28 hrs dialysis

against 10 mm EDTA, Tris buffer, pH 7.5 (EDTA was remo-

ved by further dialysis)

with the absorption band at 620 nm. The 620 nm
absorption is ruled out as the LMCT band from
S -- Cu because it is not bleached upon the addi-
tion of reducing agents.
Little change was observed in the absorption spec-
trum or copper content of the pink enzyme form
that had been extensively dialyzed against EDTA.
The EPR spectrum of this material, which is enzy-
matically inactive, is shown in Fig. 2b. Dialysis of
the protein against KCN removed 80-90 % of the
copper and inactivated the enzyme. The addition
of Cu(en) 2 SO4 to the cyanide-treated enzyme re-
sulted in the partial regeneration of the electronic
spectrum of the pink form. The regenerated form
of the enzyme, however, remained enzymatically
inactive.
A "blue" form of the enzyme was obtained by
reduction of the purple or pink form by dithio-
nite or ascorbate. The spectrum of the reduced
form had a single absorption maximum at 640 nm
and is shown in Fig. 1 c. The pink form as isolated
accepted eight electrons in an anaerobic titration
with dithionite. Similar results were obtained
when the absorbance decreases at 530 nm, 470 nm
and 780 nm were monitored. Upon reduction with
dithionite, the type 1 Cu EPR signal disappeared.
A rather broad signal with no hyperfine structure
(g 4V 2.068) remained even in the presence of
excess reductant.

Rev. Port. Quím., 27 (1985)

Attempts to remove part of the copper from the
purple form of the enzyme by procedures which
deplete type 2 Cu [2,3], produced a reduced spe-
cies that showed no loss in copper content. The
reoxidation of this species yielded the pink form
of the enzyme.
The pink and purple forms of the enzyme can be
activated by base. The activity increased about
ten-fold from pH 6 to 10, to give a maximal spe-
cific activity around 330 nkat per mg protein.
Enzyme inhibitors were cyanide, azide, EDTA,
acetylene and fluoride. In addition to measuring
activity by the nitrous oxide dependent oxidation
of benzyl viologen, a direct measurement of ni-
trous oxide reduction and dinitrogen evolution
was done by gas chromatography. Under these
conditions the enzyme became inactivated or inhi-
bited after a few turnovers. Further characteriza-
tion of the copper chromophore should provide a
better understanding of the structure and reacti-
vity of copper sites in enzymes.
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ANION BINDING SITES OF REDUCED
BOVINE COPPER-ZINC
SUPEROXIDE DISMUTASE:
A CI-35 AND HIGH-RESOLUTION
H-1 NMR STUDY

Bovine erythrocyte Cu, Zn superoxide dismutase
(Cu, Zn-SOD) in its oxidized form has been
shown by X-ray crystallography [1] to be a dimer
of two equivalent subunits, with one copper(II)
and one zinc(II) ion per subunit. This protein is
an extremely efficient catalyst of superoxide dis-
mutation (20 2- + 2H° -- 0 2 + H202) and it has
been proposed that this activity is its primary
physiological function in vivo [2]. Although the
site of reactivity for superoxide and several anions
with oxidized Cu, Zn-SOD has been established as
being the copper(II) ion, the anion binding sites
of reduced protein are still a matter of contro-
versy [3]. This is an important question since the
substrate, 0 2 - , is also an anion and is known to
react with the enzyme in both oxidized and redu-
ced forms [2].
FEE and WARD [4] observed that the nuclear mag-
netic relaxivities of solutions of Cl - was larger in
the presence of reduced Cu, Zn-SOD than in the
presence of apoprotein and that addition of CN -

lowered the relaxivity of reduced protein to that
of the apoprotein. The binding of halides to redu-
ced yeast Cu, Zn-SOD was also studied by high-
-field H-1 NMR [5]. Five resonances were assig-
ned to C-2 protons of histidyl imidazoles at the

active site of the reduced protein and three of the-
se were observed to shift upon addition of halide
ions. Although both of these observations are in
agreement with coordination of halide ions to the
copper(I) ion in reduced Cu, Zn-SOD [4,5], they
are also consistent with binding of halide ions to a
protein side chain close to the metal binding
region.
We reanalyzed these data in light of the present
understanding of electrostatic interactions in the
reaction mechanism of bovine Cu, Zn-SOD. It
has been shown from the SOD activity and anion
affinity of proteins chemically modified at Arg-
-141 with phenylglyoxal [6,7] or at Lys-120 and
Lys-134 with succinic anhydride, acetic anhydride
or cyanate [8-11] that these residues are important
anion binding sites in the oxidized protein [12].
We observed that reduced arginine-modified and
reduced lysine-modified SOD (2.1 x 10 -4 NO caused
less broadening of the Cl - resonance than did
reduced native protein when measured under the
same conditions. We also found that the C-2 pro-
ton resonances of histidyl imidazoles of reduced
native SOD and reduced lysine-modified SOD
were shifted upon addition of Cl - whereas this
anion had no effect in the H-1 NMR spectrum of
reduced arginine-modified SOD (even at Cl - con-
centrations as high as 1M). We therefore conclude
that the major anion binding sites in reduced bo-
vine Cu, Zn-SOD are Arg-141, Lys-120, and Lys-
-134 and not the copper(I) ion. Implications of
these findings for the mechanism of superoxide
dismutation of this protein will also be discussed.
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The oxidized, inactive form of the enzyme con-
tains two high spin Fe(III) with DE Q = 0.95 mm/s
and SS = 0.50 mm/s for iron A and DE Q = 1.45
mm/s and SS= 0.60 mm/s for iron B (relative to
a-Fe at 298 K).
Reductive activation by one-electron transfer
changes iron A, characterized now by DE Q =2.65
mm/s and SS= 1.20 mm/s, which is typical for
high spin Fe(II). Iron B remains high spin Fe(III)
with DE Q = 1 . 25 mm/s and 6=0.65 mm/s.
After reduction the visible absorption maximum
of the tyrosinate-Fe(III)-charge transfer band
shifts from 550 nm (purple) to 505 nm (pink),
connected with a resonance Raman shift of the
C-O-stretching mode from 1288 cm - ' to 1296
cm - '. Therefore tyrosine must be coordinated to
iron B.
The results are discussed in regard to the results
of DEBRUNNER et al. obtained on uteroferrin.
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IRON A AND IRON B IN PURPLE
BOVINE SPLEEN
ACID PHOSPHATASE

The two-iron-centre of purple bovine spleen phos-
phatase, in the reduced form hydrolyzing activa-
ted phosphoesters, has been studied by Moss-
bauer-spectroscopy. In presence of dithionite iron
A is released with a first order rate constant
k A=0.110 s - ', iron B with k B= 0.005 s -1 , measu-
red by complex formation with 1,10-phenanthro-
line. Interruption of the release at different times
and addition of 57Fe(III) to the protein allows to
reconstitute an enzyme species with predominantly
( 57Fe-Fe)-centre and a species with ( 57Fe- 57Fe)-cen-
tre. The actual 57Fe-enrichment, which can be cal-
culated from the absorption areas for iron A and
B, is in agreement with the theoretical enrichment,
calculated by the rate constants of Fe-removal.
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PARAMAGNETIC 'H NMR SPECTRA
OF RIBONUCLEOTIDE REDUCTASE
FROM ESCHERICHIA COLI

Ribonucleotide reductase from E. coil consists of
two non-identical subunits, proteins B1 and B2.
Protein B2 contains a dimeric iron center with
two antiferromagnetically coupled ferric ions, and
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a tyrosyl free radical, essential for the enzymatic
activity [1]. Protein B2 can be prepared in its nati-
ve state, or in a state with an intact iron center
but without radical (non-radical state), or as an
apoprotein with neither iron nor radical.
The 400 MHz 'H NMR spectra of protein B2
(approximately 1 mm in 50 mm phosphate buffer,
pH 7.5, 10°C) show paramagnetically shifted re-
sonances in the native and non-radical states (not
present in the apoprotein spectrum). In D 2 0 sol-
vent a peak (half-width —4 ppm) appears around
19 ppm which is due to non-exchangeable pro-
ton(s). In H 2 O solvent an additional peak (half-
-width —8 ppm) is seen around 24 ppm, due to
exchangeable proton(s). A super-WEFT pulse se-
quence was used to suppress the water signals [2].
Hemerythrin, a respiratory protein of lower inver-
tebrates, with a known 3-dimensional structure,
contains an iron center with many spectroscopic
properties in common with that of protein B2 [3].
The paramagnetically shifted resonances of pro-
tein B2 appear in the same region as those of he-
merythrin from Phascolopsis gouldii. In he-
merythrin, the exchangeable proton signals were
assigned to imidazole groups on the histidine li-
ganded to the iron ions [4]. There may be a simi-
lar origin for the exchangeable proton signal(s) of
protein B2. Histidine ligands to the iron center of
protein B2 have also been implicated through
observation of 4 histidines, which are invariant
residues in the amino acid sequences of subunits
equivalent to protein B2 in ribonucleotide reducta-
ses from widely different species [5].
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NMR AND EXAFS STUDIES
OF HEMERYTHRIN COMPLEXES

The binuclear iron site of hemerythrin can be pre-
pared in three oxidation states — Fe(III)-Fe(III),
Fe(III)-Fe(II), and Fe(II)-Fe(II) [1]. The first of
these is associated with the met and oxy forms of
the protein; the second with the semimet forms;
and the third with the deoxy form. All these
forms exhibit isotropically shifted NMR resonan-
ces which can be assigned to the N-H protons of
coordinated histidines [2]. Such protons are nor-
mally observed near 100 and 65 ppm downfield
for imidazoles coordinated to high-spin ferric and
ferrous centers, respectively [3]. In the met, meta-
zido, metsulfido, and oxy forms, these protons
are observed near 20 ppm downfield; the signifi-
cant decrease in the isotropic shift results from
the strong antiferromagnetic coupling between the
ferric centers (J -- —100 cm -1 ) [4]. The similarity
of the shifts observed for methemerythrin and me-
themerythrin sulfide indicates that the presence of
the sulfide does not significantly change the extent
of coupling between the two ferric centers.
EXAFS studies on the metsulfido complex reveal
the replacement of the oxo bridge with a sulfido
bridge, in agreement with resonance Raman argu-
ments [5]. The iron atoms are found to be both
coordinated to the sulfur with an Fe-S bond dis-
tance of 2.22(3) A. The Fe-Fe distance is estima-
ted to be 3.4 A, giving rise to an Fe-S-Fe angle
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of approximately 100°. These structural changes
are expected for the substitution of the oxo bridge
with sulfide.
NMR studies on the semimet and deoxy forms
reveal the N-H signals to be further downfield,
indicating that the extent of antiferromagnetic
coupling between the iron atoms is significantly
decreased. For the semimet azido complex, the
N-H resonances are found at 73 and 54 ppm
downfield with relative intensities of 2:3; these
have been assigned to the histidine N-H protons
coordinated to the ferric and ferrous sites, respec-
tively. Thus the azide is coordinated to the ferric
site, in agreement with resonance Raman data
showing the persistence of the azide-to-Fe(III)
charge transfer transition in this complex [6]. The
temperature dependence of these shifts is best fit-
ted with a J value of —10 cm - '.
The NMR spectrum of the semimet sulfido com-
plex is somewhat more complex. Five N-H reso-
nances are observed in the region of 23-54 ppm
downfield with relative intensities of 3:2:2:2:1.
The temperature dependences of these peaks show
both Curie and anti-Curie behavior, similar to
that observed for the 0-CH2 resonances of the
cysteines in reduced Fe 2 S 2 -ferredoxins [7]. The
data may be interpreted in terms of both possible
mixed-valent complexes with the unpaired electron
localized on one of the iron atoms, i.e. electron
transfer is slow on the NMR time scale.
Deoxyhemerythrin exhibits N-H resonances at 44,
46, and 62 ppm downfield. These signals are per-
turbed upon addition of azide with new resonan-
ces observed at 47, 66, and 77 ppm downfield.
These spectral comparisons show that azide can
coordinate to the iron sites in deoxyhemerythrin.
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RESONANCE RAMAN STUDY
OF THE HYDROXIDE ADDUCT
OF HEMERYTHRIN

Hemerythrin is the non-heme iron-containing res-
piratory protein of several marine invertebrates.
When 0 2 binds to the binuclear active site, the
two iron atoms are oxidized to the ferric state and
dioxygen is reduced to peroxide [1]. Methemery-
thrin, the unligated form of the protein in which
both irons are oxidized to the Fe(III) state, no
longer binds 0 2 , but readily binds small anions
such as N3 - , SCN - , OCN - , and CN - . At high pH,
it binds hydroxide to form hydroxomethemery-
thrin. X-ray crystallographic studies show that the
binuclear iron site of met- and oxyhemerythrin
contains a µ-oxo bridge [2]. This Fe-O-Fe moiety
gives rise to intense near-UV charge transfer tran-
sitions [3]. Excitation within these charge transfer
bands gives strong, selective enhancement of a Ra-
man peak near 500 cm -1 which has been assigned as
the symmetric Fe-O-Fe vibration, v s(Fe-O-Fe) [4,5].
Whereas most methemerythrins have only a single
Raman peak in the v s(Fe-O-Fe) region, hydroxo-
methemerythrin has a strong peak at 492 cm -1 ,
and a smaller peak at 565 cm - ' (Fig. la). Substi-
tution of 180 into the oxo bridge position causes
the 492 cm -1 peak to shift to 478 cm -1

(Fig. lc), prompting assignment of this peak as
v s(Fe-O-Fe). Preparation of hydroxomethemeryth-
rin in H 2 180, under conditions where the bridge
does not exchange, results in a shift of the 565
cm -1 feature to 538 cm -1 (Fig. lb). This shift
agrees with the calculated value (540 cm -1 ) for the
replacement of 1 60 by 180 in the iron-oxygen
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stretch of a bound hydroxide, and we now assign
it as such.
In contrast to the straightforward results from the
oxygen isotope experiments, preparation of hydro-
xomethemerythrin in D 2 0 causes several anoma-
lous shifts in the resonance Raman spectrum (Fig.
Id) [6]. The major peak at 492 cm -1 in H 2 O
(v s(Fe-O-Fe)) shifts to 517 cm - ' in D2 0. This shift
cannot be due to deuterium-induced conformation
changes of the protein since analogous peaks of
deuterium-substituted met-, azidomet-, and per-
chloromethemerythrin do not shift. In addition,
the iron-oxygen stretch of the bound hydroxide at
565 cm - ' shifts only 5 cm -1 in D2 0, which is less
than half the shift expected for the substitution of
OH - by OD - (calc. shift to 553 cm -1 ). This indica-

tes that the hydroxide ligand is involved in the
anomalous D 2 0 effect on v s(Fe-O-Fe).
Although the spectral shifts of hydroxomethe-
merythrin in D 2 0 are unusual, similar results have
been obtained for oxyhemerythrin [5]. Both
hydroxomet- and oxyhemerythrin show anoma-
lous deuterium isotope effects on ligand as well as
Fe-O-Fe vibrations. In addition, these forms of
the protein have v s(Fe-O-Fe) frequencies (492 and
486 cm -1 for hydroxomet- and oxyhemerythrin,
respectively) which are considerably lower than
those of the other ferric hemerythrins (507-516
cm -1 ) [4,5]. We have proposed that these effects in
oxyhemerythrin are the result of a hydrogen bond
between the proton of the hydroperoxide ligand
and the oxygen of the oxo-bridge. Because hydro-
xide is the only other methemerythrin ligand that
is capable of forming a hydrogen bond analogous
to that proposed for oxyhemerythrin, it is not un-
reasonable to propose a similar model for hydro-
xomethemerythrin. In this case, we suggest that
the proton of the bound hydroxide is hydrogen
bonded to the oxo-bridge. Though this appears to
be a strained structure, the strain may be respon-
sible for the large deuterium effect on
v s(Fe-O-Fe). We are currently studying model
compounds which contain elements of this propo-
sed hydroxomethemerythrin structure.
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PRELIMINARY STRUCTURAL STUDIES
ON BACTERIOFERRITIN

Bacterioferritin is a novel multimeric cytochrome
which appears to function both as an electron
transport protein and as a means of storing iron.
A cytochrome, named b 1 , was isolated from
Escherichia coli by DEEB and HAGER [1] who sug-
gested it was a key component of membrane elec-
tron transport systems in this organism. A similar
cytochrome (named cytochrome b557.5), but which
also contained non-haem iron was purified from
Azotobacter vinelandii by BULEN and co-workers
[2] and subsequently characterised more fully by
STIEFEL and WATT [3]. These authors showed
that the protein resembled mammalian ferritin in
several respects and identified it as a bacteriofer-
ritin. A protein from E. colt could be similarly
described [4], since it contained an «iron-core»
surrounded by a shell of protein, although its dia-
meter, measured from electron micrographs, was
somewhat smaller than that of ferritin and the
magnetic properties of its inorganic complex diffe-
red from those of ferritin's iron-core.
We report here preliminary X-ray crystallographic
data for three crystalline forms of bacterioferritin
isolated from E. coil grown anaerobically on ni-
trate. These crystals are monoclinic, tetragonal
and cubic in form. The monoclinic crystals grown
from aqueous solutions containing MnC1 2 have
cell dimensions a = 122.2 A, b = 209.6 A,
c = 118.6 A, a = 118.3° and space group P2 1 .
Tetragonal crystals grown from 2 M (NH 4 ) 2 SO4

solution, also containing MnC1 2 , have

Rev. Port. Quím., 27 (1985)

a = b = 210.61A, C = 145.0 A and space group
P42 2 1 2 but show marked pseudo-cubic symmetry.
Soaking the tetragonal crystals in tetrakisacetoxy-
mercurimethane solution causes conversion to a
cubic form with a= 146.9 A, space group I432.
We interpret these data in terms of a unit cell
containing two molecules each having 24 protein
subunits arranged in 432 molecular point
symmetry to give a packing diameter of 127
This now clearly shows that bacterioferritin does
indeed closely resemble horse spleen ferritin which
has a similar diameter and the same number of
subunits and symmetry, although it contains no
haem. Crystals of all three forms of E. coil bacte-
rioferritin diffract to high resolution (at least
1.6 ,À) and are all suitable for three dimensional
structure determination. This is now being under-
taken.
Structural relationships between the three crystalli-
ne forms of E. colt bacterioferritin, between the
E. colt and A. vinelandii proteins and between
ferritin and bacterioferritin will be outlined and
the functions of these exciting proteins discussed.
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MANGANESE CONTAINING SUPEROXIDE
DISMUTASE.
STRUCTURAL AND SPECTROSCOPIC
INVESTIGATIONS

The known primary structures of three manganese
containing superoxide dismutases (Mn-SOD's)
from S. cerevisae, B. stearothermophilus and
E. coli have been analyzed by the methods of
CHOU and FASMAN [1], GARNIER et al. [2] and of
LIM [3,4] in order to predict the secondary struc-
tures of the three enzymes. The three theoretical
models show satisfactory agreement and predict
that the enzymes have a mixed a-helix, 0-sheet
structure and that they have homologous structu-
res. The former conclusion is also reached from
an analysis of the CD of Mn-SOD from S-cerevi-

sae. The 180-240 nm CD spectra of this enzyme
are compared with the spectra of Mn-SOD from
E. coii [5] to demonstrate the homologous struc-
tures.
The absorption and CD spectra of Mn-SOD are
analyzed and discussed in connection with data
for model compounds.
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ACTIVE SITE FORMATION
IN THE LAST STAGES OF FOLDING
OF CARBONIC ANHYDRASE

Carbonic anhydrase (EC 4.2.1.1) is a zinc
metalloenzyme catalyzing the reaction:
CO 2 + H 2 0 � HCO3 + H+. The enzyme consists of
a single polypeptide chain with no disulfide links
that is folded into a globular structure containing a
distinct active site crevice. The zinc ion is coordinat-
ed at the bottom of the crevice to three histidine re-
sidues from adjacent strands of a large 0-sheet that
passes through the core of the structure. Carbonic
anhydrase is denatured by guanidinium chloride,
forming a random coil at high concentrations of
the denaturant. Below 1 M guanidinium chloride
the enzyme is able to refold from the random
coil to reform the native structure. The protein
(mol. wt. 30,000) is about twice as large as most
proteins for which there is information on the fol-
ding pathway. A unique advantage of carbonic
anhydrase for investigation of the principles that
govern protein folding, over the usual small pro-
teins that have been investigated (e.g. RNase,
lysozyme, cytochrome c), is that the high degree
of folding cooperativity that makes direct obser-
vation of kinetic intermediates exceptionally diffi-
cult is not present in this protein. Intermediates in
the folding are known [1-6].
Our objective in this project is to determine chan-
ges in structure and bonding that occur in the
active site in the last stages of the folding process.

162	 Rev. Port. Quím., 27 (1985)



550nm

^	 ^	 I 

700
I	 I 	I 	I	 1
	

I	 I

	500
	

600

2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

For this purpose, we have modified the carbonic
anhydrase by substitution of cobalt(II) for
zinc(II). The Co(II) enzyme, unlike all other me-
tal-substituted derivatives, has catalytic properties
closely similar to the native zinc enzyme. We have
studied the folding of the Co(II) enzyme and have
made some comparisons between the folding kine-
tics of the Co(II) and Zn(II) enzymes. Measu-
rements have been made on both the type I and
type II carbonic anhydrases.
Using 13 C NMR spectroscopy, we have investi-
gated 1) catalysis of the exchange reaction
CO 2 + H 2 O HCO3 + H . and 2) the binding of
HCO3 in the active site of the Co(II) modified
enzyme during the folding process. Using UV and
visible spectroscopy, we have also studied 3) the
changes in coordination geometry of the metal
during folding, 4) the transfer of aromatic
side chains from contact with the solvent to form
the globular structure and 5) the time course for
the recovery of esterase catalytic activity. Overall,
the data indicate that the folding of Co(II) carbo-
nic anhydrase proceeds via a stepwise acquisition
of folded structure through at least two well
populated intermediate states: X 1 and X2.

fast 1 min 19 min
U X1 X2 N

The results provide clear evidence that the active
site is completed during the last and slowest phase
of the protein folding process, and rule out any
possibility that the slow phase arises from slow
cis-trans isomerizations of proline peptide bonds
in the fully unfolded state U as has been suggest-
ed for other proteins. This paper concentrates on
the structural changes occuring in the active site
during the X2 N reaction.

The distinctive visible absorption bands produced
by the Co(II) in cobalt carbonic anhydrase provi-
de a sensitive intrinsic probe of the geometry of
the metal site during folding. Previous folding ex-
periments demonstrate the utility of this probe
[7,8]. The native state of the enzyme has a distor-
ted tetrahedral metal coordination geometry, re-
flected in an unusual visible absorption spectrum
(cf. top curve in Fig. 1). The spectral changes ob-
served during the X2 — N reaction are illustrated
in fig. 1. Judged by the spectral changes, the dis-
torted tetrahedral coordination geometry is for-
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med in the last stage of folding. Prior to the last
stage, the protein exhibits low absorbance a cha-
racteristic of octahedral coordination. At any
wavelength, the kinetics fits a single exponential
curve with a corresponding half-life of 19 min.

0.04

LL, 0.03
v
Z

m 0 .02
ce
O
m 0.0 1

0.0

WAVELENGTH, (nm)

Fig. I

Changes in the visible absorption spectrum during the folding

of cobalt(II) carbonic anhydrase II. The first curve is for the

enzyme denatured in 4.9 M guanidinium chloride. The other

curves are measured 7 min. apart during the folding process.

Measurements made in 10 cm cell containing the sample at pH

7.5, room temperature

By measuring the NMR linewidth for both CO 2

and HCO3 at two field strengths, we have deter-
mined both the paramagnetic effects that reflect
substrate binding and the exchange effects due to
catalysis at chemical equilibrium. The following
results were obtained for the refolded type I enzy-
me at 14°C and pH 6.3: 1) HCO3 is bound to the
catalytically competent enzyme with the carbon
3.2 A from the cobalt, 2) the catalyzed exchange
rate is 1.0x 10* s -1 . From this and previous NMR
data [9,10], we conclude that carbonic anhydrase
functions as an efficient catalyst of the
CO 2 + H 2O HCO3 + H . reaction through an in-
ner sphere mechanism that involves direct coordi-
nation of the HCO3 to the metal ion in the acti-
ve site. The NMR results obtained during folding
(fig. 2) indicate that this catalytic ability is formed
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Fig. 2

Changes in the linewidth of the Ht3C0t resonance during the

folding of zinc carbonic anhydrase II. The linewidth is used to

measure the recovery during refolding of catalytic activity for

the "CO2 + H2 O .-11 13CO3 - + H' exchange reaction. Measure-

ments made at pH 6.8, 24°C. The numbers at the side of each

curve indicate the time of refolding in min.

in the X2 — N reaction coincidentally with the for-
mation of the distorted metal geometry in the last
stage of the folding process.
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WATER PROTON RELAXATION
PROPERTIES OF MANGANESE(II)
PROTEINS:
A NEW THEORETICAL FRAMEWORK

Water proton relaxation data as a function of
magnetic field (NMRD) performed on
manganese(II) containing proteins have since now
escaped rationalization on the ground of existing
theories [1]. Interesting attempts have been made
to circumvent inadequacies of the theory [2] by
the combined use of high field 1 H and 2H relaxa-
tion data, but the presence of strong contributions
from second sphere and outer sphere water to the
overall relaxation of solvent nuclei complicates the
analysis of the data.
A theoretical treatment has been recently develo-
ped in our laboratory [3-5] to take into account in
a general way all the meaningful perturbations of
the electron spin levels in the spin-hamiltonian
formalism and to evaluate their effects on the lon-
gitudinal relaxation of nearby nuclei brought
about by dipolar coupling with the unpaired elec-
trons.
We have separately evaluated here the effects on
water proton relaxation of a possible small zero-
-field splitting of the manganese(II) S = 5/2 mani-
fold, and of hyperfine coupling (assumed isotro-
pic) of the unpaired electrons with the I = 5/2
55Mn nucleus. Both are theoretically found to
decrease the low field (0.01-0.1 MHz) relaxation
rates, and to leave the high field relaxation
rates unaltered. According to this finding, fitting
of the available data to the standard theory has

164	 Rev. Port. Quím., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

lead to an underestimate of the zero-field electro-
nic relaxation time ro and hence to an overestima-
te of the hydration number of the protein-bound
manganese(II) ion. As previously noted from mo-
re qualitative considerations, however, inclusion
of zero field splitting alone still leads to a fitting
of the data with an unreasonably large hydration
number [1].
If the effect of the hyperfine coupling is taken
into account a sensible improvement of the overall
picture is obtained. The performed calculations
and the best fit parameters obtained for various
manganese(II) proteins will be discussed in detail,
together with some considerations on the combi-
ned effects of both zero-field splitting and hyper-
fine coupling being operative in the same system.
It will be shown that in any case the treatment
gives a satisfactory description of the overall
NMRD profiles.
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EXTENDED SITE BINDING INTERACTIONS
BETWEEN CONCANAVALIN
A AND GLYCOPEPTIDES
AND OLIGOSACCHARIDES

We have previously provided evidence that simple
mono- and oligosaccharides bind to Concanavalin
A (Con A) via single glycoside interactions, i.e.,
to a one residue size binding site. More recently,
we have shown that a high mannose type glyco-
peptide interacts with the protein differently than
simple mono- and oligosaccharides. We have
extended these studies, using solvent nuclear mag-
netic resonance dispersion measurements, by
investigating the effects of binding several high-
-mannose type glycopeptides isolated from oval-
bumin on the conformation of Con A, as well as
several synthetic oligosaccharides which resemble
portions of the carbohydrate moieties of high
mannose and complex type glycopeptides. We
show that a trimannosyl moiety, which is a struc-
tural feature of both high mannose and complex
type glycopeptides, is the predominant recognition
site of binding to Con A in these glycopeptides.
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EFFECTS OF Ca 2+ AND Zn 2+

ON THE 'H NMR PROPERTIES
OF BOVINE S100b

The S100b protein belongs to the Cat+ binding
protein family which includes proteins such as cal-
modulin, troponin-C and the intestinal calcium
binding protein (ICaBP). The latter protein is clo-
sely related to the /3 subunit of S100b (00) in that
it, too, possesses a modified EF hand structure in
addition to a regular EF hand. Recent studies
show that S100b not only binds four Cat* ions
strongly but also four Zn 2+ ions with very high
affinity and that Zn 2+ increases the protein affi-
nity for Cat+. Likely candidates for Zn 2+ binding
are the five His residues found per S100b mono-
mer in contrast to other calcium binding proteins
containing one His at the most.
In the aromatic region of the NMR spectrum of
S100b only five His C-2 resonances are found
(Fig. 1). From this follows that the two subunits
have identical environments. The pH dependence
of the C-2 resonances reveals a wide spread in
pKa values: three of these residues are markedly
basic (8.0, 8.6 and 9.1) and must therefore have
an acidic environment; one His shows a normal
pKa (<6.5) whereas the last His is acidic (<6.0).
These values are approximate since complete titra-
tion curves are not obtained. The pKa values of
all five His appear to be lowered by approxima-
tely 0.5 pH units in the presence of 60 mm NaCl.
Monovalent cations are known to antagonize Cat+

Fig. I

1 1-1 NMR convolution difference spectrum at 270 MHz of 0.25
mm S100b in 10 mw Tris 2 HCI, 72 mm NaCI, pH* 7.6. The

following resonances have been labeled in the spectrum: His

C-2 resonances (1-5); the 3,5-ring proton doublet of the single

Tyr residue (6); the Met methyl resonances (7,8) and two ring

current shifted methyl resonances (9,10). The two resonances

marked with an asterisk do not belong to the protein

binding to S100b, and since Cat+ binding is pH
dependent, the effect of NaCI on the protein may
thus be rationalized as an indirect effect on a pH
dependent conformational equilibrium involving
different Cat+ affinities for the protein.

A pH dependent conformation change is also ma-
nifested in the chemical shifts of several Phe reso-
nances having secondary shift contributions and
ring current shifted methyl resonances upfield of
O ppm, mostly all of which shift toward their pri-
mary positions as the pH is lowered. Full titration
curves are not obtained but the pKa for this pro-
cess must be below 7. The effect of NaC1 on these
resonances is similar to that observed for the His
resonances.
Calcium drastically alters the appearance of the
aromatic region of the NMR spectrum at pH
8.25. Several Phe resonances with secondary shifts
disappear under the main envelope of Phe reso-
nances. The largest effect is seen for the first two
Cat+ ions, which appear to bind slowly on the
NMR time scale, whereas the next two equivalents
only have minor effects at this pH. Addition of
120 mm NaCI to the Cat+ saturated protein indica-
tes that it is the Cat+ in the high affinity Cat* sites
that is mostly antagonized by this salt.
Zinc also affects the NMR spectrum of S100b
profoundly. The first two equivalents of Zn 2+ bind
to S100b in the slow exchange limit causing three
His C-2 resonances to disappear and several Phe
resonances to shift to new positions still retaining
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some of the secondary shift contributions. It is
noteworthy that the 3,5-ring proton resonance of
the single Tyr residue also is perturbed, in con-
trast to Ca 2+ binding. In the aliphatic region the
methyl resonances upfield of O ppm disappear
with a concomitant appearance of two new reso-
nances between 0-0.5 ppm. Also notable is that
the three resonances stemming from the Met resi-
dues in a-helices III and IV are significantly per-
turbed in this case.
The next two equivalents of Zn 2+ cause all Phe re-
sonances with secondary shifts to disappear under
the main Phe envelope. The remaining two His
C-2 resonances also disappear. The former obser-
vation agrees well with UV difference spectros-
copy showing that the Phe residues are exposed to
the solvent. Corresponding changes in the alipha-
tic region show that the Met residues now have
approximately identical environments. Also Zn 2 +
ions three and four bind to S100b with slow ex-
change on the NMR time scale. Addition of four
equivalents of Cat+ to the Zn 2+ saturated protein
results in the appearance of at least three His C-2
and C-4 resonances at new positions, indicating
that the protein structure now is more well defi-
ned or that motional averaging is more effective.
From these data, Coe' binding studies (this ion
competes with Zn 2+ for binding sites three and
four as found by flow dialysis) and the assump-
tion that the folding of the peptide backbone es-
sentially follows that of the structurally related
ICaBP, it is possible to assign the His residues in-
volved in Zn 2+ binding. A schematic structural
model for the effects of pH, salt and Zn 2+ binding
on the Cat+ binding of S100b has been formula-
ted.
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FT-IR STUDIES OF THE ACTIVE
SITES IN AMINOACYLASE

Aminoacylase is a Zn enzyme consisting of two
subunits and containing one Zn(II) ion in each
subunit which is necessary for the activity. Re-
search has been done on the chemical modifica-
tions of some amino acid residues in aminoacyla-
se. But there has been no direct information
about the structure and function of the active sites
concerning Zn. IR spectroscopy is a powerful tool
for studying molecular structures. But the applica-
tions of IR spectroscopy to biological molecules
have long been limited because of difficulties like
spectral interpretation, interference of water, and
low concentration. And there has been no report
on the study of active sites in metallo-enzymes by
use of IR spectroscopy.
In this paper, an attempt is made to study the IR
absorptions of aminoacylases in aqueous solution,
and to acquire information about Zn(II) and its
coordination surrounding on the active sites of
aminoacylase. As far as we know, this is the first
attempt of its kind. Our results indicate that di-
rect information of Zn can be clearly demonstra-
ted in the IR spectra, and this method could be
used for advanced studying about the structure
and function of aminoacylase or other metallo-
-enzymes.

MATERIALS AND METHODS

The aminoacylase, isolated from porcine kidney,
and purified by chromatography on Sephadex
G-150 and DEAE cellulose, was homogeneous as
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judged by gel electrophoresis. Its specific activity,
measured at 37°C, pH = 7.0, with N-acetylalanine
as substrate, was about 80 U/mg protein. The Zn
free apoaminoacylase was obtained by chelating
Zn out with O-phenanthroline [1]. The Co substi-
tuted aminoacylase, and Co substituted aminoacy-
lase in 0.1 M phosphate buffer containing 1 mm
Co(II) was obtained by adding Co(II) to metal
free apoaminoacylase [1].
The solution samples of aminoacylases were run
in liquid film with polyvinyl plates as windows.
Their far IR absorptions were measured with a
Nicolet 170 XS Fourier Transform Infrared Spec-
trophotometer, in the frequency range of 530 cm -1

to 100 cm -1 . The spectrum of water was obtained
in the same way.
The far IR absorption spectra of aminoacylase,
metal-free aminoacylase, and Co substituted ami-
noacylase in aqueous solution were obtained by
digitally subtracting the absorbance contribution
of water from the solution spectra of the samples,
and that of the Co substituted aminoacylase exis-
ting in the environment with free Co(II) ions was
obtained similarly.

RESULTS AND DISCUSSION

As shown in Fig. 1, the absorbance spectra of
water and of aminoacylases aqueous solutions are
almost indistinguishable from each other. The rea-
son is that the absorption of water is so strong
that it masks the absorptions of enzymes. But the

Fig. 1

The far IR spectra of redistilled water, aqueous solution of

aminoacylase (8 mq/m1)2, and the subtracted spectrum of ami-

noacylase in aqueous solution (10 mq/m1) 3

absorptions of the enzymes can be clearly demons-
trated in the difference spectra (Fig. 1 and Fig. 2).
Because it is impossible to find independent peaks
of the samples and of the solvent, we chose the
subtracting factors according to the criterion that
the difference absorptions are near zero at the wa-
venumbers where the solutions have their mini-
mum absorptions. The absorbance spectrum of
water is relatively flat at the far IR range, so the
error of this method could be permissible for qua-
litative considerations.
Absorptions of proteins in far IR range have
seldom been studied and are said to be caused by
vibrations of the backbone. Up to now, there has
been only one report on using far IR spectroscopy
in the study of enzymes. In the case of metallo-
-enzymes, the metal ions are much heavier than
ordinary atoms in proteins. So the vibrational ab-
sorptions concerning metal ions should appear in
the far IR range if they could be strong enough.
Our experiments show that (see Fig. 2) a peak bet-
ween 510 cm -1 and 500 cm -1 appears only when

Fig. 2

The subtracted far IR spectra of Zn-aminoacylasé , meta! free

apoaminoacylase2, Co-substituted aminoacylase3, and Co-subs-

tituted aminoacylase existing in the environment with free

Co(II)4

the metal ion exists, whether it is Zn(II) or Co(II).
And this peak of Co substituted aminoacylase is
shifted to higher wavenumbers (about 2 cm -1 )
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comparing with that of the Zn aminoacylase. For
these reasons, we tentatively assign the peak to
the vibrational absorptions of the metal ions and
the coordinated atoms in the active sites of ami-
noacylase. One prerequisite for this assignment is
that the conformation of the aminoacylase re-
mains the same when Zn is removed or when Co
is put in. And an experimental evidence which
supports this hypothesis is that the fluorescence
emission spectra of aminoacylase with metal ions
are fundamentally the same as that of the apoami-
noacylase, while it has been known that ami-
noacylase has twelve tryptophan residues, and one
of them is necessary for the activity.

The specific activity of the Co-substituted ami-
noacylase is higher in the presence of free Co(II)
ions than in their absence. For Zn aminoacylase,
the existance of some free Co(II) ions can also in-
crease its specific activity [1]. These facts indicate
that there are some metal ions, other than those
firmly situated in the active sites, which can acti-
vate aminoacylases somehow. It can be found
from Fig. 2 that the Co-substituted aminoacylase
has very similar absorbance spectra under the two
different conditions mentioned above. The posi-
tions of the peak which is believed to reflect the
vibration between metal ions and the coordinated
atoms are the same in the two cases. This indica-
tes that free Co(II) ions do not influence the envi-
ronment of the Co(II) ions in the active sites very
much. More experiments will be needed to explain
how free Co(II) ions influence the activity of ami-
noacylase.
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BROMOPEROXIDASES FROM SEAWEED:
A NOVEL CLASS OF ENZYMES
CONTAINING VANADIUM?

Marine organisms, and in particular algae, accu-
mulate a wide variety of halogenated compounds
which show antimicrobial activity and which may
have a function in systems involved in chemical
defence [1,2]. In the biosynthesis of the bromi-
nated compounds bromoperoxidases participate.
Bromoperoxidases from red [3] or green algae [4]
have been studied in some detail, but little is
known about the enzyme found in brown algae
[5,6]. In this contribution data are presented on
the properties of bromoperoxidase from the
brown algae Ascophyllum nodosum which was
recently purified by us [7].
It is known [8] that bromoperoxidases from mari-
ne origin show a pH optimum in the bromination
reaction and this was also observed in the bromo-
peroxidase from Ascophyllum nodosum. The
enzyme shows distinct pH optima, the position of
which was determined by the concentration of
H 2 02 and Br.
At low pH values, the enzyme is inhibited by an
excess of Br. However, high concentrations of
H 2 02 (1-5 mm) do not inhibit the enzyme. The
complex steady-state kinetics correspond to a
ping-pong mechanism in which H 2 02 first has to
oxidise the enzyme before Br or H . are bound.
When Br or H . are bound to the enzyme before
H 2 02 has reacted, these substrates act as inhi-
bitors.
Surprisingly, although the brominating activity (90
amoles monochlorodimedone brominated per min
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per mg of protein) is comparable to that of other
haloperoxidases that contain haem, the bromope-
roxidase even at high protein concentration (10
mg/ml) does not exhibit a Soret peak typical of a
haemoprotein. Recently, it was reported [6] that
the bromoperoxidase activity, after inactivation of
the enzyme at low pH, could be restored at high
pH by addition of vanadium. This observation
[6], which we could confirm, prompted us to de-
termine the vanadium content of our preparation.
Indeed, analysis demonstrated that a considerable
amount of vanadium was present in our purified
bromoperoxidase preparation. The amount of
vanadium per mg of protein was high enough to
be studied by EPR at low temperature.
In the oxidised state, the enzyme as isolated does
not show signals that can be attributed to vana-
dium. Also, addition of Br - or H 2 0 2 was without
effect. However, upon reduction with dithionite,
an EPR spectrum was observed which showed the
typical hyperfine splitting of vanadium (I = 7/2).
EPR experiments are in progress to determine
whether the valence of this metal ion changes
during catalysis. If this should be the case, a
novel class of enzymes that contain vanadium as a
prosthetic group has been discovered.
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ISOLATION OF THE DNA
SEQUENCE CODING
FOR PSEUDOMONAS AERUGINOSA
AZURIN

The mechanism of electron transfer by metal-
loenzymes has been the basis of extensive
research. One of the unanswered questions in the
field is the importance of relative metal ion and
protein orientations to the electron transfer rate.
Important data have been accumulated for pro-
tein-protein interactions [1,2] and for protein-
-small molecule electron transfer reactions [3-5]
with the "blue" copper proteins. Azurin, a
"blue" copper protein isolated from P. aerugino-
sa, is an ideal donor/acceptor protein to study be-
cause: a) the protein sequence is known [6]; b) the
X-ray structure is reported [7]; and c) electron
transfer rates between azurin and other proteins
and small molecules are tabulated [1-5].
Our entry into this field hopes to exploit the new
biotechnology known as site specific mutagenesis.
The single "blue" copper atom in azurin is coor-
dinated in a distorted tetrahedral geometry by ni-
trogen atoms from His-46 and His-117 and sulfur
atoms of Cys-112 and Met-121 [7]. We propose to
develop a retroazurin in which residues 112 and
121 are changed to Met and Cys, respectively.
This alteration of the protein sequence will result
in a change in the long axis (Cu-Met) in the dis-
torted tetrahedral environment of the copper.
Besides generating a unique modification of the
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original site in the protein which is accessible to
physical studies, the effect of the metal ion orien-
tation on the electron transfer process can be
addressed.
The first step in developing a new protein is to
isolate and sequence the native DNA for the azu-
rin gene. This report describes our progress in this
endeavor.
We have used a DNA synthesizer to construct an
oligonucleotide which is complementary to the
mRNA encoding for amino acids 11-17 of azurin.
The probe (shown below) is 20 nucleotide bases
long and 32 fold redundant.

CTP-GTA-TAC-GTQ-AAP-TTP-TG
(where P = A or G and Q = C or T)

Purification of the probe was accomplished
with a 0.1 M triethylammonium acetate pH
7.1/acetonitrile gradient which varied linearly
from 15 to 40% acetonitrile over a 20 minute
period. The probe eluted from the C-18 rever-
se phase column after 13 minutes (Fig. 1).
The probe was then labelled with 32P using
T4 polynucleotide kinase and ATP [y- 32P].
This radioactive probe is being used in southern

Fig. 1

HPLC elution profile of oligonucleotide probe used in sou-

thern blotting experiments. The probe elutes after 13 minutes.

Peak 1, solvent front; Peak 2, failure sequences (i.e., probes
of improper length); Peak 3, benzamide; Peak 4, desired oligo-

nucleotide probe

Rev. Port. Quim., 27 (1985)

blotting experiments against gene banks of the
P. aeruginosa chromosome [8] to determine
which group of clones contain the azurin gene.
In addition, colony blotting experiments will allow
isolation of the cloned gene. With these data
in hand, we will isolate and sequence the DNA
coding for the azurin gene. Our progress in the
isolation of the proper clone, the determination of
the DNA sequence of the azurin gene and deter-
mination of the sequence homology between the
native DNA sequence and that predicted from the
amino acid sequence will be reported.
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THE EFFECT OF MOLYBDENUM
ON NITROGEN FIXING ORGANISMS

Biological nitrogen fixation is carried out by pro-
karyotic organisms and blue-green algae, mediated
by the enzyme nitrogenase. Molybdenum is a
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constituent of the MoFe protein of the nitroge-
nase complex. The absence of Mo has been shown
to prevent the synthesis of nitrogenase, but it
is not clear how Mo regulates or how Mo04 -

accumulation is regulated.
Nitrogenases from different bacteria have very si-
milar properties. The enzyme consists of the two
oxygen-labile proteins — component I (which has
two copies each of two different subunits and
contains iron and molybdenum atoms) and com-
ponent II (which has two copies of a single subu-
nit and contains the site of substrate binding and
substrate reduction). The active site of nitrogenase
resides in an iron-molybdenum cofactor (FeMo-
-co) that is a part of component I. The role of
component II is to reduce component I.
MoFe proteins are complex metalloproteins with
MW around 220,000, containing two molybdenum
atoms with about 30 iron atoms and a slightly
smaller number of acid-labile sulphur atoms per
molecule. Miossbauer studies have resulted in iden-
tification of three types of metal centre named
"P" clusters (16 Fe), the FeMo centres (12-16 Fe)
and "S" atoms (2 Fe).
Mo-uptake is energy-dependent and is repressed
by NH; (2 mM) and high concentrations of Mo04 -

(1 mM) in Clostridium pasteurianum. In Azoto-
bacter vinelandii, Mo-uptake was not inhibited in
the presence of NH4, although the rate of uptake
of MoO; - was slower. During derepression of
Klebsiella pneumoniae both uptake and nitrogena-
se activity were maximal at 1 µM MoO4 - and upta-
ke was inhibited by NH¡. Azospirillum brasilense
showed the maximal nitrogenase activity in vivo at
a Mo04 concentration of 2 µM. C. pasteurianum
and A. vinelandii have Mo-storage proteins which
bind MoO2, - transported into the cell, but K.
pneumoniae does not. The steps in the transfor-
mation of MoO, - to the Mo-S environment of
FeMo-co may be expected to be very similar in all
nitrogen fixing organisms.

ACKNOWLEDGEMENTS
These studies were supported by the Maringá State University,

Paraná, Brazil, and by the Ministry of Education of Japan

(Monbusho).

Present address: Department of Agricultural Chemistry,
Faculty of Agriculture; Tohoku University — Sendai 980,
Japan.

PS1.19 — TH

RICHARD C. REEM
JAMES W. WHITTAKER
EDWARD I. SOLOMON
Department of Chemistry

Stanford University

Stanford, California 94305

U.S.A.

SPECTROSCOPIC STUDIES OF NONHEME
IRON ACTIVE SITES

Nonheme iron active sites are involved in the inte-
ractions with 0 2 in oxygen transport (hemeryth-
rin, Hr), superoxide dismutation (iron superoxide
dismutase, FeSD) and lipid peroxidation (soybean
lipoxygenase, SBL). We have used a combination
of variable temperature absorbance, CD, MCD,
and EPR spectroscopies to obtain information on
active site electronic structure relating to biolo-
gical function of these iron sites in both ferric and
ferrous oxidation states.
The structure of the binuclear iron active site in
Met<Fe(III)Fe(III)>Hr is known to high resolu-
tion from X-ray crystallographic studies, which
show two irons bridged by an oxo anion as well
as aspartate and glutamate carboxylates. One iron
is hexacoordinate, bound by three histidyl residues
in addition to the bridging ligands; the other
iron is pentacoordinate in the Met protein (three
bridging ligands plus two histidyl residues) and
binds exogenous ligands such as N3, or 0 22- in the
oxygenated protein. The results of variable tempe-
rature absorbance and CD spectroscopy allow us
to distinguish for the first time electronic transi-
tions associated with each iron in the active site
and to observe the changes which occur at each
iron with temperature and exogenous ligand
binding. This, coupled with polarized single
crystal absorbance data leads to detailed insight
into the electronic structure of the site and pertur-
bation by binding of peroxide.
In contrast to the well defined geometric structure
of the Met Hr iron site which has emerged, the
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deoxy Hr active site is known at a lower resolu-
tion. In addition, previous spectroscopic studies
have been impaired by the absence of absorbance
features clearly associated with the iron in the
accessible spectral range. The application of varia-
ble temperature CD and MCD have allowed us to
detect the Fe(II) ligand field transitions of deoxy
Hr near 1000 nm and use them as probes of the
iron site in this oxidation state. The MCD spec-
trum of deoxy Hr is shown in Fig. 1A. At 5 K,
the zero field CD spectrum is coincident with the
5 T MCD spectrum. As the temperatue is raised,
while keeping the field constant, an MCD signal is
observed, reaching a maximum intensity near 65
K and declining at higher temperatures. Assuming
a largest reasonable value for the zero field split-
ting to be D= 12 cm - ' this MCD data requires
an antiferromagnetic exchange interaction
—J>13±5 cm - ' within the binuclear center.
Model studies have shown that the carboxylate
bridges cannot account for an exchange of this
magnitude. A hydroxo or oxo bridge would provi-
de the required coupling, and, although the possi-
bility of a protein conformational change which
introduces a new bridging ligand cannot be ruled
out, a hydroxo bridge is most likely present in
deoxy hemerythrin. This data, combined with CD
data which indicates the presence of one 5- and
one 6-coordinate iron, allows us to present the
following model for the deoxy Hr active site:

\ Fé'^^C^^'Fe/
s z ^/ s z

H

CD studies of the Fe(II) ligand field bands in
deoxy Hr show that N3 and OCN - bind at the
pentacoordinate iron in deoxy Hr, each with a
single binding constant of about 70 m -1 . F - also
binds with KB- 7 m-1 , but no other anions have
been found to bind with KB >0.5 1vr 1 . Binding of
anions generates large changes in the CD and
MCD spectra of deoxy Hr, as illustrated in Fig. 1.
The MCD spectrum of deoxy N3 Hr (Fig. 1B) in-
dicates a groundstate paramagnetism which satu-
rates at low temperature with g >8. We also
observe an unusual Fe(II) EPR signal (Fig. 1C)

Fig. /

EPR and MCD Spectra of Deoxy and Deoxy-N3 Hemerythrin

with geff —
 13. The observation of paramagnetism

indicates that the groundstate magnetic properties
of the binuclear ferrous site are no longer domi-
nated by antiferromagnetic coupling. The most
probable explanation of this effect is the breaking
of, or perturbation of the hydroxo bridge. This
could result in labilization of the oxo bridge
which would be consistent with the observed ra-
pid exchange of the bridge oxygen with solvent
water in the presence of N3 or OCN - .
Similar studies on the ligand field spectra of the
ferrous mononuclear iron active sites in FeSD and
SBL are providing information on the environ-
ment and accessibility of the iron in this oxidation
state. Transitions observed near 1000 nm in CD
and MCD spectra reflect the coordination envi-
ronment of the iron centers and have been used to
probe ligand binding to the ferrous sites. In addi-
tion, we have used low temperature MCD spec-
troscopy to probe the mononuclear iron sites in
the ferric enzymes and their interactions with exo-
genous ligands.
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EPR AND MOSSBAUER STUDIES
ON DESULFOVIBRIO GIGAS Mo(Fe-S)
PROTEIN

The Mo(Fe-S) protein from Desulfovibrio gigas, a
sulfate reducing organism, was shown to contain
one Mo and approx. 12 Fe per molecule and a
molecular weight of 120 KDa. No evidence was
found for the presence of subunits. Its physiologi-
cal role has not yet been determined. Optical,
EPR and CD data strongly suggest the presence
of [2Fe-2S] clusters. At —70 K the EPR spectrum
of the dithionite reduced sample exhibits a Mo
signal centered around g =1.97 and signals at
g =2.02, 1.94 and 1.93, corresponding to one type
of [2Fe-2S] centers, named (Fe-S I). At lower tem-
perature (T<40 K) an additional signal appears at
g.= 2.06 and 1.90, indicating the presence of a se-
cond [2Fe-2S] center (Fe-S II). Redox titration
studies revealed yet another Fe-S center with type
I EPR signal. The two type I centers are termed
(Fe-S I A) and (Fe-S I B).
When observed at temperatures lower than 40 K,
the type I Fe-S EPR features at g = 2.02 split into
two peaks separated by approx. 15 G. Such split-
ting can be explained either by coupling of the pa-

ramagnetic site to a nearby I= 1/2 nucleus, such
as a proton, or a slight difference in the resonan-
ces of Fe-S I A and I B centers. The EPR signals
of the Fe-S centers and molybdenum of the redu-
ced protein are compared in H 2 O and D 2 0.
Recently, the protein was purified from 57Fe
grown cells. The quality of the Mdssbauer data
obtained in the native and partially reduced
Mo(Fe-S) protein enabled us to pursue the cha-

racterization of the [Fe-S] centers in correlation
with the previously reported EPR data.
In the native state, the Mássbauer parameters of
the only quadrupole doublet observed at 4.2 K
with an external field of 500 G applied parallel to
the gama beam (.E Q= (0.63 ±0.02) mm/s, and
O= (0.27±0.02) mm/s), are typical of high-spin
ferric ions with tetrahedral sulfur coordination.
Partially reduced states of the protein show two.
types of doublets, at 150 K. The central quadru-
pole doublet is similar to that of the oxidized
Mo(Fe-S) protein. The outer doublet represents
the ferrous site in the reduced [2Fe-2S] clusters.
The shape of the ferrous doublet indicates that
it consists of at least two unresolved doublets.
This observation is consistent with the EPR find-
ing that the Mo(Fe-S) protein contains more
than one type of [2Fe-2S] cluster. The MOss-
bauer parameters for the two ferrous sites are
DE Q =(3.27±0.02) mm/s, a= (0.57±0.02) mm/s
and AE Q =(2.79±0.02) mm/s, 6=(0.59±0.02)
mm/s.
Low temperature studies are being carried out in
order to compare the above data with [2Fe-2S]
clusters of reduced ferredoxin from spinach and
Rieske centers.
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reduced with mercaptoethanol or borohydride and
methylated by methyl iodide, producing the
methyl B12 form of the protein (Fig. 1). The
methylated form of the enzyme can be converted
by photolysis to a stable low-spin Co II complex.
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COBALT CONTAINING B 12 COFACTORS
FROM METHANOGENIC BACTERIA
— SPECTROSCOPIC CHARACTERIZATION

Methanogens are primitive organims that use the
reduction of CO 2 by H2 to methane as a terminal
metabolic electron transfer reaction [1]. They be-
long to a bacterial group designated as "archae-
bacteria", which are distantly related in the evolu-
tive scale to eucharyotes and to the strict anaero-
bic bacteria such as clostridia and sulfate reducing
bacteria.
Several electron carriers and factors, unique to
methanogens, have been isolated from these bac-
teria (including F420 i coenzyme M, factors F430

and F342).

Recently, a B12 containing protein was isolated
from Methanosarcina barkeri (DSM 800) [2]. This
protein contains bound aquocobalamine and when
the cofactor is reduced and methylated with 14C-
-methyl iodide, the resultant 14C-methyl B 12 pro-
tein is extremely active in the biosynthesis of 14C-
-labeled methane [2].
Two B12 proteins have now been isolated from M.

barkeri (DSM 800 and 804). The visible spectra of
native B12 proteins from both strains are very
similar and characteristic of bound aquocobala-
mine (Fig. 1). The enzyme cofactor can be

Rev. Port. Quim., 27 (1985)

Fig. 1

(A) Absorption spectra of B12 containing protein from M. bar-

keri (DSM 804) in the native form. (B) Absorption spectra of

B12 containing protein from M. barkeri (DSM 800) in the nati-

ve form (	 ), reduced with BH4 after 2 hours of reduc-

tion (	 ), methylated with CH3 / (	 ) and after photoly-

sis under reducing conditions

H 	, H

Có 11 1\	
REDUCTION	

Col.

BZ

O 	BH4

CBZ

Amino-acid composition, cobalt and molecular
weight of both proteins is shown in Table I. The
proteins show similar amino-acid composition and
the same Co content per monomer, in spite of
their different oligomerization forms.
The corrinoids were extracted and purified from
cell extracts and also from the purified proteins in
their cyano form according to BERNHAUER et al.
[3]. Different corrinoids are present in the cell ex-
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Table I

Amino Acid Composition of M. barkeri (DSM 800 and 804)

B12 Protein

812 protein from
	

B12 Protein from
M. barkeri
	

M. barkeri

(DSM 800)
	

(DSM 804)
Animo-acids

from
analysis

nearest
integer

from
analysis

nearest
integer

Lysine 12.8 13 12.2 12

Hystidine 3.9 3 3.8 4

Arginine 4.2 4 4.6 5
Tryptophan n . d . n.d. n.d. n.d.

Aspartic Acid 1 7 . 2 17 18.4 18

Threonine 8.0 9 9.5 10

Serine 6.5 7 7.4 8

Glutamic Acid 2 0 . 9 21 18.7 19
Proline 7.1 7 7.1 7

Glycine 1.5 15 15.0 15
Alanine 18.3 18 15.3 15

Cysteine (Half) n . d . n.d. 3.2 4
Valine 11.9 12 12.5 13
Methionine 6.0 7 5.4 6
Isoleucine 10.0 10 9.9 10

Leucine 13.0 13 12.5 13
Tyrosine 4.4 5 4.5 5
Phenylalanine 5. 6 6 4.5 5

Total Residues 168 169

Cobalt 1 1
Mol. Weight 72 000 50 000

(subunit) (18 100) (17 800)

04	 IX3

tract. The major one (- -9010 of total) was com-
pletely purified and analysed. The visible spectra
of dicyano and monocyano complexes of this cor-
rinoid are shown in Fig. 2. The nuclear magnetic
resonance spectra of this corrinoid as well as that
of the corrinoid from the holoenzyme, are shown
in Fig. 3. The NMR spectra of the corrinoids pre-
sent six resonances in the aromatic region. Two of
these resonances come from a meso (C-H) and a
ribose (C 1 -H) proton. The other four are assigned
to base protons showing that the 5,6-
-dimethylbenzimidazole is replaced by 5-
-hydroxibenzimidazole. No resonance is observed
in the region between 2 and 4 ppm, which could
account for a metoxy group, showing that in M.
barkeri factor III (and not factor III m) is the cor-
rinoid present in larger quantities. The corrinoid
extracted from the purified B12 containing protein

POSTER SESSIONS: 1. METALLOPROTEINS

Fig. 2

Absorption spectra of 5-hydroxybenzimidazolcobalamine ex-

tracted from cells of M. barkeri (DSM 800) in the monocyano
and dicyano complex forms

is spectroscopically identical to that isolated from
the cells. The NMR spectra shown in Fig. 3 clo-
sely resembles the one published for factor III by
HENSENS et al. [41.

Fig. 3

300 MHz 1 H NMR spectra of factor III (5-

-hydroxybenzimidazolcobalamine) from M. barkeri. (A) Corri-

noid extracted from the purified B12 protein from M. barkeri
(DSM 804); (BI) Corrinoid extracted from the purified B12

protein from M. barkeri (DSM 800); (B2) Corrinoid extracted

from cells of M. barkeri (DSM 800)

When the methyl B12 protein (from both strains)
or the methyl extracted corrinoids are photolysed
under reducing conditions, an EPR spectra at 77
K depicts typical signals of a stable Co lt complex
(Fig. 4). Triplets are observed from the N-hyperfi-
ne interaction of the coordinated benzimidazole
base showing that the nucleotide base is coordina-
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Fig. 4

(A) EPR spectra of B12 containing protein from M. barkeri

(DSM 800); (B) EPR spectra of the extracted corrinoid from

cells of M. barkeri (DSM 800).
Both methyl B 12 protein and methyl extracted corrinoids were

photolyzed under reducing conditions.

EPR Conditions: Microwave frequency 9.28 GHz; Temperatu-

re 77 K; Microwave power 20 mW; Field modulation 2 mT;

Gain 8 x 104

ted to the cobalt both in its bound form to the
protein and in the free form.
M. barkeri is until now the only methanogen whe-
re the presence of a B12 protein was reported
[2,5]. In these bacteria it was shown that factor
III is the most abundant corrinoid in the cells and
that it is also the corrinoid associated with the B12

protein.
Although the physiological role of these proteins
is not yet clearly established, they seem to be in-
volved in the biosynthesis of CH 3 S-CoM or CH 4

from CH 3 OH [2].
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A BLUE COPPER PROTEIN
FROM THIOBACILLUS VERSUTUS

The multifarious coordinating capabilities of cop-
per are reflected by the variety of metalloproteins
in which Cu occupies the catalytically active site.
The usual classification of copper proteins distin-
guishes between three or four types [1].
As more and more copper proteins are discovered
and characterised, it is becoming clear that within
each class diversity reigns. For instance, for the
type I blue copper proteins, the most extensively
studied class up till now, it has been found that
redox potentials may vary from 180 to 760 mV,
molecular weights from 10 to 20 kD and pI points
from 4 to 11. Most intriguing is the coordination
of the Cu. It has been demonstrated by crystallo-
graphic techniques in a number of cases that the
metal is surrounded in a distorted tetrahedral
fashion by an N 2 SS* coordination [2-4]. The
nitrogens are provided by two histidines and the
sulfurs derive from a methionine and a cysteine.
However, stellacyanin lacks methionine and Rus-
sian researchers have reported a blue copper pro-
tein which does not seem to contain cysteine [5,6].
It is not understood how the details of the Cu
coordination relate to the spectroscopic properties
and the redox potential of the protein and further
structural studies and a search for new type I cop-
per proteins are needed.
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Here the isolation of a blue copper protein from
Thiobacillus versutus (previously called Thiobacil-
lus sp. strain A2, see [7]) grown on methylamine
is reported. This protein is part of a redox chain
that consists of probably 4 proteins and that takes
care of the conversion of methylamine into the
aldehyde. The primary enzyme is a methylamine
dehydrogenase (MADH) of which the prosthetic
group is a pyrrolo-quinoline quinone (PQQ) [8].
The next two links in the chain are the blue cop-
per protein mentioned above and a cytochrome,
followed probably by a final oxidase. Isolation
and purification of the blue copper protein will be
described on the poster. A detailed characteriza-
tion is nearly completed (ESR, NMR, optical
spectra, redox potential, pI, molecular weight,
etc.) and the results will be reported as well. The
data obtained so far (E o = 256 mV,
maximum of the visible absorption band at 596
nm, type I ESR spectrum, MW = 12,000 - 13,000)
justify the conclusion that the protein is an amic-
yanin type blue copper protein [9].
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EXAFS STUDIES ON OXIDIZED
AND REDUCED AZURIN
AT HIGH AND LOW pH

X-ray fluorescence spectra [1] at the Cu K-edge
were taken of the blue copper protein, azurin,
from Pseudomonas aeruginosa, in reduced and
oxidized state, and at high and low pH, to assess
the effect of these conditions on the coordination
sphere of the copper.
There is no change in either edge position or
XANES (X-ray absorption near edge structure)
when the pH is changed. However, there are
changes in the XANES upon oxidation or reduc-
tion at both high and low pH. The edge position
of the oxidized protein is at higher energy than
that of the reduced protein. This is in agreement
with what is expected because of the valence chan-
ge of the copper.
The EXAFS (extended X-ray absorption fine
structure) of oxidized protein is strongly reminis-
cent of that of lyophilized azurin [2]. There is al-
most no change when the pH is altered; the major
shells can be fitted with the same set of parame-
ters, involving 2 N atoms and 1 S atom, from
His-46, His-117 and Cys-112, respectively, except
for a small correction in E o .
There are pronounced changes upon reduction:
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one of the imidazole nitrogens disappears while at
the same time a second S atom, presumably from
Met-121, shows up. There is a small pH effect on
the position of the latter atom (of the order of
0.1 A).
These results are compared with recent results
from other spectroscopic investigations [3-5].
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and also better with methyl alcohol as electron
donor compared to EDTA.
Data on relative rates of H2 evolution from
various combinations of hydrogenases and relays
will be presented.
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WATER PHOTOLYSIS USING
SEMICONDUCTOR-BOUND
HYDROGENASES

Aqueous suspensions of TiO 2 powders in the pre-
sence of a bacterial hydrogenase and an electron
donor evolved hydrogen on irradiation with a sun-
light simulator lamp, both in the presence and in
the absence of added electron mediators. Hydro-
genases from Clostridium pasteurianum and
Desulfovibrio desulfuricans, strains Norway 4 and
9974 were used in these studies with EDTA or
methyl alcohol as electron source. Electron relays
tested were ferredoxin, cytochrome c3 , methyl vio-
logen and rhodium trisbipyridyl.
The rates and duration of photoproduction of
hydrogen were dependent on the nature of the
hydrogenase, nature of electron donor and the pH
of the reaction medium. Hydrogen evolution at
very high rates, lasting up to 24 h, was observed
from a mixture of hydrogenase, Ti0 2 -bound
Rh(bipy) 3 and methyl alcohol in carbonate buffer
at pH 9; with C. pasteurianum hydrogenase initial
rate of H2 evolution per g TiO 2 was 1066 moles
per hour and 15730 amoles of H2 were produced
in 24 h.
Photohydrogen production from Ti0 2 -hydro-
genase mixtures was also observed in the absence
of any added electron relays, the rates of hydro-
gen production being higher at pH 9 than at pH 7
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EPR SPECTRA OF THE NICKEL CENTRE
AND IRON-SULPHUR CLUSTERS
DURING ACTIVATION
AND DEACTIVATION
OF DESULFOVIBRIO GIGAS
HYDROGENASE

Hydrogenases of certain Desulfovibrio species
contain nickel, and display relatively low activity
when first isolated. They can be activated up to
ten-fold by prolonged treatment with hydrogen or
with dithionite [1,2]. Some degree of activation
can also be achieved by milder reductants like di-
thiothreitol plus a mediator dye such as indigote-
trasulphonate.
On treatment of Desulfovibrio gigas hydrogenase
with strong reducing agents, the EPR signals of
oxidized three-iron cluster and Ni(III) [3] imme-
diately disappeared [4,5]. We have observed a new
broad EPR signal, at temperatures below 15 K
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(Fig. 2, left), which we interpret as due to interac-
ting [4Fe-4S] clusters.    
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Fig. I

Left: Changes in activity of D. gigas hydrogenase during incu-

bation under hydrogen, at pH 8.5, then reoxidation with

DCPIP. Activity was measured by hydrogen-dependent methyl

viologen reduction.

Right: EPR spectra of samples removed from the incubation,

recorded at 80 K

Longer incubation at low redox potentials produ-
ced a considerable increase of the activity (Fig. 1,
left), and in parallel the development of another
Ni signal (Fig. 1,B, right) as previously described
by MOURA et al. [6]. We postulate that this signal
represents the oxidation level Ni(I). This Ni(I) sig-
nal differed from the other nickel signals in that it
showed extremely rapid electron-spin relaxation
and became split at low temperatures (Fig. 2,
right). The splitting was only observed under con-

Fig. 2

Left: EPR spectrum of the broad signal of D. gigas hydro-
genase after reduction with hydrogen for 5 minutes, recorded

at 7 K.

Right: Spectra of the nickel signal produced after reduction

with hydrogen for 4 hours, recorded at the temperatures indi-

cated. At 80 K the spectrum was as Fig. 1, right

Rev. Port. Quím., 27 (1985)

ditions where the broad signal was detected, and
we interpret it as due to spin-spin interaction bet-
ween Ni(I) and the reduced [4Fe-4S] clusters. The
Ni(I) signal disappeared on prolonged reduction at
very low redox potentials. One possible explana-
tion for this effect is the production of a nickel
hydride, Ni(II).H which would be undetectable
by EPR. This species could well participate in the
catalytic cycle of the enzyme. A third type of nic-
kel EPR spectrum was obtained by oxidizing the
activated D. gigas hydrogenase anaerobically with
dichlorophenol-indophenol (DCPIP) (Fig. 1, D).
The enzyme in this state, although inactive to-
wards hydrogen, could be fully reactivated within
seconds by reducing agents (with the reappearance
of the Ni(I) signal). In some conditions this oxidi-
zed state was stable under air at room tempera-
ture for months. Therefore it seems that there are
at least three oxidation states of the nickel in the
active form, and two in the inactive form:

Enzyme before activation:
Ni(III) g= 2.32, 2.23, 2.01
Ni(II) No EPR signal

Activated enzyme:
Ni(III) g= 2.34, 2.16, 2.01
Ni(II) No EPR signal
Ni(I)	 g= 2.19, 2.15, 2.01

The results are consistent with a function for
nickel in hydrogen activation in D. gigas hydroge-
nase. The interaction between Ni(I) and [4Fe-4S]I`
could provide a way for internal electron transfer
from hydrogen to the natural electron acceptor,
cytochrome c 3 [7].
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LOW TEMPERATURE MAGNETIC
CIRCULAR DICHROISM SPECTROSCOPY
AS A PROBE FOR THE OPTICAL
TRANSITIONS OF PARAMAGNETIC NICKEL
IN HYDROGENASE

The electronic transitions localized on nickel in
hydrogenase should provide a sensitive monitor of
metal coordination number, geometry and ligand-
-type. However, they are obscured in the UV-visi-
ble spectra of hydrogenases by intense S — Fe
charge transfer transitions originating from Fe-S
clusters. Here we demonstrate that low tempera-
ture MCD spectroscopy is uniquely capable of
identifying and monitoring the optical transitions
arising from paramagnetic Ni in hydrogenase.
A partially purified sample of hydrogenase from
Methanobacterium thermoautotrophicum OH
strain has been investigated by room tempera-
ture UV-visible absorption, and low temperature

MCD and EPR spectroscopy. In agreement with
previous studies [1], the as isolated hydrogenase
exhibits a rhombic EPR signal (g = 2.300, 2.230,
and 2.014) which is attributed to Ni(III). Quanti-
tation at 70 K versus a CuEDTA standard affords
a spin concentration of 120±10 µM for the Ni(III)
signal in the sample used for MCD studies. No
EPR signals attributable to oxidized, paramag-
netic Fe-S clusters were observed over the tempe-
rature range 8-150 K.
Fig. 1 shows the room temperature UV-visible
absorption and low temperature MCD spec-
tra of Methanobacterium thermoautotrophicum
hydrogenase in the range 300-800 nm. The broad,
featureless absorption spectrum with a shoulder at
approximately 400 nm is typical of that exhibited
by Fe-S proteins. The MCD shows temperature
dependent transitions in the regions 530-670 nm
and 300-460 nm which must originate from a
paramagnetic chromophore. MCD magnetization
plots at 650, 600 and 363 nm (not shown) are all

Fig. I

Room temperature absorption and low temperature MCD

spectra of Methanobacterium thermoautotrophicum hydroge-

nase as isolated. Upper panel: room temperature absorption, 1

mm pathlength. Lower panel: MCD spectra at 1.53, 4.22 and

8.9 K, magnetic field= 4.5 Tesla, pathlength =1.67 mm.

Ni(111J concentration= 120± 10 µ,t1 (from EPR spin quantita-

tion). Sample in 0.15 At Tris/HCI pH 7.5 buffer with 50% v/v

ethylene glycol
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consistent. with the electronic transitions arising
from an EPR-active S= 1/2 ground state with
g-values around 2 and are fitted well by theoreti-
cal magnetization curves based on the EPR-deter-
mined g-values for the Ni(III) center. Thus both
the unique form of the MCD spectrum (compared
to that of any Fe-S cluster thusfar investigated)
and the magnetization properties identify the tem-
perature dependent MCD transitions as origina-
ting from the Ni(III) center in hydrogenase. Re-
cent studies in this laboratory indicate that an
analogous Ni(III) MCD spectrum is observed in as
isolated Desulfovibrio gigas hydrogenase albeit su-
perimposed on the MCD signal from a paramag-
netic, oxidized [3Fe-xS] center.

In light of the recent EXAFS results for Ni in
hydrogenase [2,3], both S--Ni charge transfer and
Ni d-d transitions would be expected in the UV-vi;
Bible spectral region. Studies of appropriate model
complexes are required for detailed assignment of
the MCD transitions. Once this is accomplished
low temperature MCD spectroscopy will become
an invaluable technique for identifying changes in
Ni coordination and redox state during catalytic
turnover.
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SPECTROSCOPIC EVIDENCE FOR [2Fe-2S],
[3Fe-xS], AND [4Fe-4S] CLUSTERS
IN RECONSTITUTIVELY
ACTIVE MAMMALIAN SUCCINATE
DEHYDROGENASE

Succinate dehydrogenase (SDH) has been investi-
gated by low temperature MCD and EPR as well
as room temperature CD and UV-visible absorp-
tion spectroscopy. Both reconstitutively active
(prepared as in ref. [1]) and reconstitutively inacti-
ve (prepared as in ref. [2] but in the absence of
succinate) samples have been studied. The low
temperature MCD measurements, including mag-
netization data at discrete wavelengths, provide
the first definitive assessment of the nature of all
the Fe-S clusters in this complex multicomponent
enzyme. Reconstitutively active SDH is found to
contain three Fe-S clusters: Si, S2, and S3. In
agreement with previous studies, MCD and CD
spectroscopy confirm Si to be a [2Fe-2S] 2 +. 1 + cen-
ter that is reduced in the presence of succinate.
The EPR and MCD characteristics of the reduced
center are most similar to those of hydroxylase-ty-
pe [2Fe-2S] centers.
Center S2 is identified by MCD as a [4Fe-4S] 2 +. 1

cluster which has a lower redox potential than Si
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and is reducible with dithionite. This result is con-
trary to previous studies which have been interpre-
ted in terms of center S2 being either a low poten-
tial [2Fe-2S] cluster [3] or non-existent [4]. EPR
power saturation studies confirm that centers SI
and S2 are magnetically interacting in the dithio-
nite-reduced enzyme. However, center S2 is not
EPR silent but can be detected as weak shoulders
to high and low field of the reduced S1 EPR spec-
trum at temperatures below 20 K in dithionite-
-reduced Complex II, as well as reconstitutively
active and inactive SDH. This new signal is most
clearly observed in dithionite-reduced Complex II
and difference spectra under conditions where S1
is power saturated show the principal g-values to
be 2.06, 1.95, and 1.85. These g-values are cha-
racteristic of [4Fe-4S] 1+ centers in bacterial ferre-
doxins.

S1 and S2 are present in both reconstitutively
active and inactive SDH. The third cluster, S3, is
only present in significant amounts in reconstituti-
vely active enzyme. In both succinate and dithio-
nite-reduced reconstitutively-active SDH both the
form of the MCD spectrum and the magnetization
data identify this cluster as a paramagnetic, EPR-
-silent reduced [3Fe-xS] center. This result con-
firms the recent linear electric field effect EPR
measurements on the isotropic g = 2.01 signal
observed in oxidized Complex II [5], which indica-
ted that this signal originates from an oxidized
[3Fe-xS] center rather than a tetranuclear high po-
tential Fe-S cluster, [4Fe-4S] 3+. Moreover the
MCD data suggest that center S3 is a necessary re-
quirement for reconstitutive activity and indicate
that bulk conversion of this center to a [4Fe-4S]
cluster does not occur on addition of substrate.

Although the results do not completely rule
out the possibility of partial [3Fe-xS] to
[4Fe-4S] conversion on addition of substrate, it
seems likely that the [3Fe-xS] center in SDH is
able to sustain Q-reductase activity.

These results resolve many of the long standing
controversies concerning the Fe-S cluster content
of SDH and for the first time enable rationaliza-
tion of all the published spectroscopic data in
addition to the analytical and core extrusion stu-
dies [6].

REFERENCES

[1] B.A.C. ACKRELL, E.B. KEARNEY, C.J. COLES, J. Biol.

Chem., 252, 6963-6965 (1977).
[2] K.A. DAVIS, Y. HATEet, Biochemistry, 10, 2509-2516

(1971).
[3] T. OHNISHI, J.C. SALERNO, in T.G. SPIRO (ed.), «Iron-

-Sulfur Proteins», John Wiley and Sons, New York, 1982,

pp. 285-327.

[4] S.P.J. ALBRACHT, Biochim. Biophys. Acta, 612, 11-28
(1980).

[5] B.A.C. ACKRELL, E.B. KEARNEY, W.B. MIMS, J. PEISACH,

H. BEINERT, J. Biol. Chem., 259, 4015-4018 (1984).
[6] C.J. COLES, R.H. HoLM, D.M. KURTZ, W.H. ORME-JOHN-

SON, J. RAWLINGS, T.P. SINGER, G.B. WONG, Proc. Natl.

Acad. Sci. U.S.A., 76, 3805-3808 (1979).

PS I.28 — TU

K. NAGAYAMA
Biometrology Lab, JEOL Ltd.

Nakagami, Akishima, Tokyo 196

Japan

REDOX STATE STUDIES
OF TWO IRON-SULFUR CENTERS
IN 7Fe FERREDOXINS
BY PROTON MAGNETIC RESONANCE

1) Two types of iron-sulfur clusters, [3Fe-XS]
and [4Fe-4S], were identified by 1 H-NMR in the
intact ferredoxins (Fd) extracted from Thermus
thermophilus, Mycobacterium smegmatis and
Pseudomonas ovalis. The [4Fe-4S] clusters always
showed the redox couples which had potentials lo-
wer than that of the [3Fe-XS] clusters.
2) The oxidizability of a redox couple, [4Fe-4S],
in a 7Fe ferredoxin extracted from P. ovalis was
monitored by 1H-NMR. The iron-sulfur cluster in
the ferredoxin was not only reducible, but also
oxidizable in its native form. This result provided
the first verification of Carter's 3 redox theory for
a redox center in ferredoxin, 4Fe, in the native
form of the protein.
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3) The redox couples in 7Fe ferredoxins treated
with ferricyanide were monitored by 1 H-NMR. An
excess amount of ferricyanide was found to effect
conversion of one of the two redox centers, the
4Fe core, to a 3Fe core in the ferredoxins extrac-
ted from T. thermophilus, M. smegmatis and P.
ovalis. On long term incubation in air, the conver-
ted 3Fe core showed even further change in NMR.
spectra.
4) With above three results the complicated
change observed during the reduction-reoxidation
process in NMR spectra of Thermus thermophilus
Fd was interpreted in the term of the redox reac-
tion and 3Fe-4Fe interconversion.

Figure

Redox potentials of 3Fe and 4Fe redox centers and potential

range of 4Fe to 3Fe interconversion
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NITROSYL-BINDING
TO THE MONONUCLEAR NON-HEME IRON
OF PUTIDAMONOOXIN:
A MODEL FOR THE CORRESPONDING
PEROXO COMPLEX

Putidamonooxin (PMO), the terminal oxygenase
of a 4-methoxybenzoate monooxygenase enzyme
system (EC 1.14.99.15), consists of three identical
subunits, the active centers of which contain one
[2Fe-2S] cluster and one mononuclear non-heme
(cofactor) iron [1-6]. The activation of molecular
oxygen by the reduced PMO is achieved by bin-
ding 0 2 to the cofactor iron, and by successive
transfer of two electrons to the 0 2 -molecule, one
from the reduced [2Fe-2S] cluster and one from
the reduced non-heme iron, respectively. Because
of the relatively fast kinetics of this process (< 10
ms) we were so far not able to follow the stepwise
transfer of these electrons or to detect the "mono-
nuclear non-heme iron peroxo complex" [Fe0 2 ] .
via ESR or Mássbauer spectroscopy. The corres-
ponding nitrosyl-complex, however, is more stable
and therefore accessible for ESR and Mássbauer
measurements.
We have recorded MOssbauer spectra of the ni-
trosyl complex (using different substrates) in the
temperature range 1.5 K to 200 K with varying
applied magnetic fields Heil. One of our results is
that we did not observe any substrate dependence.
Additionally, we find from the spin-Hamiltonian
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analysis of our experimental spectra that the
nitrosyl complex is characterized by a S = 3/2
spin state. The actual spin-Hamiltonian parame-
ters are almost the same as those reported for
EDTA•Fe(II)•NO [7].
There are two alternative electronic configurations
d 5 and d 7 , which would provide a S =3/2 spin
state; they are represented by a variety of
compounds which exhibit isomer shifts (relative to
ct-Fe at room temperature) in the range of about
0.2 mms - t - 0.6 mms - ' for d 5 and 1.7 mms -1 - 2.00
mms -1 for d 7 [8]. Since our measured 4.2 K value
is 0.68 mms -1 we conclude that the situation in the
ternary "enzyme•substrate•NO" complex is most
likely reflected by the ferric S = 3/2 spin state for
the mononuclear non-heme iron. This conclusion
is in agreement with titration-results: titration of
the NO complex with ferricyanide under anaero-
bic conditions does not change the typical ESR
spectrum of this complex, indicating that the
cofactor iron cannot be further oxidized and the-
refore is in the ferric state [9].
In summary we conclude that our data obtained
from the ternary "enzyme•substrate•NO" complex
indicate that the cofactor iron (i) is in the ferric
intermediate spin state (S = 3/2) and (ii) is penta-
coordinated, which means that upon NO binding
to the reduced cofactor iron at least one ligand
has to be released, because in the binary "enzy-
me•substrate" complex (reduced and oxidized) the
cofactor iron has a coordination number also hig-
her than four [4,10]. Comparing our data with li-
terature values suggests that the cofactor iron in
the binary as well as in the ternary NO complex is
not directly bound to a sulfur atom, though bio-
chemical arguments seem to indicate the opposite.
The detailed results of this Mdssbauer investiga-
tion together with an ESR study of the cofactor
iron of PMO will be published elsewhere [9,10].
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EXPERIMENTAL AND THEORETICAL
ELECTRONIC STRUCTURE STUDIES
OF IRON SULFUR AND IRON
MOLYBDENUM SULFUR COMPOUNDS
VIA MÜSSBAUER SPECTROSCOPY
AND MOLECULAR ORBITAL THEORY

The electronic structures of mononuclear Fe-S
complexes with a Fe 11 S,core and of binuclear
Fe-Mo-S complexes containing the FeS 2 Mo core
have been derived from a semiempirical molecular

[3]

[5]

[91
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orbital method (Iterative Extended Hückel
Theory), followed by a spin-orbit coupling cal-
culation on the five highest occupied iron-like
molecular orbitals. Fine structure and hyperfine
structure tensors and parameters (g, D, E, A, and
electric field gradient) have been calculated and
compared with data from spin-Hamiltonian analy-
sis of Müssbauer measurements.
For the mononuclear complex anions [Fe(SPh) 4 ] 2-

and [Fe(dts) 2 ] 2- it was found from our molecular
orbital (MO) calculations that the main compo-
nent of the electric field gradient (efg) tensor, V 22,
is negative, D positive, and that the magnetic ani-
sotropy places the preferred direction of the
hyperfine magnetic field perpendicular to the V 22
direction, in agreement with spin-Hamiltonian re-
sults. The similarity of parameters of [Fe(SPh) 4 ] 2-

and reduced rubredoxin (Rd red) confirms the sug-
gestion that this anion has a ground electronic
state practically identical to Rd red. The complex
anion [Fe(dts) 2 ] 2- shows smaller anisotropy, and
due to the fact that the orbital groundstate is
energetically not well separated from higher states
in this case a strong temperature dependence of
the quadrupole splitting is observed (Fig. 1).

Fig. I

E° of [Fe(SPh)4J2- (•) and [Fe(dts) 21 - (x). The dashed

curves correspond to MO spin-orbit coupling calculations

For	 the	 binuclear	 complex	 anions
[(SPh) 2 FeS 2 MoS 2 ] 2- , [S 6 FeS 2 MoS 2 ] 2- and
[C1 2 FeS2 MoS 2 ] 2- it was found from our MO cal-
culations and the spin-Hamiltonian analysis that
D is negative and V ZZ is positive. A specific featu-
re of our MO results derived for these binuclear

Fe-Mo-S complexes is that V22 is directed perpen-
dicular to the Fe-Mo line, and the preferred direc-
tion of the magnetic hyperfine field is close to the
V 2 axis. The correlation of calculated values of
electron densities at the iron nuclei, Q(0), and iso-
mer shifts S for mononuclear and binuclear com-
pounds confirms the role of MoS4 as a charge
withdrawing ligand (Fig. 2).

Fig. 2

Correlation between Sex° (at 4.2 K, rel. to a-Fe at 300 K) and

penlc (a) for iron-sulfur compounds and for [FeCl 4J2-

In order to probe our MO results derived for the
binuclear Fe-Mo-S complexes, i.e. V ZZ being
directed perpendicular to the Fe-Mo-line, we
have investigated a single crystal of

[(C6 H5 )4 P] [(C6 Hs CH 2) - (CH3 )3 N] [C1 2 FeS 2 MoS 2 ]
by MOssbauer spectroscopy with various orienta-
tions of the crystal with respect to the -y-beam.
From this investigation we derive that V 2 is posi-
tive and oriented indeed perpendicular to the
Fe-Mo direction. This result was confirmed by
additional single crystal measurements applying an
external magnetic field, and by magnetically per-
turbed spectra of polycrystalline samples. A full
presentation of our theoretical and experimental
results will be given elsewhere [1,2].
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EVIDENCE FOR HIGH MULTIPLICITY
SPIN STATES IN THE 2 [4Fe-4Se] +
FERREDOXIN FROM
CLOSTRIDIUM PASTEURIANUM

The electronic and magnetic properties of the
reduced 2[4Fe-4Se]' Se-substituted ferredoxin (Fd)
from Clostridium pasteurianum have been investi-
gated by EPR and Miossbauer spectroscopy. The
occurrence of three spin states, S i = 1/2, S2 = 3/2,
S3 = 7/2, has been inferred from the experimental
data (figure).
The signal corresponding to S i (g 12 , 3 = . 	 2.103,
1.940, 1.888) is reminiscent of the EPR signal of
reduced native Fd and accounts for 0.7 to 0.8
spin/molecule.
A broad signal (g 123 4.5, 3.5, 2) is assigned to
the ground doublet of S2 = 3/2 and has an inten-
sity, at 6 K, which is nearly equal to that of S i .
The S3 = 7/2 state gives rise to an isotropic signal
at g =5.17 and two weak peaks at g = 10.11 and
g = 12.76. These signals are originating from exci-
ted levels, the ground doublet of which is EPR si-
lent. This ground doublet is observable in Moss-
bauer spectra as a magnetic component accoun-
ting for 20% of the total iron, and involving two

antiferromagnetically coupled subsites in approxi-
mately a 3:1 ratio which display fully developped
paramagnetic hyperfine interactions at 4.2 K. The
corresponding iron sites experience hyperfine

10	 2
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Figure

EPR spectra of reduced Se-substituted Cp Fd: a) 6 K; b) 15 K

(low field part of a). EPR conditions: microwave power: a)

50µW, b) 2 mW; modulation amplitude 0.8 mT; field modula-

tion: 100 kHz; frequency: 9.25 GHz. In b), the amplifier gain

was increased by a factor 100 for recording the two low

field peaks

fields of about —26 T and 20 T. The crystal
field parameters of S3 have been calculated:
X=E/D=0.12 and D/k= —3 Kf1.
EPR signals corresponding to the S2 and S3 states
have also been observed in spectra of reduced Se-
-substituted ferredoxins from C. acidiurici and C.
thermosaccharolyticum but not in the spectrum of
reduced Se-substituted B. stearothermophilus Fd,
which displays only the signal of the S i state. The
latter Fd is larger (81 amino-acids) than clostridial
ferredoxins (55 amino-acids) and accomodates
only one [4Fe-4X] (X = S, Se) cluster. Thus the
S =3/2 and S= 7/2 spin states arise from specific
interactions between the clostridial type ferredo-
xins and their [4Fe-4Se]' active sites.
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EPR STUDIES ON ADENYLYL SULFATE
(APS) REDUCTASE
— A FLAVIN, IRON-SULFUR
CONTAINING PROTEIN

Sulfate reducing bacteria (SRB) utilize sulfate as
terminal electron acceptor (anaerobic "respira-
tion") with concomitant accumulation of sulfite.
This metabolic process, known as dissimilatory
sulfate reduction is carried out by a complex enzy-
matic system as indicated schematically in Fig. 1
[1]. Adenylyl sulfate (APS) reductase is a key
enzyme in the overall process, carrying out the
reduction of APS the activated form of sulfate, to
sulfite with the release of AMP [2].

ORGANISMS

APS reductases were purified to homogeneity
from the following sulfate reducing bacteria:
Desulfovibrio gigas (NCIB 9332), D. desulfuricans
(ATCC 27774), D. desulfuricans (strain Berre
eau), D. baculatus (strain 9974) and D. vulgaris
(strain Hildenborough).

ACTIVE SITE COMPOSITION

The enzyme (molecular mass 440 KD, dimer) con-
tains 12-16 gatm of iron (arranged in [Fe-S] clus-
ters) and 1 FAD per monomeric unit. The chemi-
cal analysis (as well as the spectroscopic data, see

Nll,
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Fig. 1

Schematic representation of dissimilatory sulfate reduction

pathway. Relevant enzymes

below) are quite similar, despite the microbial ori-
gin of the enzyme.

EPR SPECTROSCOPIC DATA — CHARACTERIZATION
OF THE IRON-SULFUR CLUSTERS

Low temperature EPR studies were undertaken in
order to characterize the redox centers present. In
the native state all the samples examined so far
show an almost isotropic EPR signal, centered
around g = 2.02, only detectable below 25 K —
Center I (Fig. 2-A). This signal shows measurable
line broadening when the enzyme is isolated from
57Fe grown cells (the experiments were conducted
with 57Fe D. gigas enzyme). The signal is compati-
ble with the presence of a paramagnetic iron-sul-
fur cluster (see also below). The integration of
this EPR signal varies slightly from preparation to
preparation of the enzyme and also with its bacte-
rial origin, but accounts always to less than one

o	 o
II	 II	 /o\
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Fig. 2

Left part — EPR spectra of APS reductase from D. desulfu-
ricans (strain 9974).

A — Native form; B — SO - +AMP; C — Dithionite redu-
ced (20 sec.); D — Dithionite reduced (30 min.)

Spectrum B is represented with twice the gain of sepctra A and
C. Spectrum D is represented with 1.25 of the gain of spectra
A and C. Temperature 8 K; modulation amplitude 1 mT;

power 2 mW.
Right part — Visible spectra of APS reductase from D. desul-

furicains (strain 9974).

A — Native protein; B — Enzyme reacted with S03 - ;
C — Enzyme reacted with SO_+AMP

spin per monomeric unit (0.1-0.25 spin). The
catalytic events occuring in the presence of natural
interacting substrates (sulfite and AMP) as well as
chemical reductants (ascorbate, dithionite and H2

reduced methylviologen) can be followed by EPR
in conjunction with visible spectroscopy. Different
redox states of the enzyme can be attained using
different reduction times.
Center II, EPR g-values 2.077, 1.935 and 1.894,
integrates to approx. 0.7-0.9 spins per monomeric
unit and is only observable below 25 K. These
EPR features are trapped after a short dithionite
reduction time (Fig. 2-C) or in the presence of H2

reduced methylviologen. Sulfite plus AMP only
reduce partially Center II and affect drastically
the isotropic EPR signal (Fig. 2-B). Sulfite blea-
ches the flavin chromophore contribution (Fig.
3-A/B) but do not affect appreciably iron-sulfur
centers. A complex EPR spectrum develops after
a long reduction time, which accounts for at least
three iron-sulfur clusters (Fig. 2-D). Center I and
II seem to be catallytically envolved with the subs-
trate (AMP + SO¡ - ) as seen by EPR and visible

spectroscopies. EPR redox titrations, in the pre-
sence of dye mediators, indicate that Center II has
a relatively high midpoint redox potential (— —50
mV). Preliminar MOssbauer spectroscopic studies
on D. gigas 57Fe APS reductase (in collaboration
with B.H, Huynh, Emory University, Atlanta
USA) indicate that the spectrum of the native
enzyme is essentially dominated by diamagnetic
quadrupole doublets typical of [Fe 4 S4 ] clusters in
the + 2 oxidation state. The paramagnetic species
detected by EPR (g = 2.02) may be in the limiting
range for MOssbauer detection, due to its spin
concentration. The presence of an extra metal
.center has been ruled out by a careful screening of
the metal content of the enzyme. Further studies
are in progress in order to fully characterize the
APS reductase iron-sulfur centers.
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A [4Fe-4S1 CLUSTER WITH SPIN S = 3/2:
STUDIES OF THE NITROGENASE
Fe-PROTEIN FROM A. VINELANDII
IN THE PRESENCE OF 0.4 M UREA

The Fe protein of nitrogenase contains a [4Fe-4S1
cluster which exhibits an EPR signal with g-values
at 1.88, 1.94 and 2.05 in the reduced state. Seve-
ral groups (see ref. [1]) have quantitated this
"g =1.94" signal and have consistently obtained a
spin concentration of approximately 0.3
spins/4Fe, substantially less than the 1 spin/4Fe
expected. ZUMFT et al. [2] noted that the g= 1.94
signal declines sharply when the sample contains
0.5 M urea. We noticed that their spectra exhibit
feeble resonances between g = 6 and g = 4, the in-
tensity of which seemed to be inversely related to
that of the g= 1.94 feature. HAAKER et al. [3] re-
ported that the addition of ethylene glycol to the
A. vinelandii Fe-protein (denoted Av2) increases
the g = 1.94 signal intensity. Using EPR, Moss-
bauer spectroscopy and magnetic susceptibility,
we have investigated the solvent dependence of
the electronic states of Av2. The details of these
studies are reported elsewhere [4]. Here we focus
on MOssbauer and EPR studies of reduced Av2 in
0.4 M urea (Av2/urea) and give evidence for the
presence of a [4Fe-4S] 1° cluster with a novel
S=3/2  ground state.

Rev. Port. Quím., 27 (1985)

RESULTS

Sample preparations and experimental methods
are described elsewhere [4]. Fig. 1 shows EPR
spectra of dithionite-reduced Av2 in Tris HCI buf-
fer (A) or 0.4 M urea (B). Both spectra display a
g = 1.94 signal. This signal for the Tris HCI sam-
ple (Av2/Tris HCI) accounts for 0.35 spins/4Fe

H (GAUSS)
Fig. I

X-band EPR spectra of reduced Av2/Tris HCI (Fig. IA) and

reduced Av2/urea. The spectra were recorded at 9 K; micro-
wave power, 0.2 mW

and that of the urea sample for 0.1 spins/4Fe.
Fig. 2 shows an expanded scan of the g =5 region.
Both samples exhibit resonances in that region but
those of the urea sample are more intense and
sharper. For Av2/urea the intensity at g =5.8
increases relative to that at g = 5.1 as the tempera-
ture is lowered from 20 K to 5 K. This suggests
that these two resonances arise from different
doublets within an S � 3/2 multiplet, with the

1 0 	 1150 	 13^00 	 ^ 1450	 ^ 1800	 17%0	 16100

H (GAUSS)

Fig. 2

Low field features of EPR spectra of reduced Av2/Tris HCI

(A) and reduced Av2/urea (B). Spectra recorded at 9 K;
microwave power, 5 mW
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g =5.8 doublet being lower in energy. We describe
the multiplet with the spin Hamiltonian

H =D[SZ—S(S +1)/3 +D(SX—SY)] +2 ,6H•S	 (1)

For S= 3/2, D= —2 cm -1 , E/D = 0.22 and
(3H « I D , EPR resonances would occur at
g = 1.4, 1.1, 5.7 for the ground doublet and at
g = 2.6, 5.1, 1.7 for the excited state [5]. (This is
the only obvious choice for S which explains the
data.) According to a method developed by AASA

and VANNGARD [6], the intrinsic intensity of the
absorption type peak at g = 5.8 is 20 times less
than that at g =2.05. Hence, the roughly equal
areas of the resonances at g =5.8 and g =2.05 in
Fig. 1B indicate that the concentration of the
S =3/2 center is large compared with that of the
g =1.94 species.
The Móssbauer spectra of Fig. 3 show that the
majority of the iron in Av2/urea belongs to an
unusual [4Fe-4S] cluster. They also provide strong
evidence that this cluster is the EPR-active S = 3/2
center. Fig. 3A shows spectra of Av2 in 50%
ethylene glycol (Av2/ethylene glycol). These spec-
tra are typical of those observed for all previously
studied [4Fe-4S]'+ clusters which have S= 1/2, and
which yield the g= 1.94 signal. Such spectra can
be fitted by assuming two pairs of iron sites; one
pair with negative internal fields, H ; ,,,, and one
with positive internal fields. A positive H ; ,,, signi-
fies that the magnetic splittings of the Móssbauer
spectrum increase as the applied field H is increa-
sed. The outermost lines in Fig. 3A do move out-
ward with increasing H.
Fig. 3B shows a 6.0 T spectrum of Av2/urea. The
spectrum of Fig. 3A, scaled to 15% of the total
absorption, is plotted over the data. There is no
evidence for adventitiously bound Fez+ or Fe 3 +

which would be expected if any cluster conver-
sions or decompositions with iron release had oc-
curred upon addition of urea. Approximately
80% of the iron belongs to the rather featureless
paramagnetic component between —1 mm/s and
+ 2 mm/s.
Fig. 3C shows 0.06 T and 6.0 T difference spectra
of Av2/urea sample obtained by subtracting from
the raw data 15% of the corresponding spectra of
Av2/ethylene' glycol (and 5% of oxidized Av2).
The striking feature of Fig. 3C is that no spectral

-4	 -2	 0	 2	 4
VELOCITY (MM/5)

Fig. 3

4.2 K MOssbauer spectra of reduced Av2 in 50% ethylene

glycol (A) and 0.4 M urea (B). The spectra in (A) were recor-

ded in applied field of 0.06 T (full circles) and 6.0 T (hash

marks). The spectrum in (B) was recorded in a 6.0 T field

(hash marks). Indicated is also a 15% contribution of a species

as observed in (A). In (C) the 6.0 T spectrum (hash marks) of

(B) is compared with data recorded in a 0.06 T field (full cir-

cles). The solid line in (B) is a theoretical spectrum based on

Eq. (1) with S=3/2, D= —2 cm - ', E/D =0.22, H=6.0 T,

assuming two sites with magnetic hyperfine coupling constants

A 1 = —4 MHz and A2 = —8 MHz. Further details and compu-

ter analyses of all spectra displayed here are given in [4]

component of the 6.0 T data has a splitting larger
than that of the 0.06 T data. That is, all the irons
have negative (or unusually small) internal fields.
Clearly, this cluster has an electronic structure
very distinct from those of the clusters with the
familiar S = 1/2 ground state. However, the
Av2/urea spectra clearly exhibit magnetic hyperfi-
ne structure in zero applied field and, therefore,
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must belong to a Kramers system. The only EPR-
-active Kramers system in this sample, other than
the g = 1.94 species, is the S = 3/2 system with
g=5.1 and g=5.8.
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DISCUSSION

Our data establish a S = 3/2 ground state for the
[4Fe-4S] cluster of Av2/urea. The EPR resonan-
ces at g = 5.8 and 5.1 and the unique Mbssbauer
spectra (with all components having negative in-
ternal fields) characterize this unusual state. The
observed quadrupole splittings and isomer shifts
(spectra not shown here) are similar to those of
the more familiar S= 1/2 clusters, suggesting that
the new state primarily arises from changes in the
exchange interactions among the irons and not
from a significant rearrangement of charge.
As indicated by the EPR data of Figs. 1 and 2,
Av2/Tris HC1 contains a mixture of S = 1/2 and
S =3/2 clusters. Saturation magnetization data
(not shown) are dominated by the spin S = 3/2
cluster and rule out significant concentrations of
any higher spin. Combined saturation magnetiza-
tion, Mbssbauer and EPR data show that the mix-
ture of S =1 /2 and S = 3/2 clusters is roughly half
and half. This observation explains the low con-
centration of the g = 1.94 EPR center (S = 1/2)
that had perplexed many investigators, including
us, for a long time.
The observation of negative internal fields of all
Mbssbauer spectral components of Av2/urea pla-
ces a severe restriction on any theoretical model
of the Av2/urea electronic structure. For all iron
sulfur clusters studied thus far the iron sites are
intrinsically high-spin. H,„, of an isolated high-
-spin iron is dominated by the negative contribu-
tion of the Fermi contact term. In an exchange-
-coupled Fe-S cluster, the sign of H im at a particu-
lar iron nucleus is opposite to the sign of the pro-
jection of the local spin of that iron onto the
system spin (see for instance, ref. [7]). In
Av2/urea all local spins must have positive pro-
jections onto the S = 3/2 system spin. Therefore, a
successful theoretical model must yield local spin
expectation values that are parallel, not antiparal-
lel, to the system spin.
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NICKEL-IRON-SULFUR-SELENIUM
CONTAINING HYDROGENASES ISOLATED
FROM DESULFOVIBRIO BACULATUS
STRAIN 9974

Hydrogenases from the periplasmic, cytoplasmic
and membrane fractions of Desulfovibrio bacula-
tus strain 9974 (DSM 1743) have been purified to
apparent electrophoretic homogeneity.

PHYSICO-CHEMICAL DATA

Table I indicates the results of metal analysis as
well as other physico-chemical data, namely the
specific activity of the enzyme in respect to hydro-
gen evolution (µmoles H 2 /min.mg.). Plasma emis-
sion metal analysis detects the presence of iron,
and of nickel and selenium in equimolecular
amounts. The U.V. and visible spectra show
broad bands around 277 and 390-400 nm, typical
of iron-sulfur containing proteins.

EPR DATA

The EPR spectra of the native ("as isolated")
enzymes are shown in Fig. 1 A-C. All the enzymes
show a weak isotropic EPR signal centered
around g = 2.02 observable at low temperatures
(below 20 K) that accounts for about 0.002 to
0.03 spins per molecule. The periplasmic and
membrane bound enzymes also show additional

Table I
Physico-chemical data on D. baculatus (9974) hydrogenases

Cytoplasmic Periplasmic
Membrane

bound

Specific Activity
(µmoles H2

evolved/min.mg .) 466 527 120

Molecular weight IOOa) 1 10a) ] Ooa)

(kDa) 81(54, 27)b)` ) 75(49, 26)b)c) 89(62, 27)b)c)

Metal content
Fe 7.7	 (14.1)d) 9.25(13.5) 10.3(11.4)
Ni 0.54(1.0) 0.69(1.0) 0.90(1.0)
Se 0.56(1.03) 0.66(0.96) 0.86(0.95)

Ratio A390/280 0.28 0.25 0.10

a) Molecular mass determined by high pressure liquid chroma-
tography.

b) Molecular mass determined in the presence of SDS.
c) Molecular mass of subunits are indicated between bra-

ckets.
d) Values in ( ) were converted per 1 nickel per minimal mole-

cular weight.

EPR signals with g-values greater than 2.0 assig-
ned to nickel(III), which are detectable up to 77
K. The periplasmic hydrogenase shows EPR fea-
tures at 2.20, 2.06 and —2.00 (Fig. 1-B); the sig-
nals of the membrane bound enzyme can be                  

2.02                        

A      

2.06      2.20                  

2.34 2.33

n ( .24 /^ .1 6                                                                                                    

Fig. 1
EPR spectra of D. baculatus (strain 9974) native hydrogenase:
A — Cytoplasmic fraction; B — Periplasmic fraction;

C — Membrane bound fraction.
Experimental conditions: temperature 8 K; microwave power
2 mW; modulation amplitude 1 mT; microwave frequency

9.41 GHz
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decomposed into two sets of EPR signals with
g-values at 2.34, 2.16 and —2.00 (component I)
and at 2.33, 2.24 and —2.00 (component II)
(Fig. 1-C).
In the hydrogen reduced state all the hydrogenase
fractions show identical EPR spectra: signals typi-
cal of reduced iron-sulfur centers with g med
—1.94, and additional EPR features with g-values
greater than 2.0 that were assigned to nickel. The
conjunction of EPR studies performed at diffe-
rent temperatures and microwave powers, as well
as the observation of EPR signals in reduced sam-
ples (reduced either with H2 gas or sodium dithio-
nite, during different times), enables the identifi-
cation of two sets of iron-sulfur centers: center I
(2.03, 1.89 and 1.86) detected below 10 K and
center II (2.06, 1.95 and 1.88) easily saturated at
low temperature.

DISCUSSION

The hydrogenase fractions isolated from D. bacu-
latus (strain 9974) show unusual spectroscopic
properties which should be relevant for the
understanding of the role of EPR detectable nic-
kel in hydrogenases. The samples show a very
weak EPR signal due to iron-sulfur centers in the
oxidized state. Iron-sulfur EPR signals have been
observed in the native state of other hydrogena-
ses. D. gigas hydrogenase has an almost isotropic
EPR signal centered around g = 2.02 assigned to a
[Fe 3 S X] center on the basis of complementary
EPR and Mdssbauer spectroscopic studies [1].
This signal integrates from 0.7 up to 1.0
spin/molecule depending on the preparation. Ho-
wever, the D. vulgaris (Hildenborough) enzyme
also shows a very weak signal in the native state
which only accounts for up to 0.05 spin/molecule
[2] and the soluble D. desulfuricans (Norway
strain) hydrogenase is EPR silent as isolated [3].
The cytoplasmic fraction of D. baculatus (strain
9974) hydrogenase is pratically EPR silent (the
isotropic signal accounts for 0.002 spin/molecule).
Additionally, EPR signals assigned to Ni(III) are
observed in the periplasmic and the membrane
bound form. The nickel EPR g-values observed in
the membrane fraction are typical of Ni(III) as
observed for other nickel containing hydrogenases
as isolated. However the rhombic EPR signal ob-
served for the periplasmic fraction as isolated is

quite unusual. Similar g-values (2.20, 2.06 and
2.0) were also observed in the D. desulfuricans
(Norway strain) enzyme isolated from the soluble
fraction [3]. Other complex nickel EPR signals
have been reported [4] and assigned as being the
result of the interaction between the nickel and an
iron-sulfur center.
Upon reduction under hydrogen atmosphere (or
by addition of dithionite) the three hydrogenases
gave the same type of EPR spectra despite its na-
tive state. These observations indicate that native
hydrogenases isolated from different bacterial
sources or from different fractions (soluble or
membrane bound) yield different Ni(III) EPR sig-
nals [5]. They may contain the redox centers in
different oxidation states depending on the enzy-
me conditions. In order to express full activity,
certain enzymes (e.g. D. gigas yielding a 2.31,
2.23 and 2.0 native EPR nickel(III) signal) require
an activation/reductive step. Others, as in the case
of D. baculatus (strain 9974) do not show a lag
time dependent activation step. The state of the
nickel in the native preparation may be determi-
nant for the behaviour of the enzyme towards the
full expression of activity.
Remarkable is also the presence of selenium in
equimolecular amounts to nickel. Selenium is also
found in Methanococcus vannielli [6] and D. de-
sulfuricans (Norway strain) hydrogenases [3].
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PURIFICATION OF AN HYDROGENASE
FROM AN HALOPHILIC SULFATE
REDUCING BACTERIUM:
DESULFOVIBRIO SALEXIGENS
STRAIN BRITISH GUIANA

Hydrogenases have been purified to apparent
homogeneity from many bacterial species [1].
They are involved in either hydrogen consumption
which is used to supply reductant for CO 2 fixation
or energy generation via electron transport, or for
hydrogen production which enables the bacteria to
dispose of excess electrons [1,2].
Desulfovibrio (D.) salexigens strain British Guiana
(NCIB 8403) is the only well known halophilic
strain in the genus Desulfovibrio. A few electron
transfer proteins have been isolated and characte-
rized from D. salexigens: a cytochrome c 3 (Mr
13 000) [3], a flavodoxin and a rubredoxin [4] and
a blue protein containing molybdenum and iron-
-sulfur centers [5]. We report on the purification

of an hydrogenase from D. salexigens strain
British Guiana.
D. salexigens was grown at 37°C on a standard
lactate-sulfate medium [6] supplemented with 3%
sodium chloride. The cells were then lysed and
frozen until used. They were slowly defrosted and
centrifuged at 20 000 rpm for 1.5 hr. The super-
natant from 250 g of cells (wet weight) was then
centrifuged twice at 40 000 rpm for 2 hr.
All purification procedures were carried out in air
at 4°C and the pH of the buffers (Tris-HCI and
phosphate: KPB) was 7.6 (measured at 5°C). A
summary of the steps of the purification is pre-
sented in Table 1.
The centrifuged extract was loaded onto a
hydroxylapatite (Biorad) column (5 x 29 cm) and
the column washed with 500 ml of 0.2 M
Tris-HCI. A reverse gradient of 500 ml of 0.2 M
Tris-HCI to 500 ml of 0.01 M Tris-HC1 was set
up. The column was then washed with 300 ml
0.01 M KPB and a phosphate linear gradient of
1 000 ml 0.01 M KPB to 1 000 ml 0.4 M KPB was
set up. No hydrogenase was found in the eluent.
The column was further washed with 500 ml 0.4 M
KPB and the hydrogenase finally eluted from the
column. About 80% of the hydrogenase activity
(in the H2 evolution) was recovered. The hydroge-
nase enzyme was then concentrated to 8 ml in a
diaflow apparaturs using a YM 30 membrane. It
was then dialyzed against 4 500 ml 0.01 M Tris-
-HC1. The dialysis resulted in the formation of a
precipitate which redissolved in 1 M Tris-HCI. The
hydrogenase activity was then redetermined in the
supernatant and found to have decreased by 50%.
The resuspended pellet was checked for activity
and very little was found. A spectrum of the
resuspended pellet showed only cytochromes.

Table 1

Purification of hydrogenase from D. salexigens

Fraction
Protein

(mg)
Total Activity

(Amoles H 2 /min)
Specific Activity

(µmoles H 2 /min/mg)
Exchange Activity

(µmoles HD + H 2 /min/mg)

Crude extract 12 690 54 000 4.3 2

Hydroxylapatite column N.d. 42 492 N.d. N.d.
Dialysis and Centrifugation 210 19 522 93 28

DEAE-Bio-Gel 27 16 245 602 175

Hydrogenase activity measured by the hydrogenase evolution assay [9] or the D 2 -H' exchange reaction [7].
Protein determined by a modified Lowry procedure [10].
N.d.: Not determined.

Rev. Port. Quím., 27 (1985)196



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

The dialyzed protein was diluted 1:4 with 0.01 M

Tris-HCI and then applied to a DEAE-Biogel A
column (5 x 33.5 cm). The column was washed
with 200 ml of 0.01 M Tris-HCI and then a linear
gradient was constructed (1 000 ml of 0.01 M Tris-
-HCI to 1 000 ml of 0.3 M Tris-HCi).
The hydrogenase was collected at a concentration
of about 0.25 M Tris-HCI. About 85% of the
hydrogenase was recovered in the last step of pu-
rification. The 400 nm/280 nm ratio was 0.275
and the specific activity was 602 moles H2

produced/min/mg protein.
In the D2 —H' exchange reaction, in contrast to
the hydrogenases from D. gigas [7], D. vulgaris

Hildenborough and Met hanosarcina barkeri [8]
where the initial HD evolution is initially higher
than the H2 production, the H 2 /HD ratio found
with D. salexigens hydrogenase was higher than 1,
as it has also been observed with the periplasmic
and cytoplasmic hydrogenases from D. baculatus
strain 9974 (our unpublished results).
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the observed enhancement of the axial ligand
internal vibrations is studied..&) PS1.36 — TH

G. CHOTTARD
Département de Recherches Physiques

Université Pierre et Marie Curie

Tour 22, 4 place Jussieu, 75230 Paris Cedex 05

France

J.P. MAHY
P. BATTIONI
D. MANSUY
Laboratoire de Chimie

École Normale Supérieure

72231 Paris Cedex 05

France

A RESONANCE RAMAN STUDY
OF THE MYOGLOBIN COMPLEXES
FORMED BY REACTION
WITH MONOSUBSTITUTED HYDRAZINES

Hydrazines are effective inducers of hemoglobin
precipitation in the form of Heinz bodies. It has
been shown that monosubstituted hydrazines,
typically C 6 H 5 NHNH 2 and CH 3 NHNH 2 react
with myoglobin (Mb) and hemoglobin (Hb) to
yield Fe III a bonded phenyl and methyl derivatives
respectively [1,2]. In the case of the reaction of
methylhydrazine an intermediate Mb (Hb) methyl-
diazene complex can be isolated [2].
We report here the results of a Resonance Raman
(RR) study of these complexes using Soret excita-
tion, which point to the very different behavior of
the phenyl and methyl Mb derivatives.

a bonded phenyl derivative Mb Fe °í C6 H5

In the 1300-1650 cm -1 the main porphyrin vibra-
tions are observed: the intense oxidation state
marker band is located at 1372 cm -1 and two wea-
ker bands are observed at 1586 and 1640 cm -1 .
These frequencies are indicative of a Fe" low spin
derivative [3]. In the low frequency region a fairly
strong band occurs at 640 'cm -1 , which does not
correspond to a previously reported porphyrin
vibration. By comparison with spectra of substi-
tuted phenyl derivatives, we assign this band
(together with the 1049 and 1075 cm -1 bands) to a

a bonded methyl derivative Mb Fe"-CH3

Under Soret excitation (430-455 nm), the complex
Mb Fe 111-CH 3 undergoes photoreduction leading
to deoxy Mb. Under the same excitation but in
the presence of excess CH 3 NHNH 2 , the obser-
ved Raman spectrum is that of the Mb Fe II
(NH = NCH 3 ) complex, which has been previously
described as an intermediate in the formation of
Mb Fe n "-CH 3 from Mb Fe 111 and NH 2 NHCH 3 [2].
These photoreduction reactions can be followed
by visible and Raman spectroscopy; they pre-
clude the observation of the RR spectrum of
Mb Fe ul-CH 3 .

Methyldiazene derivative Mb Fe"— NH= NCH 3

The RR spectrum of the methyldiazene complex
shows an oxidation state marker band at 1370
cm-1 and low spin marker bands at 1584 and 1639
cm -1 . The low frequency bands are under investi-
gation. These RR data will be compared to those
obtained for the isoelectronic complexes Mb0 2

and MbCH 3 NO.
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THE INFLUENCE OF DISTAL AMINO ACIDS
UPON LIGAND BINDING AS DETERMINED
FROM CYANIDE ION BINDING
TO SPERM WHALE MET-MYOGLOBIN
AND THE MONOMER FRACTION
GL YCERA DIBRANCHIA TA
MET-HEMOGLOBINS

INTRODUCTION

The monomer hemoglobin fraction from the mari-
ne annelid Glycera dibranchiata has been shown
to possess a three-dimensional structure similar to
vertebrate hemoglobins with the exception that the
distal histidine (primary sequence position E-7) is
replaced by leucine [1,2]. Several authors have
discussed the influence that such a substitution
may have on ligand binding [3,4].
In our studies of the effects and importance of
the E-7 (His -- Leu) replacement in the Glycera
dibranchiata monomer hemoglobin, we want,
ultimately, to investigate the thermodynamics and
kinetics of ligand binding for each separated com-
ponent of the monomer fraction [5,6]. As a star-
ting point cyanide ion binding to the met form of
the unseparated monomer fraction is being stu-
died. Thermodynamics of the binding of this same
ligand to sperm whale myoglobin has been carried
out as a reference.

EXPERIMENTAL

The Glycera dibranchiata hemoglobin monomer
was prepared and separated as described before
[5,6]. Sperm whale myoglobin was purchased
from Sigma and used without further purification.
All chemicals used were reagent grade quality. All

Rev. Port. Quím., 27 (1985)

solutions were prepared in 0.3 M potassium phos-
phate buffer, pH 6.8. The spectrometer used for
the ligand-binding titration was a Perkin-Elmer
UV-Vis 559A with a temperature controlled cell
compartment. Binding studies of cyanide ion with
the monomer fraction hemoglobin were carried
out in the difference mode as shown for the
Glycera dibranchiata monomer fraction in Fig. I.

Fig. 1

Visible difference spectra for CAI - binding to glycera mono-

mer HB

RESULTS AND DISCUSSION

The results presented here are for our initial stu-
dies of cyanide ion (as KCN) binding to the oxi-
dized (met) forms of the proteins. For myoglobin
the values for Kpi xs and Hill coefficient were in
accordance with the current literature [7] (Fig. 2).
For the glycera hemoglobin, however, the results
were not comparable to the literature values [4]
(Fig. 2). For both proteins we found that the rate
at which cyanide ion is bound is not instanta-
neous. With our conditions (pH 6.8, 0.3 M phos-
phate buffer) the reaction proceeds to equilibrium
within 30 minutes for the sperm whale myoglobin,
but takes over ten hours for the Glycera dibran-
chiata monomer fraction. When both reactions
are analyzed, using the Hill parameter formalism
[8], both yield n = 1.0 ± 0.1 as shown in Fig. 2.
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Fig. 2

Hill plots for CN- binding to glycera monomer HB and
myoglobin

This is what is to be expected for a noncoopera-
tive protein that binds a ligand such as cyanide
ion according to an equilibrium such as:
P + CN - P-CN.
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ASSIGNMENT OF PROTEIN RESONANCES
IN THE PROTON NMR
SPECTRUM OF METCYANOMYOGLOBIN

To take full advantage of the potentials of high
resolution proton NMR in solution, signals must
be assigned unequivocally to specific protons
in the molecule. Sperm whale myoglobin in its
metcyano form (MbCN) is a low-spin ferric com-
plex which shows the resonances from the imme-
diate surroundings of the active site well resolved
from the diamagnetic envelope. In particular,
many relatively sharp peaks appear below 10
ppm. The large spread of the chemical shifts illus-
trated in Fig. 1,A is due to the low in-plane
symmetry of the heme environment. So far, most
of the assignments were reached by comparing
the spectrum of native MbCN to the spectra of
holoMbCNs reconstituted from apoMb and selec-
tively deuterated hemins. Consequently, they bear
only on the prosthetic group since such a method
does not provide a direct handle on the protein re-
sonances. A few of the latter have been identifed
through the variation of the chemical shift with
pH, however, this applies to titratable groups.
The value of the non-selective spin-lattice relaxa-
tion time has also proved useful as this
parameter depends on the distance to the para-
magnetic center. Using X-ray coordinates and T 1

data, the distal His (E7) ring NH as well as the
proximal His (F8) ring NH and peptide NH have
been located in the spectrum. They are labeled A,
B, and D respectively in Fig. 1,A. Another promi-
sing approach consists in the observation and
analysis of homonuclear Overhauser effects

LOG
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Fig. I

Downfield region of the 500 MHz proton spectrum of sperm

whale MbCN in 90% H20/10% 2H20, 0.2 ,u NaCi, at 30°C,

pH 9.2.

A) Reference spectrum recorded with H2 O presaturation.

B) Steady-state NOE difference spectrum resulting from the

saturation of the distal His (E7) ring NH (labeled A); h is as-
signed to the corresponding C4 H.

C) Steady-state NOE difference spectrum resulting from satu-

ration of the proximal His (F8) ring NH (labeled B); the origin

of D is confirmed as the F8 peptide NH, this NOE and others

suggest that i is one of the F8 (3-H2 .
The NOE experiments were performed using a Redfield train

as observe pulse

cavity (i.e. horse Mb and elephant Mb) are exami-
ned to verify the consistency of the assignments.
The time dependence of the effect is studied in or-
der to evaluate possible structural fluctuations.
Furthermore, the pseudo-contact contribution to
the chemical shift of an assigned resonance
(zH/H p.c.) can be estimated. With several
OH/H p c. values, it is possible to determine the
principal components of the magnetic susceptibi-
lity tensor X and the orientation of the magnetic
axes via the formula for non-axial anisotropy

AH /H	 = C r -3 {1X —1 (Xx —X )1 (1 -3cos 212)+3(X.—Xyy)sin20cos12 )
p.c.	 zz Z x yy	 2

where SI is the polar angle between the iron-pro-
ton vector and the z-direction and e is the angle
between its projection in the xy plane and the x
axis. In turn, those parameters allow to predict
the chemical shift of yet unassigned protein
protons under the influence of the paramagnetic
center.
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(NOE). In combination with T 1 data the NOE has
been utilized successfully to identify the spin
system of Ile FGS, a residue belonging to the
heme cavity [1J.
Here we report on further NOE studies. By per-
forming the experiments in H 2 0, the known histi-
dine NH resonances can be taken as spatial refe-
rences and the signals experiencing an NOE are
classified as arising from distal- or proximal-side
residues (Fig. 1, B and C). H 2 O and/or 2H 2 0
NOE data collected on MbCN containing modi-
fied hemes and various metcyanomyoglobins pre-
senting amino acid replacements inside the heme

NITROSYLIRON(III) HEMOGLOBIN:
AUTOREDUCTION AND SPECTROSCOPY

INTRODUCTION

The reactions of heme proteins with nitric oxide
continue to be extensively investigated. We report
here the results of our studies on the reactions of
NO with myoglobin (Mb), Glycera dibranchiata
hemoglobins (mHb,hHb), and human hemoglobin
(AHb) and its subunits. With the noteworthy he-
me pocket alterations in comparison with other
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Hb and Mb [His(E7) — Leu, Gly(E6)—Aspl, mo-
nomeric mHb offers itself as an interesting model
Hb for probing the chemical influences of the dis-
tal histidine.

MATERIALS AND METHODS

Polymeric and monomeric Hb's were separated by
chromatography on Sephadex G-75. Mb was Sig-
ma type-III equine, AHb was Sigma type-IV. Hb-
-subunits were prepared according to Bucci and
FRONTICELLI [1], and WAKS [2]. The nitrosyl
complexes were obtained by direct reaction of NO
with the iron(III) proteins. After autoreduction,
samples of reduced AHb(II)NO were recycled
(oxidised) with an excess of potassium hexacyano-
ferrate(III) to produce Hb(III)NO-H 2 0. The
hexacyanoferrates were removed on a Sephadex
G-75 column.

RESULTS

The ESR spectrum of mHb(II)NO (Fig. 1) shows
that it is low-spin and paramagnetic and has an
ESR spectrum similar to that of other Hb,

2.028

)

2.067

11.987

3000	 3100	 3200	 3300	 3400	 H (G)

Fig. 1
Low temperature first derivative ESR spectrum of rnHb(11)NO

at pH 7

Mb(II)NO systems and the hexacoordinate iron(II)
model complex, Fe(OEP)NO(BzIM), (g = 1.97,
2.03 and 2.06). The pronounced hyperfine split-
ting in Fe(OEP)NO indicates the pentacoordinate
structure. The ferric heme is ESR silent, while a
hexacoordinate structure in solution is indicated
for Fe(OEP)NO(C104 ). On addition of DPG, IHP,

SDS, or hexacyanoferrate, or lowering of the pH
to 5.5, the spectrum of mHb(II)NO does not
change, thus the possibility [3] of induced change
of the coordination state under such conditions is
excluded.
The splitting of the a- and 3-bands in the optical
spectrum of Mb(III)NO contrasts markedly with
the sharp, single bands observed in mHb(III)NO.
We attribute the nondegeneracy of the d xy and d y,
orbitals in Mb(III)NO to the influence of the dis-
tal His.
CD spectra were obtained for mHb(II)NO,
mHb(III)NO, hHb(II)NO, hHb(III)NO,
Mb(II)NO, Mb(III)NO. The vicinal chiral center
contribution which governs the heme protein CD
leads to low Kuhn anisotropies (g= 0.001 for mag-
netic dipole allowed), which we have used to
assign certain electronic transitions.
The Hb(III)NO spectrum is not stable but trans-
forms into that of Hb(II)NO. This autoredox pro-
cess follows kinetics which are first order in
Fe(III)NO. The rates of autoreduction (25°C, 1
atm NO) are: Mb(III)NO < mHb(III)NO <
aHb(III)NO < AHb(III)NO. At high NO concen-
tration or after "recycling" of AHb, the rate of
reduction becomes very slow.
The first step in the reaction of NO with the ferric
heme 1 is the reversible formation of heme(III)NO
2. The optical and ESR spectra suggest that a
one-electron transfer between NO and metal ion
results in the formation of a spin-paired nitroso-
nium-heme 3, which reacts with another molecule
of NO in the rate-determining step to produce the
cis- and trans-nitrosonium nitrosyl hemes 4, 5.
The fact that DPG accelerates the rate of reduc-
tion in the case of AHb suggests that His(F8) va-
cates the axial position in the rate-determining
step. The removal of (NO')NO from the cis-form

• N
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4 followed by the attack of another NO gives the
final heme(II)NO 6.
By following the rate of reduction at different
temperatures the activation parameters Ea, AG ",
AH " and AS " have been obtained.  
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SPECTRAL CHARACTERIZATION
OF DIARYLPROPANE OXYGENASE,
A NOVEL PEROXIDE-DEPENDENT,
LIGNIN-DEGRADING HEME ENZYME

3.3	 3.4	 3.5
	

3.8	 3.7

Fig. 2
Arrhenius plots for • mHb, ❑ Mb, x Hb, A AHb
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Diarylpropane oxygenase (DAPDX), an H202-
dependent lignin-degrading enzyme from the basi-
diomycete fungus Phanerochaete chrysosporium,
catalyzes the oxygenation of a variety of lignin
model compounds with incorporation of a single
atom of dioxygen (0 2 ) into the products [1].
DAPDX is also capable of oxidizing some alco-
hols to aldehydes and/or ketones [2]. This enzyme
has an M r of 41,000 and a single iron proto-
porphyrin IX prosthetic group [2]. The Soret ma-
ximum of its ferrous-CO complex is at - 420 nm,
as seen for ferrous-CO myoglobin (Mb), hemoglo-
bin (Hb) and horseradish peroxidase (HRP), and
unlike the typical - 450 nm Soret maximum of the
ubiquitous heme mono-oxygenase, cytochrome
P-450. The electronic absorption spectra of native
(ferric), cyano, and ferrous DAPDX most closely
resemble those of the analogous myoglobin com-
plexes. Thus, from absorption spectroscopy it
appears likely that native DAPDX contains a
high-spin, hexacoordinate ferric iron, while that
of ferrous DAPDX is high-spin, pentacoordinate.
The EPR g-values of native DAPDX, 5.83 and
1.99, are also in good agreement with those of
«axial» aquometMb, supporting the high-spin,
hexacoordinate assignment; they correlate less well
with those of «rhombic» HRP, catalase, cyto-
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chrome c peroxidase (CCP), and P-450. Compara-
tive EPR spectroscopy of HRP, catalase, CCP, Mb
and Hb revealed that the heme environments dif-
fered between the two functionally-distinct types
of heme proteins [3]. According to its EPR spec-
tral properties, DAPDX would fit into the oxy-
gen-binding category.
Resonance Raman spectra of ferric DAPDX,
obtained with 406.7 and 488.0 nm excitation
lines, have their spin- and oxidation-state marker
bands at 1612, 1558, 1479, and 1372 cm -t, fre-
quencies analogous to those of high-spin, hexa-
coordinate aquometMb. The RR spectra of fer-
rous DAPDX have key bands at 1603, 1554, 1470,
and 1357 cm -1 , frequencies highly similar to those
of deoxyMb, and hence also indicative of a high-
spin, pentacoordinate ferrous iron for the
reduced form of the enzyme. The RR spectra of
both ferric and ferrous DAPDX are less similar to
those of HRP, catalase, or CCP, and are clearly
distinct from those of cytochrome P-450 (see
Table I).
Thus, our spectral analysis strongly supports a
neutral histidine, as found in myoglobin, as the
fifth ligand to the heme iron in native DAPDX.
This work also implies that the heme ligand is
most likely not the tyrosinate of catalase, or the
histidinate (or strongly hydrogen-bonded histi-
dine) of horseradish peroxidase. Furthermore, the
data clearly indicate that the fifth ligand of
DAPDX is not the cysteinate found in cyto-
chrome P-450. Our work also suggests that the heme

environment of DAPDX must be similar to that
of the oxygen-binding myoglobin, rather than that
of the peroxidases, catalase, or cytochrome P-450.
Given the functional similarity between DAPDX
and P-450, this work implies that the mechanism
of oxygen insertion for the two systems is dif-
ferent.
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Table I

Comparison of Key Resonance Raman Bands for Diary!propane Oxygenase and Other Heme Systems

System

Soret Excitation Visible Excitation Ligands

v(C = C)(P) v3(P) P4 (P) vlo(dP) utg(aP) 5th 6th

High-spin Fe(III)
DAPDXaI 1627 1479 1372 1612 1558 His 1..12Oó)

AquometMbal 1620 1483 1369 1614 1562 His H2O

HRP 1632 1500 1376 1608 1576 His - —

P-450-cam 1626 1488 1368 1623 1567 Cys -

High-spin Fe(II)
DAPDX aI 1626 1470 1357 1603 1554 His bl

DeoxyMb 1618 1473 1357 1607 1552 His

HRP 1627 1472 1358 1605 1553 His -

P-450-cam 1620 1467 1346 1604 Cys -

a) This work. b) Tentative identification.
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ambient temperature (– 4°C) by adding peroxides
and ascorbic acid to ferric CPO (1-2 µM) in a
molar ratio of 100:2000:1. The UV-visible absorp-
tion and MCD spectra of CPO.0 2 and CPO-II
are displayed in figs. 1 and 2, respectively.
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SPECTROSCOPIC PROPERTIES
OF CHLOROPEROXIDASE COMPOUNDS
II AND III
— POSSIBLE STRUCTURAL MODELS
FOR ANALOGOUS CYTOCHROME P-450
DERIVATIVES

Previous spectroscopic studies of analogous de-
rivatives of chloroperoxidase (CPO) and cyto-
chrome P-450 (P-450) have demonstrated that close
similarities exist in their UV-visible absorption [1],
magnetic circular dichroism (MCD) [2], EPR [3],
MOssbauer [4], and extended X-ray absorption
fine structure [5] properties. In particular, both
enzymes exhibit unique hyperporphyrin («split
Soret») spectra in their ferrous-CO [1] and ferric-
thiolate [6] adducts, strongly suggesting the coor-
dination of an endogenous thiolate ligand in
CPO, as has well been established for P-450 [7].
These extensive parallels between the coordination
properties of CPO and P-450 have motivated us
to generate other CPO derivatives as potential
analogs for catalytic intermediates of P-450,
especially its oxygen complexes.
We report herein the generation of a unique,
stable CPO-dioxygen adduct (CPO.0 2 , CPO
Compound III) and of CPO Compound II(CPO-
II), and their characterization with UV-visible
absorption and MCD spectroscopy. The CPO
dioxygen adduct is formed by bubbling 0 2 into a
dithionite-reduced enzyme solution at – 30°C in
cryogenic mixed solvents. CPO-II is generated at

Rev. Port. Quim., 27 (1985)

Wavelength (nm)

Fig. I
UV-visible absorption (bottom) and MCD (top) spectra

of oxygenated CPO (	 ), P-450-CAM (	 ) and Mb

(	 ). The spectra were obtained in 65% (v/v) ethylene

glycol/0.035 M potassium phosphate buffer (pH 6.0, 7.4 and

7.0 before mixing, respectively) at –30°C with 30-40 p.M pro-

tein concentrations. The P-450-CAM sample contained 100

mM KCl and 4 mM d-camphor

The absorption spectrum of CPO.0 2 at –30°C
(Fig. 1B) [Xnm(emM): 354(41 ), 430(94), 554(16.5),
587(12.5)] has two noticeable distinctions from that
of P-450.0 2 : (a) the Soret peak of CPO.0 2 is
red-shifted about 10 nm from that of P-450.0 2 ,
and (b) a distinct a-peak is seen at 587 nm in the
CPO case that is not observed for P-450.0 2 .
However, the overall spectral features of
CPO.0 2 are more similar to those of P-450.0 2

[Xnm(EmM): 353 (46), 419(82), 554(16)] than of oxy-
genated myoglobin. Oxygenated CPO is EPR
silent at 77 K. The bound 0 2 in oxygenated CPO
can be replaced by CO; upon bubbling CO into
the CPO.O 2 solution at –30°C, the diagnostic
hyperporphyrin spectrum of ferrous-CO CPO

(>max,nm: 362 , 445, 549) is generated. CPO.0 2 un-
dergoes autoxidation to form native ferric CPO
without any detectable intermediates with a half
life comparable to that of P-450.0 2 . In fig. 2,
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(– 0.15 mM) and ascorbic acid (– 3 mM) and those for HRP

(10-15 p.M) in 0.005 M sodium carbonate buffer, pH 10.5,

with equivalent amounts of EtOOH and ascorbic acid, at

– 4°C. The MCD spectrum of CPO Compound II is the ave-

rage of 3 measurements
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UV-visible absorption (bottom) and MCD (top)
spectra of horseradish peroxidase Compound II
(HRP-II) are overplotted with those of CPO-II.
Considerable differences are seen between the
spectra of HRP-II and CPO-II, presumably
because the endogenous axial ligands are not the
same: histidine imidazole for HRP and thiolate,
most likely, for CPO.

In conclusion, the dioxygen adducts of CPO and
P-450 are clearly distinguishable from that of Mb,
a histidine-ligated heme protein, in their UV-visi-
ble absorption and MCD spectral properties [8].
Considerable spectral differences are also seen
between the Compound II states of CPO and
HRP. The small, but nonetheless significant, spec-
troscopic dissimilarities between the dioxygen ad-
ducts of CPO and P-450 (Fig. lA, B) are some-
what surprising, since the analogous ferric and fer-
rous ligand adducts of CPO and P-450 show great
similarities [1,6,9]. The reason for these differen-
ces are not clear at the present.
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ANION BINDING TO A CYTOCHROME C'

The cytochromes c' are mono- and diheme pro-
teins reported to comprise the largest and most
widespread class of bacterial cytochromes known
[1]. These proteins are similar to the low-spin
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cytochromes c in their heme binding sequence pat-
tern, but exhibit optical spectra resembling those
of high-spin metmyoglobin and methemoglobin.
The ferric cytochromes c' are characterized by pa-
ramagnetic susceptibilities intermediate between
those of high-spin and low-spin hemoproteins,
while the ferrous cytochromes c' have paramagne-
tic susceptibilities which are very similar to those
of high-spin hemoglobins and myoglobins [2].
X-ray crystallographic studies have established
earlier suggestions that the heme iron in ferric
cytochromes c' is pentacoordinate with a histidyl
imidazole group providing the single axial ligand
to the heme iron [3]. The ferrous cytochromes c'
are also thought to be pentacoordinate based on a
comparison of their properties to deoxymyoglo-
bins. Although earlier studies [4] indicated that
only CO and NO bind to the ferrous cytochromes
c' and that no anionic ligands bind to the oxidized
state, in direct contrast to the ligand binding pro-
perties of hemoglobins and myoglobins, recent
studies from our laboratory demonstrated the bin-
ding of ethylisocyanide to the reduced cytochro-
mes c' [5,6]. We now wish to report the binding
of an anionic ligand to the ferric cytochrome c'
from Chromatium vinosum. In the presence of 50
mm potassium cyanide the cytochrome c' exhibits
a single visible absorption band and a red shifted
Soret band similar to the low-spin complex obser-
ved for cyanide binding to ferric myoglobin in
contrast to the high-spin type spectrum characte-
ristic of each of these proteins in the absence of
cyanide as indicated in Table I. These results indi-
cate that addition of cyanide to the cytochrome c'
results in the conversion of the pentacoordinate
heme to a low-spin hexacoordinate complex. This
finding suggests that the heme binding site in this

Table I

Absorption Maxima of Ferric Cytochrome c' Metmyoglobin

and Their Cyanide Derivatives

Protein Absorption Maxima (nm) Ref.

Chromatium cyto-
chrome c' 

a) 635 445 400 [7]
Chromatium cyto-

chrome c'-CN 538 417
Horse Mb b) 630 502 408 [8]
Horse Mb-CN 540 422 [8]

a) pH=7.0. b) pH=6.4.

cytochrome c' is significantly more accessible to
ligands than previously indicated and that CN -

may provide an important new probe for structu-
ral studies of the heme environment and proper-
ties of this protein.
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the nature of metal-polyaminocarboxylate (pac)
complexes and in the present communication we
report that subtle differences between the pac
complexes significantly affect their binding prefe-
rences on cytochrome c. 
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SELECTIVITY OF THE INTERACTION
BETWEEN CYTOCHROME C
AND TRANSITION METAL ION
COMPLEXES OF EDTA
AND RELATED LIGANDS

INTRODUCTION

The monohaem electron-transfer protein, mito-
chondrial cytochrome c, has a highly positively
charged surface that binds anionic inorganic redox
reagents at a variety of sites. Some of these sites
are kinetically important for the accompanying
electron-exchange reactions and they may be iden-
tified by the use of NMR spectroscopy [1-3] in
combination with the X-ray crystal structures [4].
The experimental procedure is straightforward.
First, the perturbations introduced into the NMR
spectra of cytochrome c by the paramagnetic rea-
gents are measured. Second, assigned NMR reso-
nances are grouped into those unaffected by the
added reagent and those perturbed by it with the
second group being rated according to the extent
of the perturbation. Third, the pattern of reso-
nance perturbation is compared with the X-ray
structure and the probable binding sites located.
Using this procedure we have identified three
anion binding sites on cytochrome c close to its
exposed haem edge [1-3]. These sites bind the rea-
gents [Fe(CN) 6 ] 3- and [Fe(edta)(H 2 0)] - but they
do so with differing relative affinities that are not
determined solely by the overall charge of the rea-
gent but by its chemical composition and structu-
re. We have investigated these factors by varying

RESULTS AND DISCUSSION

In Fig. 1 the paramagnetic difference NMR spec-
tra (PDS) for binding of [Fe(edta)(H 2 0)] - and
[Fe(dtpa)] 2- to ferricytochrome c are shown. The
[Fe(dtpa)] 2- PDS is similar to the previously re-
ported [Cr(CN) 6 ] 3- PDS [1] and significantly dif-
ferent from the [Fe(edta)(H 2 0)] - PDS (Fig. 1).
The PDS for the edta and dcta complexes of
Mn(III) are similar to that for [Fe(edta)(H 2 O)] -

but the PDS for the heedta complex of Fe(III) is
similar to the [Fe(dtpa)] 2- PDS (not shown).
Most of the spectral perturbations revealed by the
PDS are caused by binding of the paramagnetic
reagent to three sites on the surface of cytochro-
me c. These sites are illustrated in Fig. 2. The dif-
ferent resonance patterns of the PDS result from
a change in the relative affinities of the three sites
for the different reagents. [Fe(dtpa)] 2- binds at
sites 2 and 3 with about the same affinity but
[Fe(edta)(H2 O)] - has a greater affinity for site 2
than for site 3. This selectivity is not caused
simply by the change in net charge of the reagent.
From the range of compounds studied the follo-
wing points emerge:
1) Trinegative, spherically symmetric complexes,

such as [Cr(CN) 6 ] 3- , have a marked preference
for site 3.

2) Reduction in the net negative charge of spheri-
cally symmetric complexes reduces the selecti-
vity of the sites.

3) Some asymmetric complexes have a preference
for site 2.

The reasons why some asymmetric complexes pre-
fer site 2 to site 3 are not entirely clear. In solu-
tion, [Fe(edta)(H 2 0)] - may have an unligated car-
boxylate group whereas the dtpa and heedta com-
plexes do not. Perhaps by interacting directly with
a lysine residue of the protein, a free carboxylate
assists binding at site 2. Also, site 2, unlike site 3,

• Present address: Departamento de Química Inorgánica,
Facultad de Química, Oviedo, Spain
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Fig. 1

300 MHz NMR paramagnetic difference spectra (PDS) for the binding of [Fe(dtpa)J 2 - to 4 mm horse ferricytochrome c at pH' 5.3

and 27°C (A) and [Fe(edta)(H2 011- to 4 mm tuna ferricytochrome at pH* 5.5 and 27°C (B).
Experimental details for obtaining such spectra have been reported elsewhere [1-3]. The percentage figures are mol %. Horse and

tuna cytochromes c show the same binding preferences at their main binding surfaces.
Resonance labels are: VI I, Val-11; A15, Ala-15; T19, Thr-19; V20, Val-20; H26, His-26; T28, Thr-28; Y58, Thr-58; M65, Met-65;

Y74, Tyr-74; 181, Ile-81; F82, Phe-82; A83, Ala-83; 185, Ile-85; •89, Thr-89.
Complexes studied in the present work are the 1:1 Fe(III) and Mn(III) complexes of: dtpa, diethylenetriamine-N,N,N',N',N"-pen-
taacetic acid; edta, ethylene-N,N,N',N'-tetraacetic acid; dcta, trans-1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid; heedta,

N-(2-hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid

Fig. 2

Representation of the three major anion binding sites on cytochrome c.
The space-filling diagrams for tuna cytochrome c illustrate the positions of negatively charged groups (striped) and positively
charged groups (solid). Important residues with assigned NMR resonances are shown in outline. Top, front and right refer to the
conventional orientation of cytochrome c [4]. The stippled residues are those affected by low concentrations of the paramagnetic

reagents and 1-3 refer to the binding sites

Rev. Port. Quím., 27 (1985)
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includes a protein carboxylate (Fig. 2), Glu-21,
and it is possible that this plays an important role
either by binding to the central metal ion of the
reagent or by hydrogen bonding to its ligated
H 2 O. Whatever the exact cause of the selectivity
these studies demonstrate that proteins do have
the capacity for selecting between similar comple-
xes. They also emphasize the need for care in in-
terpreting reactivity parameters for redox reac-
tions between proteins and small molecules espe-
cially in cases where there appears to be more
than one possible reaction pathway, as with cyto-
chrome c. Using chemically modified lysine deri-
vatives of cytochrome c we hope to unravel the
observed binding selectivities.
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NMR STUDIES OF A MONOHEME
CYTOCHROME FROM WOLINELLA
SUCCINOGENES, A NITRATE
RESPIRING ORGANISM

An ascorbate reducible monoheme c-type cyto-
chrome (8.2 KDa, E o — + 100 mV) was purified
from the nitrate "respiring" organism Wolinella
succinogenes (VPI 10659). The optical spectrum in
the ferro and ferric forms are typical of a c-type
heme coordination. The oxidized state shows the
695 nm band taken as indicative of methionyl
axial coordination, but additional optical bands
are also observed at 619 nm and 498 nm (shoul-
der) reminiscent of the absorption bands of cyto-
chrome c' [1]. These peculiarities of the optical
spectrum prompted us to study this situation of
spin-equilibrium by nuclear magnetic resonance
(NMR) spectroscopy.
The NMR spectrum of the reduced state is shown
in Fig. 1. The heme mesoproton resonances (9.88,
9.59, 9.30 and 9.25 ppm) and the resonances ori-
ginated from the bound axial methionine (S-CH 3

at —3.72 ppm and methylene protons at —3.85,
—1.66 and —0.70 ppm) are readily discernible.
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Magnetic susceptibility data for ferricytochrome at 308 K
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Fig. I

Deconvoluted ' H NMR spectrum of W. succinogenes ferrocy-

tochrome at 303 K, pH 7.2

The pH dependence of the NMR spectrum of fer-
ricytochrome is shown in Fig. 2. As expected for
a paramagnetic protein, several hyperfine shifted
resonances are observable downfield of 10 ppm.
The 3-proton intensity resonances designated M ;

(i=1,4) are assigned to heme methyl groups. The-

pH

9.29

Wl

U.L).A 563

50	 40	 30	 20	 10

Fig. 2

' H NMR spectra of W. succinogenes ferricytochrome at 303 K

for three different pH values

se resonances have downfield shifts greater than
38 ppm which is unusual for a low-spin c-type
situation. The temperature dependence of the fer-
ricytochrome resonances shows that M 2 and M,
are almost temperature invariant, M, shows a
temperature dependence according to Curie's law
and M3 is anti-Curie dependent. Resonance 5 is
extremely temperature dependent
(6 50 oc — S ooc =7.15 ppm at pH =7.5) and also anti-
-Curie dependent.
The pH profile gives a pK a value at —7.3 and the
linewidth variation is compatible with an interme-
diate rate for the exchange process between two
forms.
Magnetic susceptibility measurements by a NMR
method [2] were performed as a function of the
pH. The results are indicated in Table I.

The visible spectra, NMR and magnetic suscepti-
bility measurements are indicative of a spin equili-
brium which shifts towards the high-spin form
when the pH is lowered. This is compatible with
the increase in chemical shifts of the heme methyl
resonances at low pH.
The assembly of these preliminary studies, indica-
tes that there is a spin equilibrium in the ferric
form. The high-spin/low-spin transition is relati-
vely fast in the nuclear magnetic resonance time
scale, since only four heme methyl resonances are
observed in the lowfield region of the spectrum.
The methyl resonance from the bound methionine
axial ligand is not observed in the upfield spectral
region. Thus, the high spin state could be produ-
ced by loss of the sixth axial ligand (methionyl
sulfur) to the ferric ion.
The chemical exchange between the situation of
bound and unbound axial ligand could induce a
large chemical shift to the methionine methyl reso-
nance [3]. Resonance M5 is a plausible candidate
for this S-CH 3 methionine, due to its chemical
shift and strong temperature dependence.
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STRUCTURAL HOMOLOGY
OF TETRAHEME CYTOCHROME C 3

Low potential tetraheme cytochromes c 3 (molecu-
lar mass 13 KDa) are found in sulfate reducing
bacteria belonging to the genus Desulfovibrio.
They seem to play an important role in electron
transfer processes, but at the present moment
their physiological role is still controversial. Cyto-
chrome c3 can act as an electron carrier for hydro-
genase (although recently direct electron transfer
was shown to occur between some of the electron
carrier proteins, e.g., D. gigas FdII and flavodo-
xin, and hydrogenase) and in some species invol-
ved in the reduction of elemental sulfur. Each
heme, in this class of cytochromes, is bound to
the protein by two thioether linkages involving
cysteine residues, and the fifth and sixth ligands
of each heme iron are histidinyl residues. Table I
indicates all the tetraheme cytochromes c 3 that ha-
ve been isolated until now as well as some of their
physicochemical properties. The amino acid com-
positions are quite different from cytochrome to
cytochrome originating very different isoelectric

State of physico-
Desulfovibrio

chemical
species

characterization

Isoelectric

point

Number of

residues

Molecular

mass

D. gigas	 P,A,S,NMR,

EPR,MB 5.2 III 14400

D. vulgaris	 P,A,S,NMR,
(Hildenborough)	 EPR,MB 10.2 107 14100

D. vulgaris

(Miyazaki)	 P,A,S,X -ray,

NMR,MB 10.6 107 14000

D. desulfuricans

(Norway 4)	 P,A,S,X-ray,

NMR,EPR 7 118 15100

D. baculatus

(strain 9974)	 P,A,NMR, EPR 7 (118) 15100

D. desulfuricans

(strain 27774)	 P,A,NMR,EPR n.d. (103) 13500

D. desulfuricans

(Berre eau)	 P,NMR,EPR 8.6 n.d. 14000

D. desulfuricans

(El Algheila Z) P,A,S,NMR,EPR 10.0 102 13400

D. salexigens

(British Guiana) P,A,S,NMR 10.8 106 14000

D. desulfuricans

(Cholinicus)	 P,A 8.0 (108) 14300

D. africanus

(Benghazi)	 P,A 8.5 (109) 14900

P — Purified

A — Amino acid analysis

S — Sequence

NMR — Nuclear Magnetic Resonance

EPR — Electron Paramagnetic Resonance

MB — MOssbauer Spectroscopy

* Table composed from references [1-51 and references therein.

points. Tetraheme cytochromes are conserved in
all the Desulfovibrio species analysed so far. It is
interesting to note that even when the terminal ac-
ceptor is modified (i.e. nitrate by sulfate in D. de-
sulfuricans (strain 27774) this multiheme cytochro-
me is still conserved. Cytochrome c 551.5 (c7), a
three heme containing cytochrome isolated from
the sulfur reducing bacterium Desulfuromonas
acetoxidans, is a close relative to cytochrome c3 .
The four hemes in cytochrome c 3 , are localized in
nonequivalent protein environments (see below the
comparison of the NMR and EPR spectral data)
and each heme exhibits different redox midpoint
potentials. The midpoint redox potentials of all
the hemes are negative but the span in redox po-
tential between the lowest and the highest one va-
ries in this class of homologous proteins. As an
example, in D. vulgaris cytochrome c 3 this diffe-
rence is 80 mV, in D. gigas cytochrome c 3 100
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mV, and in D. desulfuricans (Norway strain) cyto-
chrome c 3 this value is 200 mV (using the micros-
copic redox potentials determinated by EPR)
[6-8].
A comparison of the NMR and EPR characteris-
tics of this class of homologous proteins is presen-
ted in order to better understand the structure —
function relationships.
Fig. 1 shows the low field region of the NMR
spectra of several cytochromes c 3 isolated from
different Desulfovibriones. An obvious common
feature is the low downfield chemical shifts expe-

C

^ 

3b30
Fig. I

Low-field NMR spectra of several ferricytochromes c 3 at

313 K. A — D. gigas; B — D. salexigens; C — D. vulgaris

(strain Hildenborough); D — D. desulfuricans (El Algheila Z);

E — D. desulfuricans (Norway 4); F — D. baculatus (strain

9974)

Rev. Port. Quím., 27 (1985)

rienced by the heme methyl groups in this low
spin paramagnetic state of the protein. The diffe-
rences observed in the distribution of resonances
are also striking. There is a wide variation in the
distribution of heme methyl resonances between
the different cytochromes c 3. These differences
fall largely into three regions: the region down-
field of 25 ppm, the region between 15 ppm and
25 ppm and the region upfield of 15 ppm. The
presence of resonances downfield of 25 ppm is
common to all cytochromes c 3. The fact that
there are not many resonances in any of the spec-
tra of Fig. 1 downfield of 25 ppm suggests that
these proteins have similar structures. However,
there is a striking difference: D. gigas cytochrome
c 3 has three resonances in this region while the re-
maining five proteins have only two resonances.
Similar differences can be seen in the regions bet-
ween 15 ppm and 25 ppm. The heme methyl reso-
nances in these regions of the spectra of some of
the proteins, such as that from D. desulfuricans
(Norway strain) are bunched together and cover a
small range of chemical shift values whilst for
other proteins, such as that from D. salexigens,
they are better resolved and cover a wider range
of chemical shift values. All of these differences
may result from two causes: differences in the re-
lative spatial orientations of the four heme
groups, and differences in the electronic proper-
ties of the four heme groups.
Despite of the emphasis upon the differences bet-
ween the spectra of cytochromes c 3 it is relevant
to notice that there is a high degree of similarity
between them. For instance, in all cases there are
10 to 12 heme methyl resonances with chemical
shift values >12 ppm.

Fig. 2 compares the EPR spectra of several cyto-
chromes c 3 from different Desulfovibrio species.
The cytochromes c3 exhibit quite different EPR
characteristics. Cytochrome c 3 from D. desulfuri-
cans (Norway strain), D. baculatus (strain 9974)
and D. desulfuricans (strain Berre eau) show quite
similar characteristics. They all have broad featu-
res at g - 3.3, a resonance around g = 3.0 and a
shoulder on this peak to lower g-values. For other
cytochromes, like D. gigas and D. desulfuricans
(El Algheila Z) cytochromes c 3, the broad peak
around g - 3.30 is missing and only one promi-
nent EPR signal is observed with a g. around
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Fig. 2

EPR spectra of several cytochromes c 3 at 10 K, microwave

power 0.63 mW and modulation amplitude 0.5 mT.

A — D. gigas; B — D. desulfuricans (El Algheila); C — D.
desulfuricans (Norway 4); D — D. baculatus (strain 9974); E

— D. vulgaris (strain Hildenborough)

g = 3.0-2.9, showing in some cases a shoulder. D.

vulgaris cytochrome c 3 is still different since three
g max values are quite discernible at g-values 3.12,
2.97 and 2.87. The g med is sharper when compared
to the gmed signals from other cytochromes c 3 . It
was recently shown that in heme model com-
pounds where the two imidazoles are perpendicu-
lar to each other, the EPR signals are extremely
anisotropic with gmax values of the order of 3.4
[9,10]. The X-ray structure of cytochromes c3

from D. vulgaris (strain Miyazaki) and D. desul-

furicans (strain Norway) show that three of the
heme groups have the two axial histidines in the

same plane. Only one heme in both these cyto-
chromes has the two axial histidines perpendicular
to each other. This heme is also the one most
exposed to the solvent [10].
In this context, re-examination of the EPR data
indicates that the heme originating g-features abo-
ve 3.0 in D. vulgaris (Hildenborough) and D. de-
sulfuricans (Norway strain) should be assigned to
the heme having two axial histidinyl residues per-
pendicular to each other. Also this heme has the
lowest redox potential (-325 mV) in D. desulfuri-
cans (strain Norway 4). However, in D. gigas and
D. desulfuricans (El Algheila Z), the EPR charac-
teristics are different and the signal with high gmax
is not present. It is possible that in these proteins
all the histidines are coplanar. The X-ray structu-
res have not yet been determined.
Preliminar MÔssbauer studies indicate that in the
native state there is a weak magnetic interaction
between the different hemes at 4.2 K in the absen-
ce of an external magnetic field. Also, measurable
spectral differences that correlate with the EPR
data are observed within this group of multiheme
proteins. Comparison of Miissbauer spectra of D.
gigas cytochrome c3 (without high g max features)
and D. vulgaris (Hildenborough) cytochrome c3

(having a g max feature greater than 3.0) show that
the magnetic component with the largest magnetic
hyperfine constant is present in D. vulgaris cyto-
chrome c3 and absent in the D. gigas protein.
The screening of the EPR and NMR characteris-
tics of this class of cytochromes would probably
permit a division of this type of proteins into sub-
-groups with more similar properties, using struc-
tural criteria.
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CHARACTERIZATION OF TWO LOW-SPIN
BACTERIAL SIROHEME PROTEINS

EPR studies show that as isolated the proteins si-
roheme is in a low-spin ferric state (S = 1/2) with
g-values at 2.40, 2.30 and 1.88 for the M. barkeri

enzyme and g-values . at 2.44, 2.33 and 1.81 for
the Drm. acetoxidans enzyme.
EPR studies on model complexes have shown that
ferric isobacteriochlorins with a single axial ligand
are always high-spin while ferric isobacteriochlo-
rins with two axial ligands are low-spin. The fact
that in these sulfite reductases the siroheme is
low-spin ferric suggests that it is six-coordinated.
The siroheme of all the other sulfite reductases
characterized so far has been shown to be in a
high-spin ferric state with EPR features at 6.63,
5.24 and 1.9814].
The sulfite reductase from M. barkeri and Drm.

acetoxidans together with the assimilatory sulfite
reductase from D. vulgaris (strain Hildenborough)
[5] which also shows a siroheme in the low-spin
state belong to a new class of sulfite reductases.
They are small molecular weight proteins with one
siroheme and a [Fe 4 S4 ] center per polypeptide
chain. In the native state their siroheme is low-
-spin ferric. The physiological significance of this
observation is not known and deserves further
investigation.
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Sulfite reductase catalyses the rather unusual
six-electron reduction of SO3 to S -.
Two low molecular weight proteins with sulfite
reductase activity have been isolated from M. bar-
keri (DSM 800) [1,2], 23 KD and Drm. acetoxi-
dans (strain 5071) [2], 23.5 KD. The enzymes
contain one siroheme (iron-tetrahydroporphyrin
prosthetic group) and one [Fe4 S4 ] cluster per mi-
nimal molecular weight.
The visible spectrum characteristics of both enzy-
mes are very similar to those of siroheme contai-
ning enzymes; however, no band at 715 nm,
characteristic of high-spin Fe 3 ' complexes of iso-
bacteriochlorins is observed [3]. Low temperature
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MET-80 INVOLVEMENT
IN PHOTOREDOX PROCESSES
OF CYTOCHROME C

The irradiation with light from 280 to 360 nm of
deaerated neutral solutions of Fe(III)-Cyt c (horse
heart) induces the reduction of Fe(III)- to Fe(II)-
-Cyt c. The primary photochemical event is an
electron transfer from the sulfur atom of Met-80
(the 6th axial ligand) to iron.
We are currently investigating the possible relation
existing between this event and the role of Cyt c
in biological electron transport systems.
When the photochemically obtained Fe(II)-Cyt c
was reoxidized by chemical agents, the resulting
protein showed a typical low spin absorption spec-
trum lacking in the 695 nm band. This indicates
that a strong-field ligand replaces Met-80 in the
sixth coordination position of the central iron [1].
This explanation agrees well with previous obser-
vations on more simple systems such as Fe(III)-
-porphyrin complexes where under irradiation the-
re is an intramolecular electron transfer process
between axial ligands and iron [2].
The addition of large excess of azide to a Fe(III)-
-Cyt c solution gave a stable species in which the

added N3 replaced the Met-80 sulfur as the iron
axial ligand. This clearly indicates that both in the
case of Met-80 and N3 as the sixth ligand, irradia-
tion gives rise to a ligand to metal electron trans-
fer process.
We have also investigated the behaviour of deae-
rated solutions of Fe(III)-Cyt c in the presence of
NADH.
Either in the presence of N3 or NADH, the reduc-
tion of Fe(III)- to Fe(II)-Cyt c was observed, and
the Fe(III)-Cyt c obtained by reoxidation of the
photoproduct had spectroscopic and chromatogra-
phic characteristics identical with those of the na-
tive one.
The three different systems examined have some
important peculiarities:

1) Irradiation of Fe(III)-Cyt c in the presence of
an external ligand, as N3, capable of replacing
Met-80 in the sixth coordination position of
Fe(III), leads to the direct oxidation of the ligand
and Cyt c behaves as a reversible electron
acceptor.

2) In the absence of exogenous axial ligands, irra-
diation induces the reduction of iron, leading at
the same time to an irreversible modification of
the protein moiety. In fact, after reoxidation, this
modified species shows i) a diminished affinity for
weak cation exchange resin (CM-Cellulose), ii) a
different dependence on pH of high-low spin
equilibrium, iii) a more negative E 0, and iv) a
characteristic ESR spectrum. Preliminary data of
the aminoacid analysis show that Met-80 results
unmodified; this suggests that its sulfur is able to
recapture an electron, perhaps from a neighbou-
ring aminoacid residue, finally originating a struc-
turally and functionally modified cytochrome.

3) When NADH is added to Cyt c solutions, des-
pite the fact that spectroscopic data indicate that
NADH does not replace Met-80 in the sixth axial
position (probably because of steric hinderance),
the Fe(III) photoreduction quantum yield
(0= 4 x 10-3 ) is tenfold that obtained in the absen-
ce of NADH.
Since in the conditions used Cyt c absorbs more
that 90% of the incident light, the above results
suggest that, although the primary photochemical
act is the electron transfer from Met-80 to Fe(III),
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either in the presence or in the absence of NADH,
the way by which the oxidized methionine takes
back the electron is different in the two cases.
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THE HEME ENVIRONMENT
OF PEROXIDASES: 15N NMR
OF BOUND C 15N

Cyanide ion potentially can provide a useful NMR
spectroscopic probe of the heme environment in
ferric hemoproteins. Both carbon-13 and nitro-
gen-15 cyanide signals have been detected for mo-
del cyanoiron(III) porphyrin complexes [1-3].
Nitrogen-15 signals suffer less paramagnetic broa-
dening, and accordingly the resonances have also
been observed in a far downfield region in hemo-
globin, myoglobin, and cytochrome c [3].
Coordinated cyanide 15N chemical shifts for pero-
xidases are reported here for the first time. Che-
mical shift values are highly distinctive for these
enzymes as compared with those for other hemo-
proteins. Table I presents a summary of 15N che-
mical shift data for ferric hemoproteins. The stri-
king upfield shift for peroxidase cyanide signals
appears to be directed by both strong distal

Rev. Port. Quím., 27 (1985)

Table I

Nitrogen-15 Chemical Shift Values

Compound CN - Chemical Shift (ppm) a)

Myoglobin(CN) 948 6)

Hemoglobin(CN) 975, 1047 b)

Cytochrome c(CN) 847 b)

Horseradish Peroxidase(CN) 578
Lactoperoxidase(CN) 423
Chloroperoxidase(CN) 412
Cytochrome c

Hemopeptide-1 l (CN) 749
ProtDMEFe(CN)(Imidazole) 1015` 1

ProtDMEFe(CN)(Imidazolate) 738` 1

a) Rel. to NO; , 25°C, pH 7 to 8. b) Ref. [3]. c) DMSO
solvent.

hydrogen bonding effects and by presence of
a polar amino acid ligand trans to the cyanide
residue.
A trans ligand influence is seen for the model cya-
no-imidazole iron(III) protoporphyrin dimethyl es-
ter complex upon deprotonation of the imidazole
ligand. An upfield 15N shift of 277 ppm follows
generation of the imidazolate species. Putative li-
gation of a deprotonated cysteinyl sulfur residue
in chloroperoxidase can thus be invoked to ex-
plain in part the relatively far upfield 15N cyanide
resonance in this enzyme. Partial imidazolate cha-
racter (through proximal imidazole hydrogen bon-
ding) in horseradish peroxidase likewise may in-
fluence the upfield character of the coordinated
cyanide ion in this enzyme. The relatively high-
-field 15N signal for lactoperoxidase could be ta-
ken to imply presence of a charged trans amino
acid residue. Although histidyl imidazolate coordi-
nation cannot be dismissed for the iron(III) state,
separate 13C NMR experiments using CO as a
probe are consistent with trans imidazole coordi-
nation in the carbonmonoxy state.
On the basis of model studies, distal hydrogen
bonding of the bound cyanide ion in peroxidases
can also be invoked as contributing to the upfield
bias for 15N NMR signals in these enzymes. The
role of protic solvents in directing an upfield bias
for cyanide signals of model compounds has been
noted previously [3]. We have also demonstrated
that addition of a non-coordinating imidazole to a
benzene solution of dicyanoiron(III) protoporphy-
rin dimethyl ester effects an upfield shift of 82
ppm presumably through Im-H---N-C-Fe hydro-
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gen bonding. An upfield shift of 98 ppm for the
cytochrome c hemopeptide resonance as compared
with that of cytochrome c may reflect the influen-
ce of exposure of the distal site of the model com-
pound to aqueous (hydrogen-bonding) solvent.
The striking upfield bias of cyanide resonances
for peroxidases as compared with other hemopro-
teins must parallel the reactivity and heme pocket
differences among the biomolecules. Neither
hydrogen bonding nor trans ligand effects alone
provide for exact model compound simulation of
the 15N resonance values in peroxidases. Hence
both contributions must dictate the level of unpai-
red spin delocalization at the cyano nitrogen
atom. Likewise, these effects may be responsible
for the very efficient heterolytic cleavage of pero-
xides by peroxidase enzymes. The unique 15N che-
mical shifts for peroxidases are supportive of the
concept that a distal hydrogen bonding network
[4] and perhaps a polar, basic trans ligand are
essential for O-O bond activation by peroxidases
and by cytochrome P-450.
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ELEMENTS OF THE PROPOSED
PEROXIDASE MECHANISM ELUCIDATED
FROM NMR AND IR STUDIES
OF CYTOCHROME c PEROXIDASE FORMS

INTRODUCTION

Cytochrome c peroxidase (EC 1.11.1.5, ferricyto-
chrome c: oxidoreductase; CcP) is a ferriheme
enzyme typical of the class of peroxidases. Iso-
lated from baker's yeast, CcP's physiological role
is thought to be catalysis of the hydrogen peroxi-
de oxidation of ferrocytochrome c [1,2]. The
catalytic cycle of CcP involves heme iron in the
+4 oxidation state (oxidized intermediates I,II),
and recently the precise steps in the CcP catalytic
mechanism have come under intense study [3-6].
The result has been the proposal of a specific me-
chanism for CcP [6]. In this work we present the
results of our recent NMR and infrared spectro-
scopy studies of ferric and ferrous CcP forms that
elucidate specific parts of the Poulos-Kraut me-
chanism [6].

EXPERIMENTAL

Cytochrome c peroxidase was isolated and puri-
fied as previously described [7]. Proton Nuclear
Magnetic Resonance and infrared spectroscopies
were performed as previously described [8,9].

RESULTS AND DISCUSSION

The proposed catalytic mechanism of cytochrome
c peroxidase (Poulos-Kraut mechanism) involves a

Rev. Port. Quím., 27 (1985)218
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Fig. I

pH Dependence of CcP-F Hyperfine Proton Resonances

«catalytic triad» of distal amino acid residues that
participate in the decomposition of heme coordi-
nated hydrogen peroxide [5,6]. These amino acids,
Arg-48, Trp-51, His-52, may function as hydrogen
bond donors in fulfilling their function. Elsewhe-
re, we have detected the presence of hydrogen
bonding to a heme bound ligand [8], indicating
the validity of such a role for the distal amino
acids. We show here the effect of pH upon the
visible and infrared spectra of CcP-CO and deter-
mine the pK of the hydrogen bonded proton
as — 8.4. Another aspect of CcP function is the
pK at 5.5 that regulates the native enzyme's reac-
tivity and ligand-binding properties. Recently it
has been shown that the X-ray difference maps of
CcP vs. CcP-F indicate a specific movement of
Arg-48 to a position that enables it to hydrogen
bond to heme coordinated fluoride ion [10,11].
When we compare these results to our recent
NMR data on CcP-F we find that three proton
hyperfine resonances (a methyl group and two sin-
gle protons, Fig. 1A-B) exhibit specific titrations
with pK values — 5.5. One of these resonances is
an assigned heme methyl group at position 5 of
the heme ring [12]. The specificity of this effect
indicates that we are probably observing a pH-de-
pendent movement of Arg-48 within the heme
pocket. We would like to draw attention to the si-
milarity of the CcP-F pH dependence with that

Rev. Port. Quím., 27 (1985)

reported for the native enzyme [9]. It may well be
that both pH dependences relate to positioning
the Arg-48 so that it may participate in the hydro-
gen peroxide decomposition [5].
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MCD STUDIES ON THE HEME
AND TRYPTOPHAN COMPONENTS
OF CYTOCHROME C PEROXIDASE

We have measured the magnetic circular
dichroism of cytochrome c peroxidase (CCP) and
some of its derivatives from 250-350 nm. Compa-
rison of the changes observed on conversion to
the catalytic intermediate (CCP-I) with spectra
obtained from horseradish peroxidase and its deri-
vatives and model compounds of protoheme
leads us to the conclusion that the observed chan-
ges in the MCD spectra reflect conversion of the
heme to the ferryl state. No evidence was found
for modification of tryptophan in CCP-I.
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MAGNETIC CIRCULAR DICHROISM
STUDIES OF CYTOCHROME C PEROXIDASE
AND ITS LIGAND COMPLEXES

INTRODUCTION

Yeast cytochrome c peroxidase (CCP) is a soluble
heme protein, located in the mitochondria) inter-
membrane space, that catalyzes the two-electron
reduction of hydroperoxides by ferrocytochrome c
in the following reaction:

2 cyt c(Fe 2') + ROOH + 2H' — 2 cyt c(Fe 3 ') +

+ROH+H 2 O

CCP contains a noncovalently bound protoheme
IX prosthetic group and has a known amino acid
sequence. The crystal structure of CCP has
recently been published [1]. Despite the above
information, questions still remain about the rela-
tionship between the physical structure of CCP
and its catalytic properties. We have used magne-
tic circular dichroism (MCD) spectroscopy to pro-
be the electronic, and therefore indirectly the
physical, structure of native ferric and ferrous
CCP and its complexes with CN - , N3 , F- , CO,
NO and of CCP-Compound I. In order to provi-
de a basis for comparison, the MCD data on
CCP, reported here for the first time, have been
compared to analogous data from other imidazo-
le-ligated heme proteins such as myoglobin (Mb)
and horseradish peroxidase (HRP).
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EXPERIMENTAL PROCEDURES

CCP was purified from baker's yeast [2] to

A408/A280 = 1.28. The enzyme concentration was
determined from E 408 = 93 [3]. Absorption and
MCD spectra were obtained as previously descri-
bed [4]. Samples were examined in 0.1 M potas-
sium phosphate buffer, pH 7.0, at 4°C except
where noted.

RESULTS

The MCD spectra of native ferric and alkaline
ferric CCP differ from those of the analogous
forms of Mb and HRP (data not shown, [5]), pre-
sumably as a result of different ligands at the
sixth coordination site. Therefore, we have looked
at complexes of native ferric CCP, HRP and Mb
with known sixth ligands such as F - , CN - , 1•3 .
The MCD spectrum of the ferric CCP cyanide
complex is very similar to the spectra of analo-
gous Mb and HRP ligand adducts [5]. As shown
in Fig. 1, the MCD spectra of the azide complexes
of CCP, HRP and Mb are very similar in the
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Fig. 1

Top: MCD spectra of the azide complexes of ferric CCP

(	 ), HRP (	 ) at pH 4.0 and Mb (	 ). Enzyme concen-

trations were 20-35 µm. Bottom: MCD spectra of high spin

ferrous CCP (	 ), HRP (-----) and Mb (	 ). Enzyme con-

centrations were 50-65 µM
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Soret region, but differ in the visible region,
where the spectrum of Mb-N 3 is somewhat diffe-
rent. Ferric CCP-F also has an MCD spectrum
that is much more similar to HRP-F than to
Mb-F. The native ferrous forms of all three
heme proteins are high spin with imidazole at the
fifth coordination site. Once again, the MCD
spectra of all three proteins are quite similar in
the Soret region but, in the visible region, the
spectrum of Mb differs noticeably from those of
CCP and HRP (Fig. 1). On the other hand, the
low-spin ferrous complexes of all three heme pro-
teins with CO and NO display very similar MCD
spectra [5]. Lastly CCP-Compound I exhibits a
MCD spectrum that is reasonably similar to HRP-
-Compound II and differs significantly from that
of HRP-Compound I (Fig. 2).

300	 400	 500
	

600

Wavelength (nm)

Fig. 2

Top: MCD spectra of 10.3 µu CCP-Compound I ( 	 ) and

of 13.6 µht HRP-Compound II (-----) in 5 mm potassium

carbonate, pH 10.5, with equivalent amounts of EtOOH and

ascorbate. Bottom: MCD spectrum of HRP-Compound I at

0°C (taken from [7])

CONCLUSIONS

a) Despite similar ligand environments, some dif-
ferences do exist among the electronic structures
of the three imidazole coordinated heme proteins.
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When differences exist, CCP and HRP are similar
and Mb is different.
b) CCP-Compound I has a similar electronic
structure to HRP-Compound II, an Fe(IV) heme
iron complex, and differs substantially from
HRP-Compound I, which is thought to have an
Fe(IV) iron coupled to a porphyrin 7r cation radi-
cal [6]. This result is consistent with the assign-
ment of CCP-Compound I as a Fe(IV) heme iron
with an adjacent oxidized amino-acid side chain
radical [6].
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OBSERVATION OF THE Fe lv = O
STRUCTURES OF HORSERADISH
PEROXIDASE COMPOUND II AND FERRYL
MYOGLOBIN BY RESONANCE RAMAN
SPECTROSCOPY

The formation of intermediate enzymatic states
upon reaction of peroxides with heme proteins
such as peroxidases and catalases are well known
[1]. These intermediate states are commonly
known as compounds I and II, which are respecti-
vely two and one oxidation equivalents above the
resting state of the enzyme (an Fe Ill heme). Our
recent resonance Raman spectroscopy investiga-
tions have been aimed towards an understanding
of the heme structure of horseradish peroxidase
compound II, as well as the similar compound,
which is formed upon reaction of hydrogen pero-
xide with metmyoglobin, known as "ferryl myo-
globin" [2].
We have observed the Fe lv =0 stretching vibra-
tions on the heme groups of both horseradish pe-
roxidase compound II [3] and ferryl myoglobin
[4] , giving direct evidence for an Fe lv =0 (oxy-
ferryl) heme structure. In horseradish peroxidase
compound II we have identified the Fe iv =0
stretch at 779 cm -1 . Upon 180 substitution the
band is observed to shift to 743 cm -1 . Additio-
nally we have observed the Fe Iv = O stretching vi-
bration at 797 cm -1 in ferryl myoglobin. This is
confirmed by a shift to 771 cm - ' upon reaction of
samples with 180-labelled H 2 O 2 [5]. No change in
the Fe Iv = O frequencies were observed when hor-
seradish peroxidase compound II or ferryl myo-
globin were prepared with 2H 2 0 2 . The frequency
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region from 700 to 1000 cm -1 is known to contain
double bonded metal-oxide stretching frequencies
[6]. The 779 cm -1 band assigned as the Fe Iv = 0
stretch is considerably higher than the iron-oxygen
stretch of ferrimyoglobin hydroxide at 490 cm -1

[7] or oxyhemoglobin at 567 cm -1 [8]. The
Fe Iv = 0 resonance Raman stretching frequency
has been previously reported by BAJDOR and NA-
KAMOTO [9] who observed the Fe Iv = 0 frequency
at 852 cm -1 for the heme model compound ferryl-
tetraphenylporphyrin at 15 K in an 0 2 matrix.

The oxyferryl structure for peroxidase compound
II was one of several proposed by GEORGE [10].
Until a number of years ago it had been assumed
that only ferrous and ferric forms existed in
aqueous solution and that the ferryl ion was uns-
table in the presence of water or proteins. It had
been argued that oxidation states of above
iron(III) could be described in terms of ferrous or
ferric electronic configurations exclusively. In the
last decade it was nevertheless shown that stable
Fe(IV) porphyrins could be prepared. There have
been a number of proposals regarding the coordi-
nation of the oxygen to the iron in Fe(IV) hemes,
such as Fe Iv-OH, Fe Iv-OOH, or simply Fe iv. The
prevalent configuration, though, has been the
Fe Iv = 0 formulation since the double bonded
oxygen is known to stabilize transition metals in
high oxidation states. We have not been able to
observe sensitivity to deuterium substitution, when
the ferryl form is prepared by reaction with
2H 2 02 , for any of the resonance Raman bands of
ferryl myoglobin or horseradish peroxidase com-
pound II. LA MAR et al. [11] have given NMR
evidence for an Fe Iv = O group in ferryl myoglo-
bin and horseradish peroxidase compound II ba-
sed on comparison with low spin Fe Iv = 0 heme
model complexes. PENNER-HAHN et al. [12] have
presented X-ray absorption evidence for an
Fe Iv = O group in terms of a short iron-oxygen
distance.

The resonance Raman data on compound II of
horseradish peroxidase [3,13] and ferryl myoglo-
bin [4] show a number of significant differences.
The 797 cm -1 Fe Iv = O frequency of ferryl myo-
globin is higher than the observed 779 cm -1

Fe Iv = O frequency of horseradish peroxidase
compound II. The ferryl myoglobin Fe Iv = 0 fre-
quency appears to have a greater amount of cou-

Rev. Port. Quím., 27 (1985)

pling with other out-of-plane motions as suggested
by a smaller 180-induced frequency shift. The
ferryl myoglobin porphyrin center-to-nitrogen dis-
tance, calculated from the resonance Raman band
frequencies, is found to be 0.198 nm, which is less
than the corresponding figure of 0.199 nm for
compound II of horseradish peroxidase. Since the
protoporphyrin IX hemes are identical for both
ferryl myoglobin and horseradish peroxidase com-
pound II, these differences in structure, as well as
the functional differences are likely induced by
the differing protein influences in the two species.
The smaller porphyrin center-to-nitrogen distance
of ferryl myoglobin suggests that the iron atom
might be slightly displaced out of the porphyrin
plane relative to the iron atom of horseradish pe-
roxidase compound II.

Fig. I

Resonance Raman spectra in the frequency region from 600 to

1000 cm 
1
 using 406.7 nm excitation, of a) ferry! myoglo-

bin 0.11m, pH 8.6, 0.05 xi tris-acetate; and b) 18
0-labelled

ferryl myoglobin, showing the shift of the Fe ll' =0 stretch at

797 cm
-1

 (a) to 771 cm
-1

 (b)upon 180 substitution
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THIN-LAYER
SPECTROELECTROCHEMISTRY
OF THE CYT a AND CYT a 3

SITES IN BEEF HEART
CYTOCHROME C OXIDASE

The nature of the intermediates generated in the
reduction of fully oxidized cytochrome c oxidase
is the subject of intense research in many labora-
tories. Any mechanistic model for the redox reac-
tions of the four metal sites in this enzyme must
be consistent with the information derived from a
careful analysis of reduction potential measure-
ments. With this in mind, we report the results of
anaerobic spectroelectrochemical [1,2] experiments
using optically transparent thin-layer electrode
(OTTLE) cells. Attention is focused on the cyt a
and cyt a3 sites in the native enzyme, for which
reduction potentials and their dependences on pH,
ionic strength, and temperature are presented.
The pH-dependence studies (6.8-8.4 range, 10°C,
µ = 0.1 M) are especially illuminating and may be
summarized as follows: 1) the E° value of cyt a
exhibits a comparatively weak pH dependence
which indicates coupling to a group with pKa red

close to 7.0; 2) cyt a 3 exhibits two distinct E° va-
lues — the higher of these is markedly pH-depen-
dent over the entire range examined while the lo-
wer is pH-dependent only above pH 7.5. (The de-
tails of the spectral deconvolutions will be given
in the full paper). Previous interpretations of the
redox behavior of these sites have focused on a
putative heme-heme interaction (for reviews, see
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[3] and [4]). Our measurements of E° for cyt a
(+ 350 mV) indicate interactions with Cu A and
Cu B (this work and our results previously reported
for the CO derivative [5]). The problem of two
distinct E° values (+240 mV, and +170 mV at
pH 8.0) for the cyt a3 site cannot be explained by
interaction with cyt a. Instead, we suggest that the
metal centers (Cu B-cyt a 3 ) at the 02 -binding site
participate in an anticooperative interaction which
causes the cyt a 3 center to titrate at two poten-
tials:

high

Fea 3 3+ CuB
2+++

Fe
—
a

3
2+ CuB 2+

^^^^' 

Fe—a 3
2+ CuB l+

Fe—a 3
3+ CuB1+ Iow

E°

An earlier paper [6] noted that the redox state of
Cu B strongly influences the optical properties of
one or both of the cytochromes.
Studies of the cytochrome reduction potentials as
a function of ionic strength are consistent with a
buried cyt a site and more solvent-exposed cyt a 3

site.
The temperature dependences of the cyt a and cyt
a3 reduction potentials yield AS° and AH° values,
which are compared with results [7] for a variety
of high- and low-spin hemoproteins.
Finally, we comment on a recent report [8] that
«pulsed» cytochrome c oxidase is a peroxide deri-
vative of the fully oxidized enzyme. Anaerobic ex-
periments in oxidative and reductive directions
yield slightly different Nernst plots at applied
potentials greater than ca. +340 mV vs. NHE.
Difference spectra clearly show that this behavior
is due to the «pulsed» vs. «resting» phenomenon.
From these experiments we conclude that «pul-
sed» cytochrome c oxidase can be produced in the
absence of 02 , as previously suggested [9].
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DIFFERENTIATION OF THE ALLOSTERIC
AND REDOX PROPERTIES
OF CYTOCHROME C

A general procedure has been developed to pre-
pare derivatives of cytochrome c in which the iron
atom has been replaced with another metal. These
derivatives were used to distinguish the allosteric
effects of cytochrome c binding to cytochrome c
oxidase from those due to electron transfer. The
internal electron transfer from cytochrome a to
cytochrome a 3 of cytochrome c oxidase, a reaction
which would seem to be cytochrome c indepen-
dent but which is nonetheless accelerated by cyto-
chrome c, was chosen as a test case. Only those
cytochrome e derivatives which were capable of a
reversible one-electron redox reaction facilitated
the electron transfer from cytochrome a to cyto-
chrome a 3 . This suggests that the effect of cyto-
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chrome c on the electron transfer from cytochro-
me a to cytochrome a 3 is not due to an allosteric
effect but instead involves the electron carrying
capacity of cytochrome c.

METHODS

Porphyrin cytochrome c (p-cytc) was prepared
according to the method of DICKINSON and
CHIEN [1], except the protein was initially dissol-
ved in 50 mM Hepes, pH 8.0, and later equilibra-
ted with 10 mM Hepes, pH 7.4 by passing down a
Sephadex G-25 column.
The metal to be incorporated was prepared by dis-
solving 100 mM of the divalent metal salt in
250 mM imidazole, and the pH adjusted to 7.0.
Dimethylformamide was added to a final concen-
tration of 10% v/v. An equal volume of p-cytc
was added, and the solution warmed to 60°C in a
foilcovered test tube. Metal incorporation was
monitored spectrally, and was usually complete
within an hour. After the reaction was complete
the reaction mixture was passed down a Sephadex
PD-10 column equilibrated with 10 mM Hepes,
1 mM EDTA, pH 7.0. The cytochrome c was col-
lected and passed down a Bio-Rad P-10 column,
1.5 x 18 cm, equilibrated with 10 mlvi Hepes, pH
7.0, with a flow rate of 12 ml/hr. Most samples
passed as a single, tight band, although occasio-
nally a band of p-cytc preceded the metal-contai-
ning cytochrome c.
Internal electron transfer from cytochrome a to
cytochrome a 3 of cytochrome c oxidase was moni-
tored at 431 nm by following the rate of cytochro-
me a 3 reduction after the addition of 20 mM
Na 2 S2 O, to a deoxygenated solution of 2.3 µM

cytochrome c oxidase in 100 mM Hepes, pH 7.4
[2]. The cytochrome c derivative, if present, was
added before the dithionite. At 431 nm, the rapid
reduction of cytochrome a and the slower reduc-
tion of cytochrome a 3 cause absorbance changes
which are approximately equal in magnitude and
opposite in sign.

RESULTS AND DISCUSSION

In Fig. 1 a comparison of the spectral change
upon reduction of cytochrome c oxidase by di-
thionite with and without cytochrome c is shown.
The very rapid initial absorbance decrease is due

Fig. /

Acceleration of electron transfer from cytochrome a to cyto-

chrome a 3 by cytochrome c

to the reduction of cytochrome a, while the slower
absorbance increase is due to the reduction of
cytochrome a 3 . Clearly, in the presence of cyto-
chrome c (Fig. 1A), the reduction of cytochrome
a3 is significantly faster than in the absence of
cytochrome c (Fig. 1B).
Table I shows the effects of different derivatives
of cytochrome c on the rate of electron transfer to
cytochrome a 3 . Only those derivatives capable of
a reversible one-electron redox reaction were able
to facilitate the electron transfer from cytochrome
a to cytochrome a3 . None of the derivatives which
were not able to accept and give an electron
(p-cytc, Cu-cytc, Zn-cytc, Sn-cytc) showed any
significant enhancement of the rate of internal
electron transfer, even when present in large
excess.

Table I

Catalysis of cytochrome a 3 reduction by cytochrome c

Cytochrome c
Rate of Cytochrome a 3 Reduction

(% of rate with Fe-cyt c)

Fe-cyt c 100
None 12
Porphyrin cyt c 12
Cu-cyt c (20-fold excess) 14
Zn-cyt c 12
Sn -cyt c 12
Co-cyt c 106
Mn-cyt c 105
Fe-cyt c (reconstit.) 102

Cytochrome c oxidase concentration (a 3 )=2.3 EM.
Sodium Dithionite=20 mM. Cyt c was equimolar to oxidase
unless noted.
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It appears then that the acceleration of electron
transfer from cytochrome a to cytochrome a 3 by
cytochrome c is not due to an allosteric interac-
tion. Alternative possibilities include a direct in-
volvement of the redox site of cytochrome c in the
internal transfer of cytochrome c oxidase [3,4], or
an as yet undefined electron transfer step between
cytochrome a and cytochrome a 3 which is ther-
modynamically unfavorable. We are currently
exploring these possibilities.
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THE USE OF «NON-PERTURBATIVE»
SITE-DIRECTED MUTAGENESIS
FOR THE STUDY OF ELECTRON TRANSFER
MECHANISMS IN METALLOPROTEINS

Recent advances in genetic engineering methodo-
logy have led to the design of proteins that provi-
de new routes to the study of electron transfer
mechanisms. Using site-directed mutagenesis [1-3],
we have optimized yeast iso-1 cytochrome c [4,5]
for studying intramolecular electron transfer me-

chanisms via the ruthenium modification method
[6-9]. Each mutation was designed [10] to main-
tain the structural and functional integrity of the
protein while providing for the efficient study of
the effect of donor/acceptor distance, intervening
medium, and donor/acceptor orientation on intra-
molecular electron transfer rates [11]. Currently,
we have completed the generation, isolation, and
characterization of three isostructural/isofunc-
tional mutants of yeast iso-1 cytochrome c. The
first two mutations, Cys-102/Ser and Ser-
-102/Thr, were designed to circumvent complica-
tions in the physical characterizations caused by
the cysteine sulfhydryl [12,13]. And the third mu-
tation, His-39/Lys (performed on the Thr-102
mutant), was designed to provide convenient ac-
cess to the other naturally occurring surface histi-
dine (His-33). This poster is concerned with the
design rationale and experimental manifestation
of the above mutations and the biological and
physical characterization of these systems. It also
addresses future directions in this work as well as
the potential of using protein engineering and
computer graphics methodologies for the design
of novel, metalloprotein based, redox catalysts
(for example, see [ 14]).
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Cu(II)-LADH: A MULTI-SITE
REDOX SYSTEM

In pursuit of our goal to understand the factors
that govern the redox chemistry of multi-site me-
talloenzymes, we are investigating various metallo-
substituted derivatives of liver alcohol dehydro-
genate (LADH). LADH is a dimeric protein
(MW — 80,000) comprised of identical subunits,
each of which contains two Zn 2+ ions — one at a
catalytic site (c) and the other at a structural site
(n) [1]. The catalytic Zn 2+ is coordinated to 2
cysteines, 1 histidine and a water molecule and the
other is bound to 4 cysteine residues.
The Cu(II)-substituted derivative, Cu 2 (c)
Zn 2 (n)LADH, has been shown to be a spectrosco-
pic analog of type 1, blue copper sites in proteins
[2,3]. We have undertaken the electrochemical
and spectroscopic characterization of this and
other metal-substituted derivatives, including ones
in which a coenzyme such as NAD+ has replaced
the coordinated water molecule at the active site.
These data will be compared with results obtained
for other blue copper proteins [4]. In the course
of our investigations we have found it necessary

to develop a new purification scheme for the com-
mercially available native protein involving prepa-
rative scale isoelectric focusing. The characteriza-
tion of the separated species (>6) will be presen-
ted. Moreover, a modification of a recent prepa-
ration [5] allows us to prepare electrophoretically
pure derivatives of the type M 2 (c)Zn 2 (n)LADH.
Our approach to understanding long range elec-
tron transfer has been through the use of covalent
modification (using [Ru(NH 3 ) 5 (H 2 O)] 2+' 3+) of sur-
face histidines of structurally well-characterized
proteins to provide specific redox pathways. The
structure of LADH [6], examined using computer
graphics, reveals five such groups that are availa-
ble for modification. The distance between these
residues and the catalytic site (containing Cu 11 —
fig. 1), including a description of the interposing
medium, is given in Table I. We have been able
to modify the histidines, enabling the electron
transfer energetics between Ru II and Cu 11 to be
evaluated.

Fig. I

Active Site of Cu lt substituted LADH illustrating nearest

surface histidine residues

Table I

Structural Data for Cu2 (c)Zn2 LADH

Histidine Residue	 Cu-histidine (A)	 «medium»

51	 7.4	 nothing
348	 14.9	 Thr-370, Arg-369
138	 15.1	 Phe-140
105	 21.7	 Ash-109, Phe-319
34	 22.3	 Ser-156, Thr-142

Rev. Port. Quím., 27 (1985)228



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

[31

[51

REFERENCES

[11 H. EKLUND, C.-I. BRANDÉN in T.G. SPIRO (ed.), «Zinc

Enzymes», Wiley-Interscience, 1983.
[2] W. MARET, H. DIETRICH, H.-H. RUF, M. ZEPPEZAUER,

J. /norg. Biochem., 12, 241 (1980).

W. MARET, M. ZEPPEZAUER, J. SANDERS-LOEHR, T.M.

LOEHR, Biochemistry, 22, 3202 (1983).

[4] E.I. SOLOMON, J.W. HARE, D.M. DOOLEY, J.H. DAWSON,

P.J. STEPHENS, H.B. GRAY, J. Am. Chem. Soc., 102, 168

(1980).
W. MARET, 1. ANDERSSON, H. DIETRICH, H. SCHNEIDER-

-BERNLOHR, R. EINARSSON, M. ZEPPEZAUER, Eur. J. Bio-

chem., 98, 501 (1979).

[6] H. EKLUND, B. NORDSTROM, E. ZEPPEZAUER, G. SODER-

LUND, I. OHLSSON, T. BOVIE, B.O. SODERBERG, O. TAPIA,

C.I. BR.4NDÉN, J. Mo!. Biol., 102, 27 (1976).

PS2.11 — TU

MICHAEL P. DOYLE
SURENDRA N. MAHAPATRO
Department of Chemistry

Trinity University

San Antonio, Texas 782M

U.S.A.

ELECTRON TRANSFER BETWEEN
HEMOGLOBIN AND ARENEDIAZONIUM
SALTS

Hemoglobin is oxidized to methemoglobin by
p-nitrobenzenediazonium tetrafluoroborate with
first order rate dependence on both the hemo-
globin and diazonium salt concentrations [1].
Detailed product analyses have suggested that
electron transfer occurs peripheral to the hemo-
protein. We now present evidence from substi-
tuent dependence in reductive electron transfer to
arenediazonium salts for a unique mechanistic
duality in reactions with hemoglobin.
Potassium ferrocyanide was employed for compa-
rative evaluation of outer-sphere electron transfer
to diazonium salts. Oxidations were performed

under anaerobic conditions in aqueous phosphate-
-buffered solutions at pH 7.0 and 25.0°C. First
order kinetic dependences on both ferrocyanide
and diazonium salt were established, and rate
constants were obtained from a minimum of four
determinations for reactions with each of a repre-
sentative series of monosubstituted arenediazo-
nium tetrafluoroborates. Excellent correlation was
obtained with Hammett a-constants (p = + 4.7,
corr. coef. 0.99) for these second-order rate
constants spread from the p-methoxy- to the p-ni-
trobenzenediazonium salts over a range of 10 5 .
Second order rate constants were obtained for
oxidations of deoxyhemoglobin with the same
series of diazonium salts under the same reaction
conditions. The plot of these rate constants
against those obtained from reactions with ferroc-
yanide exhibits a break in this expected correla-
tion for p-methyl and p-methoxy substituents that
points to a distinct change in mechanism from
that with ferrocyanide. Consistent with this inter-
pretation, reactions of deoxyhemoglobin with
p-nitro- and p-cyanobenzenediazonium tetrafluo-
roborates, based on the stoichiometry of eq. (1),

HbFe(II) + ArN 2' > HbFe(III) + ArN 2• (1)

resulted in the production of only the correspond-
ing arenes, whereas those with p-chloro- through
p-methoxybenzenediazonium tetrafluoroborates
formed only the u-aryliron(III) complexes of
hemoglobin. The red o-aryl-heme complexes were
separated from globin by previously reported ex-
traction procedures [2] and identified from their
characteristic electronic spectra [2,3]. Exposure of
these oxygen-sensitive compounds to air resulted
in the formation of their corresponding N-arylhe-
min derivatives whose well-defined green zinc(II)
complexes were further confirmed by chromato-
graphic and spectroscopic characterization [4,5].
An attractive explanation for the divergent
influence of arenediazonium ion substituents on
the rates for oxidation of hemoglobin is that he-
moglobin provides a channel to iron(II) for those
diazonium salts that would undergo electron
transfer slowly, if at all, outside of the heme
cavity. Once inside the hydrophobic channel, elec-
tron transfer produces a neutral aryldiazo radical
that is more likely to expel dinitrogen and combi-
ne with iron(III) than to reenter the hydrophilic i
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region outside of the heme cavity where hydrogen
abstraction is the product-forming process.
The rate for electron transfer is dependent on the
distance between the reaction centers [6]. In the
case of diazonium salts, "tunneling" to the
iron(II) center reduces the distance for approach
of the diazonium salt so that the rate for oxida-
tion becomes a function of the kinetic barrier for
entrance to the heme cavity. If this kinetic barrier
reflects the hydrophilic to hydrophobic crossover,
correlation with hydrophobic parameters should
be evident. Accordingly, the semilog plot of
second order rate constants for those diazonium
salts that produced a-aryliron(III) complexes
against it gave a reasonable correlation
(slope =0.67, corr. coef. 0.90), whereas no corre-
lation exists with o p or other electronic parame-
ters. In addition, reaction of - 000CH 2 C6 H 4 N2+-
-p with hemoglobin results in a rate for electron
transfer that is three times slower than that for
the p-toluyldiazonium ion whereas their rates for
reduction by ferrocyanide are nearly identical, and
the product of electron transfer from hemoglobin
to - OOCCH 2 C 6 H 4 N 2 +-p is phenylacetic acid
rather than the a-aryliron(III) complex.
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INTRAMOLECULAR ELECTRON TRANSFER
IN Ru(NH 3) 5-MODIFIED
CYTOCHROMES C

In an effort to elucidate the factors governing the
rates of electron transfer in biological systems,
specifically the roles of distance, relative redox-
-center orientation and thermodynamic driving
force, we have extended our series of semi-synthe-
tic metalloproteins [1] to include derivatives of the
cytochromes c of tuna and the yeasts Saccharomy-

ces cerevisiae and Candida krusei.

Well characterized, single site metalloproteins that
have been modified at histidine residues by
(NH 3 ) 5 Ru 3+ can be made to undergo intramolecu-
lar electron transfer in a flash photolysis experi-
ment utilizing Ru(bpy)3+* as an external reductant
[2]. The yeast cytochromes differ from previously
studied systems in that they each contain several po-
tential sites for inorganic modification. Thus, elec-
tron transfer in modified derivatives of a single
protein, driven by the same free energy change,
can be compared, and the problems associated
with comparing rates for dissimilar proteins
avoided.
Peptide mapping experiments have shown that the
iso-I cytochrome c of the yeast S. cerevisiae is
labeled by the (NH 3 ) 5 Ru 3+ moiety at His-26, His-
-33, and His-39. The intramolecular electron
transfer rates for the 1:1 Ru:Fe His-33 and His-39
derivatives may yield information regarding the
importance of the orientation of redox centers, as
the «through-space» pathway from His-33 is per-
pendicular to the plane of the heme, the native
prosthetic group, while His-39 lies in the heme
plane at a distance of — 13 Á from the heme edge.
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The His-33 residue is slightly closer to the Fe 3 +
center, being 11.8 A from the «pyrrole» nitrogen
of the His-18 residue, a ligand to the iron.
Differences between the electron transfer rates of
the His-33 derivative of the yeast cytochrome and
that of the horse heart cytochrome analog should
reflect any medium effects, as only 50% of the
amino acid residues in the sequences of these
homologous proteins are identical.
The cytochrome of Candida krusei, which con-
tains the same accessible residues, His-33 and His-
-39, has also been modified. It lacks the Cys-102
of the iso-1 cytochrome, which allows for protein
dimerization and is a binding site for pentaammi-
ne ruthenium.
Tuna cytochrome c offers the possibility of stud-
ying an intramolecular electron transfer at a hig-
her driving force (DE° = 0.24 V vs. 0.17 V for the
Ru-His derivatives), since it can be modified at
the methionine residue 65 and lacks accessible sur-
face histidine residues.
Methods for the synthesis and characterization of
the above-mentioned derivatives will be reported.
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INTRAMOLECULAR ELECTRON TRANSFER
BETWEEN METAL REDOX SITES
IN RUTHENIUM-MODIFIED MYOGLOBINS

To understand the parameters affecting intramo-
lecular electron transfer, we have expanded our
studies that utilize ruthenium-modified myoglo-
bins. Substitution of zinc-mesoporphyrin IX into
modified myoglobin allows the long-lived zinc
triplet excited state to act as an electron donor.
The protein-bound pentaammineruthenium(III) is
then reduced, and the resulting porphyrin cation
radical oxidizes the ruthenium(II), returning the
system to its initial state.

ZnP-Ru3' 
h v	

► 3 ZnP-Ru 3'

ZnP'-Ruz+

Triplet decay rates for the zinc-meso substituted
native- and pentaammineruthenium(III)(histidine-
-81)-myoglobins are both 100 O. This result indi-
cates that any electron transfer across a distance
of 20 Á proceeds at a rate less than 10 s t. Triplet
lifetime quenching is observed in the pentaammi-
neruthenium(III)(histidine-48)-myoglobin(Zn),
suggesting rapid electron transfer across a distance
of 13 A. The difference spectrum of the zinc tri-
plet and ground state reveals four isosbestics at
which direct evidence of the porphyrin cation ra-
dicals may be observed. By monitoring the disap-
pearance of the cation radical, the electron trans-
fer rate for the back reaction may be evaluated. A
distinguishing feature of these semi-synthetic me-
talloproteins is the unimolecular nature of the
system, enabling the temperature dependence of
the electron transfer process to be investigated
over a very wide range.
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TOWARDS THE DESIGN
OF ELECTROCHEMICAL INTERFACES
WHICH PERMIT RAPID
AND SPECIFIC HETEROGENEOUS
ELECTRON TRANSFER
TO REDOX ENZYMES

As a consequence of low electron-transfer proba-
bilities across long distances, rates of redox pro-
cesses involving biological molecules and membra-
nes may depend upon the promotion of relatively
long-lived intermolecular interactions. Selective
lowering of activation requirements, through non-
-covalent stabilisation of molecular orientations
which effectively minimise donor-acceptor separa-
tion, can provide the basis for recognition and
regulation in electron transfer. We are currently
approaching the study of these processes through
the design of «model» electrochemical interfaces
which permit the observation of direct (unmedia-
ted) protein electrochemistry. Pyrolytic graphite
(PG) has proved to be an intriguing electrode ma-
terial at which a wide range of redox proteins ex-
hibit well-behaved quasi-reversible electroche-
mistry upon appropriate «tuning» of solution con-
ditions. The various surfaces of this anisotropic
material exhibit widely differing properties.
In a recent communication [1] we drew attention
to the contrasting electrochemical reactivity of mi-
tochondrial cytochrome c at polished «edge» and
freshly cleaved «basal plane» surfaces of PG.
Electrochemistry of cytochrome c at the hydrophi-
lic «edge» is well-behaved, whereas at the hydro-
phobic «basal plane», a largely irreversible res-
ponse is obtained. In subsequent surface analysis

with ESCA we have been able to establish that a
high (ca. 50%) surface coverage of various oxygen
functionalities (probably including phenols and
carboxyls) is readily generated at the «edge» upon
polishing in air. By contrast the oxygen coverage
at a freshly cleaved «basal» surface is very low.
We have now investigated the electrochemical ef-
fects of «edge» surface protonation equilibria
through titrations of the faradaic current observed
at constant overpotential using the rotating disc
electrode technique. We have examined the res-
ponses of cytochrome c (overall positive charge)
and spinach plastocyanin (overall negative charge)
over the pH range 4-8 (addition of acid or base
components to acetate-MES-Tris buffer with 1
mm NaC1 background) and compared these with
the response of a «marker» probe Fe(CN)63- 4-.
Results are shown in Fig. 1.
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Fig. 1

Current, which registers fast heterogeneous elec-
tron transfer to cytochrome c, is clearly «switched
off» as the pH drops below 6. By contrast, elec-
tron-transfer to plastocyanin or Fe(CN) 6 3-14-

(which itself exhibits no intrinsic protonation

4
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equilibria within the range pH 4-8) is «switched
on». From these observations we conclude that
productive interactions between protein and the
hydrophilic «edge» surface may be regulated
simply and effectively by electrode surface proto-
nation.
We have previously shown [2] that direct electro-
chemistry of several negatively charged proteins
could be promoted at polished PG by the addi-
tion of multivalent cations such as Mgt or
Cr(NH 3 ) 6 3+. In order to define the relationship
between protein, cation and surface more closely,
we have examined the behaviour of «edge» gra-
phite surfaces that have been covalently modified
with a variety of Cr(III) complexes. As an illustra-
tion of this, voltammetric cycling through poten-
tial domains < —800 mV vs. SCE, which induces
reduction of Cr(NH 3 ) 6 3+ in concentrated aqueous
NH 3 , results in the rapid formation of stable
Cr(III)-surface complexes. The Cr(III) coverage
with reference to carbon, as analysed by ESCA, is
5-10%. The resulting electrode surface is now
inactive towards cytochrome c at pH 8. However,
this electrode (but not one with which Cr(III)
precycling has not been taken below —800 mV to
activate Cr(II-III) «lock-on») shows well-behaved
electrochemistry with plastocyanin. The roles of
surface hydrophobicity and charge in the promo-
tion of fast heterogeneous electron-transfer reac-
tions of proteins are thus clearly evident. Our
views on charge may be summarised in Fig. 2, in
which a «charge-modified edge» surface (H` or
discrete Cr(III) sites) is compared with the «native
edge», with regard to the responses displayed by
cytochrome c (positive charge around heme edge)
and plastocyanin (negative charge conservatively
localised at side of molecule).

Fig. 2
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Experiments currently in progress are directed to-
wards a closer definition of these interactions and,
in particular, a detailed understanding of specific
charge and steric requirements for efficient and
selective electron transfer.
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EPR STUDIES ON THE FUNCTION
OF THE 16, 24 AND 33 kDa SUBUNITS
ON THE PHOTOSYSTEM II
DONOR SIDE

The three extrinsic subunits (16, 24 and 33 kDa)
of Photosystem II (PS II) do not contain any
prosthetic groups, but are nevertheless necessary
for the function of the oxygen-evolving complex
(OEC). The effect of their selective removal from
oxygen-evolving PS II particles was examined by
monitoring the multiline manganese EPR signal
and the decay time of the oxidized secondary do-
nor, Z' (EPR Signal II). After washing with 1 Ni
NaC1, which removes the two lighter proteins,
only a small Signal II f is observed. This indicates
that rapid electron transfer from the OEC to Z
still occurs, i.e. that some S state transitions are
still functional, despite the loss of oxygen evolu-
tion. However, the multiline signal of state S2 of
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the OEC can not be detected in NaCl-washed
PS II particles. In contrast, PS II particles inhi-
bited by chloride depletion do show a large multi-
line signal.
Washing with 1 M MgCl 2 , which solubilizes all
three proteins, leads to the formation of a large
Signal II f after a light flash. After readdition of
purified 33 kDa protein, Signal II f decreases to
the control level. Also, the addition of Ca 2+ re-
sults in an acceleration of the reduction of Z.
Thus, the 33 kDa subunit seems to be essential for
the rapid electron transfer from the OEC to Z.
The 16 and 24 kDa subunits are necessary for the
higher S state transitions and complete turnover
of the OEC.
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ABSORPTION AND EPR STUDIES
OF PHOTOSYSTEM I PHOTOCHEMISTRY

The electron transfer chain of the photosystem I
reaction center is composed of several membra-
neous components. The primary donor is a specia-
lized chlorophyll molecule called P700, whereas
five different electron acceptors have been identi-
fied so far: the primary acceptor A 0 , which is pre-
sumably a chlorophyll molecule, an acceptor na-
med A 1 , of unknown chemical nature, and F x , FB
and FA, all of which are probably iron-sulfur cen-
ters. Upon photoexcitation, P700 ejects an elec-
tron towards the primary acceptor A o . This pri-
mary photoact is then followed by electron trans-

fer to a secondary acceptor and so on, thus stabi-
lizing the separation of charges. In vivo, the redu-
cing power generated on PS I acceptor(s) is used
to reduce NADP' through soluble ferredoxin whi-
le P700+ is reduced by plastocyanin, the source of
electrons being photosystem II and ultimately wa-
ter. A cyclic electron transfer around PS I is also
probably functioning.

Low temperature study of electron transfer to
secondary acceptors [1]

This study was made at 10-30 K on PS I particles
which contain only the membraneous electron car-
riers, in order to elucidate the dynamics of elec-
tron transfer in PS I, which are poorly unders-
tood up to now. By parallel EPR and absorption
experiments conducted under different redox con-
ditions, it was possible to put forward an hetero-
geneity in the pathways for electron transfer and
to evaluate the proportions of reaction centers
undergoing the different reactions.

Under moderate redox conditions (P700 initially
reduced, acceptors initially oxidized in the dark),
it was shown by parallel EPR and absorption stu-
dies that illumination induces a progressive and ir-
reversible accumulation of the state (P700 . ... FA)
up to a maximum which represents about two
thirds of the reaction centers. In these centers, the
irreversible reduction of FA competes with a re-
combination reaction (t 112 = 120 µs) which takes
place probably between P700 . and the acceptor
Aj. Heterogeneity for the rate of center FA reduc-
tion was also shown. In the other third of reac-
tion centers, only the recombination reaction of
t 1 , 2 = 120 µs takes place.

Under highly reducing conditions (F B and FA ini-
tially reduced), the charge separation becomes
completely reversible: after a saturating laser flash
excitation, 70-80% of the reaction centers undergo
a fast recombination with t 112 = 120 ps while 10-
-15% of the centers relax more slowly by recombi-
nation between P700+ and Fx (t 112 =50-400 ms).
A quantitative analysis of our data, together with
results published in [2,3] show that the electron
transfer occurs probably in parallel from A l to

F x , FB and FA at low temperature.
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Yield of P700 triplet state formation [4]

In PS I reaction centers prepared with SDS (CP 1
particles), in which the secondary acceptors are
lacking, the primary charge separation giving the
biradical (P700+ ... AO is followed at any tempe-
rature by a recombination process producing some
P700 triplet state by the so-called radical pair me-
chanism. The quantum yield of P700 triplet state
formation under low-intensity laser flash excita-
tion has been measured to be 0.45 and 0.35 res-
pectively at 294 K and 6-20 K. From these quan-
tum yield measurements, the yield of P700 triplet
state formation from the primary biradical (P700`
... AO was estimated to be about 0.6 at both tem-
peratures whereas superior limits were derived for
this yield from double laser flash experiments
(0.84 at 294 K and 0.79 at 20 K).
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PROTON PUMPING BY CYTOCHROME C
OXIDASE:
THE IMPORTANCE AND MECHANISMS
OF ELECTRON GATING

In one important component of the mitochondria)
respiratory chain, cytochrome c oxidase, exother-
mic electron transfer reactions are used to drive
vectorial proton transport against an electrochemi-
cal hydrogen ion gradient across the mitochon-
drial inner membrane. Previous examinations of
the possible mechanisms of this coupled transport
phenomenon have focused on the role of redox-
-linked pKa changes and proton "gates" (mecha-
nisms for controlling the flow of protons). We
have explored the question of how electron trans-
fer may be coupled to proton pumping, with par-
ticular emphasis upon the role of electron gating.
The approach involves the solution of the steady
state rate equations pertinent to proton pump mo-
dels which include, to various degrees, the uncou-
pled (i.e., not linked to proton pumping) electron
transfer processes which will necessarily occur in
any real electron transfer-driven proton pump.
This analysis furnishes a quantitative framework
for examining the effects of variations in pKas
and reduction potentials, the relationship between
efficiency and turnover rate, and the level of elec-
tron gating efficiency which is required. Some
novel conclusions emerge from the analysis, inclu-
ding: 1) an efficient electron transfer-driven pro-
ton pump need not exhibit a pH-dependent reduc-
tion potential, for a variety of reasons; 2) very
efficient electron gating is a requisite of efficient
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electron transfer-driven proton pumping, espe-
cially when a reasonable correlation of electron
transfer rate and exothermicity is assumed; and
3) a consideration of the importance and possible
mechanisms of electron gating suggests that cop-
per sites in proteins are more attractive than heme
sites as candidates for a proton pumping function.
The ideas derived from the kinetic analysis of a
proton pumping cycle have been used to construct
a model for proton pumping by cytochrome c oxi-
dase which emphasizes the role and possible me-
chanisms of electron gating. In this model, Cu A is
the site of proton pumping, and electron gating is
effected by protonation-linked changes in the
coordination environment of this copper ion. A
consideration of the nature of the dioxygen reduc-
tion reaction demonstrates that uncoupling elec-
tron transfer from proton pumping may be desira-
ble at particular steps in this reaction; a mecha-
nism for this uncoupling which involves branched
electron transfer pathways is suggested.
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REACTIONS OF CYTOCHROME C
OXIDASE WITH CARBON MONOXIDE

Cytochrome c oxidase oxidizes carbon monoxide
to carbon dioxide via three distinct reactions. The
«resting» oxidized form of cytochrome c oxidase
is known to oxidize carbon monoxide very slowly
to produce the mixed-valence CO compound
(t 1 , 2 =400 min. at 277 K) [1,2]. We have observed
that the «pulsed» form of cytochrome oxidase
also oxidizes carbon monoxide to yield the mixed-
-valence CO compound. The latter reaction occurs

much faster than with the resting enzyme (t 1 ,2 = 4
min. at 277 K) [2]. Both reactions may be repre-
sented as follows:

FeQ' CuÁ FO CO 2 FeQ' CuÁ
(1)

Fe 3;3 Cut	 H 2 O 2H'	 Fe24-CO CuB

In low temperature kinetic experiments using elec-
tron paramagnetic resonance (EPR) to follow the
reduction of dioxygen by fully reduced cytochro-
me oxidase, we have recently trapped a highly
reactive intermediate at the dioxygen reduction si-
te in which dioxygen is reduced by three electrons.
Upon incubation of samples containing this inter-
mediate at 211 K and higher, we observed the
formation, within 20 minutes, of two new EPR
signals. One EPR signal is due to Cu B and has
been observed previously [3] under different con-
ditions of sample preparation. The other EPR sig-
nal is attributable to low spin ferric cytochrome
a3 . Both of the EPR signals are diagnostic of a
partially reduced Fe a3 /Cu B site. The EPR eviden-
ce thus indicates that the three electron-reduced
dioxygen intermediate is being reduced by an elec-
tron donor other than the metal centers of the
protein. Significantly, carbon monoxide is the
only available reductant in the low temperature
kinetic experiments [4]. Because CO provides two
reducing equivalents, and since the Fe ca /Cu B site
becomes only half reduced, the intermediate that
oxidizes CO is by implication a ferryl cytochrome
a3 /cupric Cu B couple which is one oxidizing equi-
valent above the oxidized enzyme (equation (2)).
The ferryl cytochrome a 3 intermediate is appa-
rently highly reactive, exhibiting significant car-
bon monoxide oxygenase activity even at 211 K.

FeQ' CuÁ CO CO 2 FeQ' CU;-OH L FeQ' CuÁ

(2)

Fe34 - OH CuB

Fe a3 EPR signal
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ELECTRON TRANSFER BETWEEN
FERROCYTOCHROME C PEROXIDASE
(CCP II) AND FERRICYTOCHROME C

(CH): IONIC STRENGTH EFFECTS

CCP (EC 1.11.1.5) catalyzes the peroxidation of
CH [1]. The proteins form a tight complex [1,2],
and electron transfer within the complex is belie-
ved to be rapid because of the large turnover
number of CCP [1]. A recent study [3] also repor-
ted fast electron transfer (k = 1.7 x 10 4 s - ') in the
C III:CCP 1I complex (DE° = 0.46 V) [4] following
photoinduced electron transfer from C H to
CCP III. However, when we attempted to corrobo-
rate this rate by a more direct measurement, we
obtained a value of 0.2 s - ' [5], which is surpri-
singly slow. Since the crystal structures of both
proteins and a computer model of the complex
have been published [6,7], this is an ideal model
to examine the structural factors important in
controlling protein-protein electron transfer; thus,
we decided to further probe the redox reactivity
of the complex.
The stability of the C:CCP complex is reported to
decrease significantly at high ionic strength [2].
Therefore, we expected a changeover from unimo-
lecular to bimolecular electron transfer on increa-
sing the salt concentration. We report here our
findings on the ionic strength dependence of elec-
tron transfer from CCP 11 to C 1 ".

EXPERIMENTAL

CCP was isolated by the method of NELSON et al.
[8] and C was obtained from Sigma (type VI).

Rev. Port. Quím., 27 (1985)

The reactions were carried out at room temperatu-
re as follows: CCP (3.3 µM) in 5-200 mm phos-
phate, pH 7.0, containing 0.008% acetophenone
and 2% isopropyl alcohol, was sealed in a 1-cm
cuvette and degassed. CCP II was formed in situ
by UV-irradiation [9] and 50-200 Al of C In were
added. Absorbance changes at 440 and 421 nm
were followed using a rapid response spectropho-
tometer (HP Model 8451A; response time 0.1 s).
The former wavelength monitors the decrease in
CCP II and the latter, an isosbestic point in the
CCP spectrum, monitors the reduction of C III

RESULTS AND DISCUSSION

In 10 mm phosphate the decay at 440 nm and the
growth at 421 nm are both exponential, and give
rise to identical rate constants as we reported pre-
viously [5]. Initial C/CCP ratios of 0.5:1, 1:1,
2:1, and 3:1 were used and the observed rate
constants fall within 0.22 ± 0.02 s - '. Essentially
identical results were obtained at 5 mm phosphate.
However, when the phosphate concentration was
increased to 15 mm, the observed trace of absor-
bance vs. time indicated that a second, slower
process was occurring. At 25 mm phosphate, the
fraction of electron transfer occurring via the slow
phase had increased at the expense of the fast
phase, and at 50 mm phosphate only the slow
phase was apparent. Increasing the phosphate
concentration up to 200 mm phosphate caused no
further changes in the observed kinetics. The
absorbance changes occurring on the slow time
scale were also found to be strictly first order and
the measured rate constants are again independent
of the C/CCP concentration within ratios of
0.5:1-3:1. These results are consistent with the
scheme:

C III : CCP II k
	

CII:CCPIII	 pE° =0.46 V

where k 1 is 0.22 and 0.02 s - ' at low and high salt,
respectively.
For the reaction to be unimolecular, complex for-
mation between the reactants must be extensive.
Since KD for C III :CCP" is micromolar at low io-
nic strength [1,2], it is reasonable to suppose that
KD for the reactants is equally small. However, at
high ionic strength, extrapolated values of KD

(obtained from absorbance changes on complexa-
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tion [2]) are greater than millimolar which should
give rise to bimolecular kinetics. This raises the
possibility of a second C binding site on CCP
which is further removed from the peroxidase he-
me and therefore does not give rise to spectral
perturbations. Alternatively, the slow process
could be a rate-limiting conformation change of
the peroxidase followed by bimolecular electron
transfer.
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CYANIDE-INHIBITION STUDIES
ON CYTOCHROME C OXIDASE USING
RAPID-FREEZE / EPR

It has been known for a long time that cyanide
inhibition of partially reduced cytochrome c oxi-
dase occurs with a higher rate than with the oxidi-
zed or reduced enzyme. This partial reduction has
been suggested to cause a conformational change,
leading to a transition to a more active enzyme
form and thus rendering its cytochrome a3 site
more available to cyanide binding. An enzyme
model with only 2 conformational states, resting
and the more active pulsed form, was found to be
inadequate and the model had to be extended to
include an open and a closed conformational state
of both the pulsed and the resting form. A partial
reduction of the 4 redox centers in the oxidase
(cytochrome a and a 3 , Cu A and Cu B) was propo-
sed to be the trigger mechanism for the transition
from closed to open conformation, enabling fast
cyanide binding.
To investigate the number of electrons necessary
to trigger this conformational change, a rapid
freeze/EPR investigation was performed. The
data shows that the majority of the enzyme mole-
cules in both resting and pulsed state are rapidly
inhibited by cyanide when cytochrome a and Cu A
have been reduced and this prevents entry of more

* Visiting scientist of the Nobel Institute for Chemistry, 1983.
Permanent address: Department of Chemistry, University of
Essex, Wivenhoe Park, Colchester, Essex C04 3SQ, U.K.
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than 2 electrons to the redóx sites in the enzyme.
In a small fraction (approx. 20%) of the oxidase
molecules, however, 3 electron equivalents can
enter the enzyme. This is evidenced by the appea-
rance of the low-spin Fe 3+ HCN-cytochrome a3

signal at g =3.55, indicating that CU B must be re-
duced. Thus, only the fraction of the molecules
that has accepted 3 electron equivalents shows a
cyanide EPR signal whereas in the remaining 80%
of the molecules no cyanide signals could be
found. Such heterogeneities due to mixtures of
different enzyme forms have been widely repor-
ted. The absence of cyanide signals can be explai-
ned if cyanide binds as a bridging ligand between
the antiferromagnetically coupled cytochrome a 3

and Cu B sites.
A mechanism with open and closed enzyme forms
could have a functional significance in facilitating
2-electron reduction of 0 2 , bound at the a3 - Cu B
site, as a way of avoiding the formation of toxic
superoxide ions. Alternatively, such conformatio-
nal changes could be part of the energy transduc-
tion system, e.g. the mechanical part of a proton
pump.

Note: A full description of the experiments can be found in
Biochem. J. (1984), in press.
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REDOX PATHWAYS IN C-TYPE
CYTOCHROMES.
POSSIBLE ROLE OF THE BRIDGING
SULFUR

Rates of reduction of various classes of heme pro-
teins by small organic reductants have been corre-
lated with the degree of exposure of the heme to
solvent [1]. For the c-type cytochromes (cyt), the
heme edge about ring II is exposed in a cleft.
That this exposed heme edge may be important

for electron transfer to and from the heme iron
has been considered by many researchers whose
suggestions have generally focussed on the peri-
pheral aromatic carbons of the porphyrin. Exami-
nation of the van der Waals surfaces of the c-type
cytochromes of known crystal structure reveals [2]
that the sulfur of the thioether bridge that cova-
lently links ring II to the protein (the sulfur of
Cys-17 of cyt c) protrudes from the heme edge
and the protein surface. If delocalization of ring 7r

and iron d orbitals occurs onto this sulfur, then it
effectively extends electron density from the aro-
matic edge of the heme by —2.4 A. For self-
exchange reactions this would decrease the dis-
tance over which the electron has to tunnel. For
reactions with small molecule reductants and oxi-
dants, the sulfur could provide an accessible site
on the protein surface.
The possibility that such delocalization may occur
was examined theoretically with charge-iterative
extended Hückel calculations. Low-spin Fe(III)
and Fe(II) porphins, substituted at the 2- and
4-positions with C(CH 3 )HSCH 3 groups, and liga-
ted to imidazole and dimethylsulfide were calcula-
ted. In the Fe(III) calculations, the acceptor t 25 or-
bital of the iron (either d, or d y7) was found to
be delocalized —25-30% onto the porphyrin ma-
crocycle, including the bridging sulfurs. The
amount of unpaired spin density calculated for a
sulfur, 1-4%, is comparable to values obtained
for individual aromatic ring carbons. In the Fe(II)
case, the t 2g orbitals are much less delocalized.
However, the porphyrin a l „ (7r) orbital contains a
large contribution from the bridging sulfur. Thus,
since both porphyrin 7r and Fe(III) t 2g orbitals are
predicted to delocalize out to the bridging
cysteinyl sulfurs, the calculations suggest that the
exposed sulfur off ring II may indeed facilitate
electron transfer.

ACKNOWLEDGEMENTS

This work was supported by the Division of Chemical Scien-

ces, U.S. Department of Energy, Washington, D.C., under

Contract No. DE-ACO2-76CH00016.

REFERENCES

[1] T.E. MEYER, C.T. PRZYSIECKI, J.A. WATKING, A. BHAT-

TACHARYYA, R.P. SIMONDSEN, M.A. CUSANOVICH, G. TOL-

LIN, Proc. Natl. Acad. Sci. U.S.A., 80, 6740 (1983).
[2] G. TOLLIN, M.A. CusANOVICH, private communication.

Rev. Port. Quim., 27 (1985)	 239



Arois
k,̀•k,̀•

7Wµ

504µs

w

2

TR 3 of Beef liearl Cylochrome Ozidase

1300
	

1500	 1110

RArtAN FREQUENCY. c m t

POSTER SESSIONS: 2. MECHANISMS OF METALLOPROTEIN ACTION

PS2.22 — MO

GERALD T. BABCOCK
Department of Chemistry

Michigan State University

East Lansing, Michigan 48824

U.S.A.

GRAHAM PALMER
Department of Biochemistry

Rice University

P.O.B. 1892, Houston, Texas 77251

U.S.A.

JOHN M. JEAN
LEAH N. JOHNSTON
WILLIAM H. WOODRUFF
Structure and Dynamics Group

Isotope and Nuclear Chemistry Division

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

U.S.A.

TIME-RESOLVED RESONANCE RAMAN
STUDY OF THE OXIDATION
OF CYTOCHROME
OXIDASE BY DIOXYGEN

Cytochrome oxidase catalyzes the rapid and effi-
cient reduction of dioxygen to water. The sequen-
ce of events which occurs in this mechanistically
complex reaction has been difficult to elucidate
owing to the rapid rates of 0 2 binding ( —10 8 M-1

s -1 ) and electron transfer (-10 5 -10 3 s -1 ) [1]. To
overcome this kinetic obstacle, flash photolysis of
the carbon monoxide complex of the reduced protein
has been used to initiate the oxygen reduction
reaction. This «flow-flash» approach was pio-
neered by GIBSON and GREENWOOD for room
temperature spectrophotometry [2], and adapted
by CHANCE and coworkers to low temperature
optical, EPR and EXAFS spectroscopies [3]. Al-
though these approaches have clarified the kine-
tics of the reaction [4], basic structural questions
concerning the reaction sequence remain unresol-
ved. Owing to this situation and to uncertainties
in extrapolating the low temperature results to
room temperature [5], we have combined flow-
-flash and time-resolved resonance Raman techni-

ques to study the cytochrome oxidase/oxygen
reaction at room temperature.
Cytochrome oxidase was prepared from beef heart
[6a] and, following anaerobic reduction, combi-
ned with carbon monoxide. The solution was loa-
ded into one syringe and oxygenated buffer into a
second syringe. These were mounted on a syringe
pump and connected to a Gibson-type, four-jet
tangential mixer [7]. The mixed solution flowed
into the Raman cuvette upon which the Q-swit-
ched pulses (10 ns duration) of two Quanta Ray
Nd:YAG lasers were focussed. The pulse .from the
first laser was the 532 nm Nd:YAG second har-
monic. Its energy was sufficient to photolyze the
CO cytochrome oxidase complex and initiate the
02 reduction reaction. Raman scattered light from
the second, time delayed pulse at 416 nm was dis-
persed and detected by an EG&G/PARC 1420
diode array detector [8]. The delay times between
the green photodissociation and violet probe pul-
ses were variable from 10 ns to approximately
l ms.
Fig. 1 shows Raman spectra of cytochrome oxi-
dase at various times after initiation of the reoxi-

Fig. 1

Raman spectra of cytochrome oxidase at the indicated times

following initiation of the oxygen reduction reaction at room

temperature

dation reaction. The 10 ns spectrum is that of the
photodissociation product of the reduced carbon
monoxy enzyme. The oxidation state marker 0,4i

1355 cm -1 ) and the a3' formyl stretching fre-
quency (v C=o , 1666 cm -1 ) [6] are well-resolved
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and agree with those recently obtained in an anae-
robic study of this species [9]. As the reaction
proceeds, the 1355 cm -1 mode shifts to higher fre-
quency [10] and the 1666 cm -1 mode decreases in
intensity, indicating that oxidation of the protein
is occurring.
The data in Fig. 1 and the difference spectrum in
Fig. 2a indicate that little change in the observed
vibrational frequencies occurs during the first 50
ps. This observation is surprising in view of time-
-resolved optical data [2,4] which have clearly
established that oxygen addition and, possibly,
partial oxidation of the metal centers should have
occurred in this time range. The initial oxygen ad-
duct, however, has been suggested to be an oxyge-
nated heme a species similar in electronic proper-
ties to oxyhemoglobin and oxymyoglobin [3,4,11],
which may photodissociate as do the oxygenated
02 transport proteins [12]. Accordingly, the high
light intensity used to record the spectra in Fig. 1
may have photodissociated the oxygen adduct.
Evidence that this, in fact, occurs is supplied by
the 40 µs difference spectrum (Fig. 2b) obtained
by using a low intensity, defocussed probe pulse
[13]. Under these conditions, the intermediate(s)
at 40 µs are shown to have an oxidation state
marker 0,4 ) at 1378 cm -1 and spin state marker
( 7'2) [6] at 1588 cm -1 . These frequencies are similar
to those reported for oxymyoglobin and oxyhemo-
globin. This observation, together with the photo-
lability of the 40 µs transient, provides the best
evidence to date that the reoxidation of cytochro-
me oxidase involves an oxycytochrome a 3 species
at early times in the reaction.
The difference spectrum in Fig. 2c (100 its spec-
trum minus 10 ns spectrum) was obtained under
high light intensity conditions. As opposed to the
40 µs spectrum obtained under these conditions,
frequencies characteristic of oxidized, low- or in-
termediate-spin heme a species (1,4i 1374 cm -1 ; 1)2 ,
1587 cm -1 ) are apparent demonstrating that non-
-photolabile intermediates are formed at 100µs.

The results establish a number of points [14]
regarding the reoxidation of cytochrome oxidase
by 0 2 . First, time-resolved resonance Raman,
which is more general and offers greater structural
insight than other spectroscopic probes, can be
profitably applied to the study of the reaction.
Second, the initial intermediates in the reaction
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Fig. 2

Estimates of the Raman properties of intermediate species for-

med during the reoxidation of cytochrome oxidase by 02 at 40

(a,b) and 100 µs (c) after initiation. For spectra (a) and (c)

data taken under the high power density conditions of Fig. I

were used. The scaled spectrum of the reduced photodissocia-

ted enzyme (the 10 ns spectrum in Fig. I) was subtracted from

the experimental spectra so that cancellation of the reduced

oxidation state marker (1355 cm -1) occurred. In the 40 µs
spectrum of (b), the energy of the photolysis pulse was 2.5 mJ,

but the probe energy was decreased to 0.6 mJ. A loose line

focus at the sample plus a beam mask were used to decrease

probe power density further. We estimate that the probe

power density used to record spectrum (b) was 30 fold less

than in (a), or 1-2 photons per molecule of enzyme in the illu-

minated volume

mechanism are photolabile. This conclusion may
seem to be at odds with low temperature work re-
ported by CHANCE et al. [3] who described their
compound A as «non-photolabile», but their ob-
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servation most likely results from the fact that
oxyheme species have much lower photolysis
quantum yields than carbon monoxy heme spe-
cies. Third, at reasonably early times it. the reac-
tion ( —100 µs) the system evolves to a state in
which is photostable. Fourth, we note the appa-
rent disappearance at later times (> 200 µs) of the
1666/1676 cm -1 cytochrome a 3 formyl C = O
stretch. This mode is always observed in stable
forms of the enzyme [6] and its absence may sug-
gest unusual reactivity of the formyl group in the
turnover dynamics of the enzyme.
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STEADY-STATE KINETICS
OF CYTOCHROME C OXIDASE
IN PHOSPHOLIPID VESICLES:
THE EFFECTS OF pH,
IONIC STRENGTH AND D 20

The steady-state kinetics of cytochrome c oxidase
(E.C. 1.9.3.1) reconstituted into phospholipid
vesicles has been investigated with a spectrophoto-
metric method, using the high activity region of
the reaction between reduced cytochrome c and
the enzyme. kcat and kcat/Km were evaluated at
high ionic strength (1=0.5) in the pH range
5.2-8.6, and the effects of varied ionic strength
and D 2 0 were studied in a more limited pH
range. Throughout the investigation, the zwitter-
ionic buffers Hepes [4-(2-hydroxyethyl)-1-
-piperazine-ethane sulfonic acid] and Mes [2-(N-
-morpholino) ethane sulfonic acid] were used at a
concentration of 0.05 M. The ionic strength was
changed by inclusion of various amounts of
K2 SO4 . The orientation was found to be 65%
cytochrome a on the outside of the vesicle. Conse-
quently, 65% of the total concentration was used
when the kinetic parameters were calculated.
Principal results and conclusions are as follows:
At high ionic strength (1=0.5) kcat increases with
decreasing pH from 35 s -1 at pH 8.6 to 1000 s -1 at
pH 5.2. This result is qualitatively in accordance
with one earlier study, with the enzyme in deter-
gent solution, whereas most other investigators
have reported a pH maximum for kcat. The pH
dependence of kcat cannot be simulated with less
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than three pK a values, which suggests at least
three sites, each increasing the activity on proto-
nation. Our estimated pK a values (7.8, 6.8 and
4.5) are within experimental uncertainty the same
as those found in detergent solution.
Variation of the ionic strength from 1=0.05 to
/= 0.5 has little effect on k cal but kcat/Km, and
thus K m , is a function of ionic strength. The velo-
city at a given cytochrome c concentration gene-
rally decreases with increasing ionic strength. At
low pH (6.2) the effect seems to be more compli-
cated as our results show a maximum of kcat/Km
around I= 0.25. kcat/Km was essentially constant
at high ionic strength (I= 0.5) in the pH range
5.2-8.6, i.e. K m also increases with decreasing pH.
This suggests that the pH effect is mainly on the
rates of catalytic steps, rather than on the combi-
nation between enzyme and substrate. It is not
obvious which particular steps are affected.
The effects of D 2 0 were studied in the pD range
5.8-7.2. Taking into account both the difference
between pH and pD and the D 2 0-induced shift in
pK a (pKa = pKa + 0.54) we found that D 2 0 de-
creases k cal by a factor of about 2. kcat/Km is, on
the other hand, approximately the same in H 2 O
and D 2 0. From the D 2 0-data we conclude that
an intramolecular proton transfer step is at least
partially rate limiting. This contradicts the com-
mon assumption that the product dissociation step
of the reaction is rate limiting.
Based on our results and a minimal mechanism
involving 13 consecutive steps in the catalytic
cycle of cytochrome oxidase, we argue that an in-
tramolecular step which involves both electron
and proton transfer is rate limiting. The step is
suggested to be important in the function of cyto-
chrome oxidase as a proton pump.
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ACTIVE SITE CHEMISTRY OF OCTAMERIC
AND MONOMERIC HEMERYTHRIN
FROM THEMISTE ZOSTERICOLA

Hemerythrin [1,2] was obtained from the coelo-
mic fluid of Themiste Zostericola as the octamer
(M.Wt. 108,000), which has eight identical subu-
nits, and from the retractor muscle as the mono-
mer, metmyohemerythrin (M.Wt. 13,900). Each
subunit is known to contain a binuclear Fe active
site capable of binding 0 2 .
The structure of the active site of the met,
Fe(III,III), form is as shown [3]. Coordination of
hydroxide (corresponding to an acid dissociation
of pK a ca. 8.0) is known to occur at the five-coor-
dination iron. Using EXAFS [4] it has been
demonstrated that the deoxy, Fe(II,II), form has
no µ-oxo bridge and there is an increase in the
Fe-Fe distance.

His-101	 His-73
//His-77

0/
Fe`

Asp-106-C/ 0	 C-Gtu Ss

^0

Fe

/ 'His-54

His-25

Reduction of octameric methemerythrin has been
studied by WILKINS et al. using dithionite and a
semi-met, Fe(II,III) 8 , intermediate has been suc-
cessfully characterised. It has also been proposed
that further reduction proceeds by long-distance
intramolecular electron-transfer (ca. 30 Á yielding
Fe(II,II) and Fe(III,III) subunits [5], the latter
being rapidly re-reduced to Fe(II,III).

To further augment this study, and monitor preci-
sely the latter stages of reduction, detailed inves-
tigations of the reduction of methemerythrin and
metmyohemerythrin using as one-electron reduc-
tants the Sargeson cage complexes [Co(sep)] 2+ (E°

—0.30 V) and [Co(sarC1 2 )] 2+ (E° —0.13 V), the
triazacyclononane complex [Co(9-aneN 3 )] 2 +
(E° —0.40 V) and [Cr(bipy) 3 ] 2+ (E ° — 0.26 V)
have been carried out. Three stages are clearly
seen in the reduction of methemerythrin (pH 6.3 -
- 9.0). The figure shown is for a reaction moni-
tored at 400 nm with MetHr = 1.0 x 10 -4 M (expres-
sed as monomer), [Co(sep)] 2+ =1.4 x 10 -3 M, pH
6.3, I= 0.15 M (Na2 SO4 ). The rate of the first
stage shows a first-order dependence on reduc-
tant. Rate constants for stages 2 and 3 (3.7 x 10 -3

and 1.2 x 10-4 s -1 respectively, pH 8.2) show no de-
pendence on the concentration or nature of the
reductant consistent with an intramolecular pro-
cess. Hydrogen-ion dependencies are observed for
the first and second stages. Rate constants for sta-
ge 3 are however independent of [H'].

..	 4
Ê

2
° 2

1st STAGE 2nd STAGE 3rd STAGE

4 8 	12
t/hour

10
t/s

20	 4	 8	 12
t/min

Consumption of reductant in the different stages
was determined using [Cr(phen) 3 ] 2+ which has an
intense absorbance at 850 nm (e = 6500 m-1 cm -1 ).
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It was found that eight equivalents (per octamer)
of reductant are consumed in the first stage follo-
wed by four equivalents in each of stages 2 and 3.
These results were confirmed using the strong
reductant [Cr(edta)] 2- (E° —1.0 V) which enabled
spectra to be recorded more precisely at the end
of each stage.
Reduction of metmyohemerythrin also occurs
in three stages at pH 8.2. The first stage gives a
first-order dependence on reductant. The rate

constants for stages 2 and 3 (4.0 x 10 -3 and
9.0 x 10 .4 s -1 respectively) show no dependence
on the nature or concentration of the reductant.
Further detail of these different stages will be pre-
sented.
The existence of a quarter-met intermediate in the
reduction of methemerythrin (product of the
second stage) indicates that the Fe(II,III) units ge-
nerated at the end of the first and second stages
are not identical. Furthermore, comparison of the
rate constants for the second stage of the reduc-
tion of methemerythrin and metmyohemerythrin
suggests a common rate-controlling conformatio-
nal change in both cases.
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ACID DISSOCIATION CONSTANTS
FOR THREE PLASTOCYANINS

The metalloprotein plastocyanin (M.Wt. 10,500)
consists of 99 amino acids and a single (Type 1)
Cu active site [1]. It is involved in electron trans-
port (E° — 360mV) in the chloroplast where it
functions as an oxidant for cytochrome f and a
reductant for P700. The Cu atom is coordinated
by His37, Cys84, His87 and Met92 (NSNS donor
atom set) in a distorted tetrahedral arrangement
for both Cu oxidation states. Proton induced
deactivation of the active site [2] has been shown
to correspond to dissociation of His87 yielding a
redox-inactive three-coordinate structure [3].

The acid dissociation constant, K a , can be deter-
mined using NMR

HPCu(I) K=_  H . + PCu(I)
	

(1)

spectroscopy [4] which allows direct observation
of the relevant protonation. The kinetic method
employs oxidants such as [Fe(CN) 6 ] 3- and
[Co(phen) 3 ] 3+ to probe the reactivity of the pro-
tein in the pH range of interest, where PCu(I) but
not HPCu(I) is redox active (2).
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PCu(I) + Oxidant k
1 	>	 (2)

The dependence (3) enables K a to be determined.

k(M_ls_I)—	 1 a
[H*] +K a

	

k i K a
	(3)

Kinetic determination of pK a's using [Fe(CN) 6 ] 3-

as an oxidant are in satisfactory agreement
with those by NMR. However, the use of
[Co(phen) 3 ] 3+ yields pK a's which are consistently
higher, see Table.

Table

Experimentally determined pKa 's for different plastocyanins

Source NMR	 [Fe(CN)6]3 [Co(phen) 3 ] 3 *

Parsley 5.7 5.5 6.1
Spinach 4.9 4.9 5.7
A. variabilis 5.1 4.8 5.5

The results may be explained by introducing a
second protonation effective in the oxidation by
[Co(phen) 3 ] 3+ as in (4)-(6). Sites for the two inde-
pendent protonations are designated A and B
where A refers to the active site protonation at
His87.

I{a 2H*+P

1L	 a

Ka H` +HP B

P+oxidant 
k t >

HP g+ + oxidant k2

This scheme gives (7)

k( M i s t)_ 	 k1KaK a'+k2Ka[H+] 
K aK +K a'[H*] +K a [H*] + [H*] 2

The figure shows the best fit for spinach PCu(I)
using K a as determined by NMR, and indicates
the component profiles arising from each proto-
nation. This procedure gives pKa values for pars-
ley (5.8), spinach (5.7) and A. variabilis (5.7).
The effect of K a' is consistent in simple electrosta-
tic terms with a proton associating at, or near, the
site of electron transfer for a positively charged
oxidant. The involvement of K a' in the oxidation
by [Fe(CN) 6 ] 3- is small or negligible indicating

p H

that oppositely charged complexes use different
binding locations on plastocyanin. These conclu-
sions are consistent with earlier NMR studies [5,6]
which define binding sites close to His87 and
Tyr83 for [Fe(CN) 6 ] 3- and [Co(phen) 3 ] 3+ respecti-
vely. We therefore propose the protonation cor-
responding to K a' is at the binding site near to
Tyr83.
The pK a' value of — 5.7 is higher than expected
for a single carboxylate residue but may be explai-
ned in terms of two carboxylates sharing one pro-
ton. There are a number of carboxylate residues
close to Tyr83, notably the highly conserved 42-45
residues in plant plastocyanins, also Asp42 and
G1u85 in A. variabilis plastocyanin. These could
provide an adequate site for protonation and
association of [Co(phen) 3 ] 3+. The amino-acid
sequence for parsley plastocyanin indicates dele-
tions at 58 and 59 which could explain the higher
pK a value.
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no-b-hydroxyvaleric acid, which is formed as the
reduction product of an acylated glutamic acid,
could be identified by high voltage paper electro-
phoresis and paper chromatography. These results
can also be interpreted only on the basis of an
anhydride intermediate.
A tryptic digest of the reduced protein gives
evidence that the glutamic acid in question is
Glu-270.

CARBOXYPEPTIDASE A, EVIDENCE
FOR AN ANHYDRIDE INTERMEDIATE

PS2.27 — TH
In the reaction of carboxypeptidase A, a Zn 2 +
containing exopeptidase, it is still in discussion,
whether Glu-270 forms a covalent anhydride inter-
mediate with the acyl group of the substrate or is
involved in a general base catalysis mechanism.
Evidence for an acyl enzyme has been obtained at
—60°C only spectroscopically with one ester subs-
trate, the O-(trans-p-chlorocinnamoyl)-L-phenyl-
lactate (Makinen).
Since it should be possible to trap such an anhy-
dride intermediate with nucleophiles under condi-
tions where accumulation can be expected, we in-
cubated the enzyme at —75°C with several hippu-
ric esters or -peptides in the presence of hydroxy-
lamine and O-methylhydroxylamine. Thus the
enzyme could be inactivated, while it was still
active in the blank probe with the same concentra-
tion of hydroxylamine. Inactivation was most effi-
cient with hippuryl glycolic acid, a relatively slow
substrate for the carboxypeptidase A. A hydroxa-
mate group within the protein could be identified
by the visible spectrum of its Fe 3 +-complex, which
was characteristic for that of a glutamic acid.
Such a hydroxamate group, responsible for the
inactivity of the enzyme and produced only in the
presence of a substrate, can be expected, if this
glutamic acid forms an anhydride intermediate.
Furthermore we could stabilize the acyl enzyme by
adding denaturating agents at —60°C during the
reaction with hippuryl-L-phenylalanin or O-(trans-
-p-chlorocinnamoyl)-L-phenyllactate. This loaded
enzyme was reduced with [ 3H] NaCNBH 3 . After
complete hydrolysis of the protein the [ 3H] a-ami-
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THE INTERACTION OF ZINC IONS
WITH ARSANILAZOTYROSINE-248-
CARBOXYPEPTIDASE A

Arsanilazotyrosine-248-carboxypeptidase A([(Azo-
-CPD)Zn]) [1] is a derivative modified with chro-
mophoric arsanilazotyrosine-248 residue. [(Azo-
-CPD)Zn] has almost the same activity as native
carboxypeptidase A. It has proven particularly
useful for studying the conformation of the enzy-
me [2] and metal binding to the apo-enzyme [3].
At pH 7.5-8.8, the arsanilazotyrosine-248 residue
forms an intramolecular complex with the zinc ion
at the active site and gives a characteristic optical
absorption at 510 nm.
When excess zinc ions were added to
[(Azo-CPD)Zn], the characteristic red color,
which arose from the intramolecular complex of
the arsanilazotyrosine-248 residue with the active
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site zinc of the enzyme, changed to yellow (Fig. 1)
Excess zinc ions also inhibited the peptidase acti-
vity of [(Azo-CPD)Zn]. The interaction between

10000

E
U

5000

the enzyme. The results can be explained in terms
of the zinc ion reaction with only one of three
conformational states of [(Azo-CPD)Zn] [2].
The second order rate constants (k 1 ) for binding
of excess zinc ions to [(Azo-CPD)Zn] were
4.3x 10 6 and 8.4x 10 5 ]vrlsec -1 , at pH 8.2 and
7.7, respectively, and the first order rate constants
(k_ 1 ) for the dissociation of zinc ions from [(Azo-
-CPD)Zn]Zn are 11 and 12 sec -1 , respectively. It
has been proven that excess zinc ions promote the
inhibition of the peptidase activity and the color
change from red to yellow through specific bin-
ding of zinc ions to one conformational state of
[(Azo-CPD)Zn].

REFERENCES

[1] J.T. JOHANSEN, B.L. VALLEE, Biochemistry, 14, 649
(1975).

[2] L.W. HARRISON, D.S. AULD, B.L. VALLEE, Proc. Natl.

Acad. Sci. USA, 72, 4356 (1975).
[3] J. HIROSE, R.G. WILKINS, Biochemistry, 23, 3149 (1984).

400	 500

Wavelength

Fig. I
Effect of excess zinc ions on the absorption spectrum of
arsanilazotyrosine-248-carboxypeptidase A. [(Azo-CPD)Znj=
=3.4x 10 -5 M, Temp 25°C. pH 8.2, 0.05 M Tris-HCI buffer

(0.5 M NaCI).
1, without zinc ions; 2, Zn2+ =10 -5 M; 3, Zn2+ =2.0x 10 -5

M; 4, Zn2+ =3.0x 10 -5 M; 5, Zn 2+ =5.0x10 -5 M;
6, Zn2+ =7.0x10 -5 M; 7, Zn 2+ =1.5x10 4 M;

8, Zn2+ =3.5x 10 -4 M

excess zinc ions and [(Azo-CPD)Zn] has been stu-
died by the stopped flow and spectrophotometric
methods at pH 8.2, 7.7, I = 0.5m (NaC1) and
25°C. [(Azo-CPD)Zn] has two binding sites for
excess zinc ions and the binding constant of the
first site (3.9 x 10 5 tvrl at pH 8.2, 7.1 x 10 4 m-1 at
pH 7.7) is much larger than that of the second
site (1.8 x 10 3 ]v- 1 at pH 8.2, 7 x 102 ivt-1 at pH
7.7), as shown in the following equations.

[(Azo-CPD)Zn] +Zn 2+k11 [(Azo-CPD)Zn]Zn	 (1)
1

[(Azo-CPD)Zn]Zn+Zn 2+ � [(Azo-CPD)Zn]Zn 2 (2)

The binding of excess zinc ions to the first site
was completely correlated with both the inhibition
of the peptidase activity and the color change of
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KINETIC SALT EFFECT OF ALKALINE
EARTH CHLORIDES
ON THE UREASE CATALYZED
UREA HYDROLYSIS

The kinetics of the Ni-containing [1] enzyme urea-
se have turned out to be very complex. In order
to get some informations about the reaction me-
chanism of the urease catalyzed urea hydrolysis
we investigated the reaction in presence of the
alkaline earth chlorides MgC1 2 , CaCl 2 , SrC12 ,
and BaCl 2 in a concentration range of 10 -6

600

(nm)
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M < C Me .. < 10 -4 M where the Debye-Hückel Limi-
ting Law is valid and where the alkaline earth
carbonates do not precipitate. The activities were
determined by conductivity measurements [2] in
buffer free solutions [3].
The result of all measurements is that the activi-
ties A as a function of ionic concentration c fit
the equation

In A= In A 0 —B V c (1)

The sign of the slope being negative expresses that
the urea hydrolysis is inhibited by the added
salts. The value for B changes only slightly if
BaC1 2 (B= —38.05 +1.73) instead of MgCl 2

(B= —37.01+1.33)  is present, although the radii
of the metal ions differ from each other by about
0.7 A and the degree of hydration is 13.9 (Mg")
and 8.4 (Ba"). Further the B-value is only insigni-
ficantly affected by the course of the reaction:
B= —38.17+1.76 (Mg") and —40.92+1.73
(Be") for a conversion of 1.3 x 10 -3 mole urea.
This points out that the reaction is mainly influen-
ced by the concentration of the added ions. The-
refore, an interpretation of the results on the basis
of the Debye-Hückel Limiting Law and the activa-
ted complex theory seemed to be meaningful.
Applying the theory of transition state to reac-
tions in solution, the equation for the rate cons-
tant k is

k B 'T
k= 	  .

h

At infinite dilution the activity coefficients f for
the reactants, A,B and for the activated complex
AB* are unity and k = k o . Inserting the Debye-
-Hückel Limiting Law for ionic activity coeffi-
cients into the logarithmic form of equation (2)
gives

lg(k/k 0) = 1.02 z A z B\/ I (T = 298 K) (3)

This expression, that has been derived by
Br6nsted and Bjerrum, shows that if the charges z
of the reactants are both positive or both negative
Ig(k/k 0) will increase with increasing ionic
strength I, whereas the plot of the lg(k/k o) versus

1 12 has a negative slope if ions of opposite charge
are reacting.
An evaluation of the data by use of equation (3)
again leads to linear relationships. In all cases the

extrapolation of Ig(k/k 0) to zero ionic strength
yields values close to zero and the gradient
1.02•z A •z B of every line is about —10.
From that, it follows that one of the reactants
must have a negative charge. No conclusion can
be drawn from the experiments concerning the
size of z A or z B , but we assume that this kind of
kinetic salt effect results from the reaction of
urease with positively charged metal-urea comple-
xes and that the active site of the enzyme carries a
negative charge. This is contrary to the reaction
model that has been published by ZERNER [4].
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DEPENDENCE OF THE UREASE
CATALYZED UREA HYDROLYSIS
ON SUBSTRATE CONCENTRATION
AND TEMPERATURE
IN THE PRESENCE OF ALKALINE
EARTH HALIDES

The alkaline earth halides MgCl 2 , CaCl2 , SrCl 2 ,
and BaC1 2 inhibit the urease catalyzed urea
hydrolysis. The interpretation of the inhibition by
a model, that has first been developed by
Brbnsted and Bjerrum on the basis of the Debye-
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Hückel Limiting Law and the transition state
theory, leads to the assumption that the active site
of urease carries a negative charge.
In order to confirm the hypothesis set up,
Michaelis constants have been determined for
three different metal concentrations (3 x 10 -6 ,
1.5 x 10-5 , and 9 x 10 -5 M) in a urea concentration
range from 0.1 M to 1.6x 10 -3 M. The data are
compiled in Table 1 and have to be compared

-values are reduced up to 50 07o and more compa-
red with those measured below 30°C. These
results also indicate that the added alkaline earth
halides directly influence the reaction between
urea and the active site of the enzyme urease.
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Table 1

cMeCl 1

(mole/I)

Michaelis constant K m(app) •10 3

(mole/I)

MgC12	 CaCl2
	

SrCl2
	 BaCl2

3.10-6 3.22+0.20 3.18+0.16 2.90+0.30 2.89+0.09

1.5.10_ 5 3.13+0.15 2.77+0.07 2.70+0.11 2.58+0.07

9.10.5 2.85+0.13 2.60+0.10 2.52+0.07 2.07+0.09

with K M for pure urease preparations
0.00328±0.00011 M. The data show, that K M de-
creases with increasing concentration as well as
with increasing ionic radius of the inhibiting metal
ion. The inhibitory effect caused by a 3 x 10 -6 M
BaC1 2 solution is of the same magnitude as that of
a MgC1 2 solution with a 30 fold metal ion concen-
tration. The corresponding Lineweaver Burk plots
show that the kind of inhibition changes from a
predominantly noncompetitive inhibition for low
MgC12 concentrations to completely uncompetitive
inhibition in the presence of BaC1 2 . From this it
can be deduced that the active site of urease reacts
with metal ion — urea complexes.
The temperature dependence of the urea hydroly-
sis catalyzed by urease is quite complex. If the
reaction rate is determined in small temperature
intervals, the measuring points no longer fall close
to a straight In v/T -1 — Arrhenius plot, but fit a
wave like curve due to subsequent conformational
changes with increasing temperature [1]. This ano-
malous temperature behaviour of urease is dis-
tinctly intensified in the presence of alkaline earth
chlorides. Measurements, that have been perfor-
med in AT intervals of 1 K between 3°C and
80°C, further show that the temperature optimum
of urease is raised from 60°C up to 73°C if the
reaction solution contains 5 x 10 -4 M SrCl 2 . The
mean activation energies decrease with increasing
temperature, especially above 30°C where the E A-
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PROTEIN INTERACTION
WITH THE COPPER(II)/ASCORBIC
ACID/OXYGEN SYSTEM:
EVIDENCE FOR A NON-SITE
SPECIFIC REACTION

The ability of ascorbic acid, in the presence of
low levels of copper(II), to deactivate enzymes
such as catalase [1], alkaline phosphatase [2],
Na,KATPase [3] and acetylcholinesterase [4] has
been well documented. Recent investigations [4]
have used the catalytic effect of copper(II) on
enzyme deactivation as evidence for the "site spe-
cific" mechanism of biomolecule deactivation. In

250
	

Rev. Port. Quím., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

this mechanism a metal-ion bound to the biomole-
cule acts as a centre for the production of
hydroxyl radicals (via a modified Haber-Weiss
cycle) which react rapidly with the surrounding
biomolecule producing "site specific" deactiva-
tion [5].
In this presentation we aim to show that this type
of experiment does not allow one to state with
certainty that the "site specific" mechanism is
operating. We show that a heterogeneous
copper(II) catalyst (which does not form
biomolecule/metal-ion complexes) is as effective
as a homogeneous catalyst at deactivating the
enzyme acetylcholinesterase in sharp contrast to
the predictions of the "site specific" mechanism.
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REACTIVITY PATTERNS
IN THE NUCLEOPHILIC DEALKYLATION
OF N-SUBSTITUTED
METALLOPORPHYRINS

The reactions of N-substituted porphyrins are of
interest in two quite different respects: for expla-
nations of the variable efficiency in the formation

of N-alkylporphyrins by drugs that interact with
cytochrome P-450 and for applications to synthe-
sis of radiolabelled porphyrins for diagnostic ima-
ging or therapy.

There are two types of mechanism for dealkyla-
tion of N-substituted metalloporphyrin that have
precedence in the literature. One possible process
involves reduction of a Co(II) or Fe(II) N-substi-
tuted metalloporphyrin to form a a-alkyl Co(III)
or Fe(III) complex [1-3]. The complexes could
then lose the a-alkyl group by several different
types of reaction mechanisms, i.e., through carbo-
cationic, carboanionic or radical intermediates as
have been documented for the Co(III) a-alkyl cor-
rins [4]. A second type of reaction involves nu-
cleophilic removal of the N-substituent through a
carbocationic intermediate. This type of reaction
has been a focus of our work [5-9]. In this article,
we will present an overview of our previous
results and present some new findings which are
relevant.

Features of the nucleophilic dealkylation reaction
which could affect the overall rate include the na-
ture of the N-substituent, the nucleophile, the sol-
vent, the porphyrin and the metal ion. We have
found that the N-substituent has a profound
effect on the dealkylation rate. The types of subs-
tituent which we have investigated are acyl (ethy-
lacetato), alkyl (benzyl, methyl, and ethyl) and
aryl (phenyl). For the sake of comparison, we
used the same solvent (CH 3 CN), metal ion (cop-
per (II)) and nucleophile (di-n-butylamine). At
25°C, the relative rates for dealkylation of the
N-substituted tetraphenylporphinatocopper(II)
complex to form CuTPP are 100 (benzyl) [8]: 1
(methyl) [8]: 0.1 (ethyl) [8]: 0.15 (ethylacetato,
k °bsd = 1.1 x 10 -4 s - '): <10 -4 (phenyl) [8]. The acti-
vation parameters for this series are too few to be
definitive but the trends they suggest are reasona-
ble: the activation enthalpy is least for the N-
-benzyl complex and the activation entropy of the
N-methyl complex is the least unfavorable. The
first of the two features and the extremely slow
loss of the N-phenyl group are consistent with S N I
character. For this type of mechanism, the ability
of the benzyl group to delocalize positive charge
would stabilize a carbocationic activated complex
relative to the other N-substituents and the phenyl
group would be disfavored. The more unfavorable
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entropy for groups bulkier than the methyl group
is consistent with S N2 character since nucleophilic
attack is an important feature of the mechanism.
One substituent about which we report herein for
the first time is the ethylacetato group. The N-
-ethylacetatotetraphenylporphine ligand has been
reported previously [10] and the Cu(II) complex
(formed in situ from Cu(CF 3 SO 3 ) 2 and N-
-CH 2 CO 2 C2 H 5 HTPP in CH 3 CN) shows a visible
spectrum typical of a Cu(II) N-substituted
porphyrin complex [8]. Although we expected that
the carbonyl functionality might inhibit carboca-
tion formation and thereby increase the activation
enthalpy, the reactivity of this complex is very si-
milar to the corresponding N-ethyl TPP complex.
The acetato group is a versatile functionality and
we might expect to be able to synthesize a variety
of N-substituted porphyrins that could have simi-
lar dealkylation reactivity.

The contributions of factors other than the N-subs-
tituent are consistent with S N 1 characteristics in
some cases and with S N2 reactions in other cases.
The dependence of the rate of dealkylation on the
metal ion is characteristic of S N I reactions. The
rate is highly dependent on the metal ion. Under
comparable conditions, the rate order is [5-9]
Pd(II) > Cu(II) > Ni(II) > Co(II)» Zn(II) > Mn(II)
which parallels the stability order of the product
(non-N-substituted) metalloporphyrin. This result
and the dependence on carbocationic stabilization
noted above infer that the activated complex
resembles the product and that bond-breaking is
important in determining the rate. The dependen-
ce of the rate on the nucleophile and the solvent
are characteristic of an S N2 mechanism. Although
these factors have not been studied in detail, it is
quite clear that the dealkylation rates are highly
dependent on solvent [7]. Highly polar solvents
appear to stabilize the nucleophile and retard
reaction, as expected. It must be noted here that
we are discussing the dependence of the dealkyla-
tion step itself. The solvent can also have a pro-
found effect by changing the rate determining step
of the mechanism, as illustrated by the reactions
of Pd(N-CH 3 TPP)' in CH 3 CN (in which comple-
xation is fast and dealkylation slow) and in DMF
(in which complexation is slow relative to dealky-
lation) [9]. In reactions of Cu(N-CH 3 TPP)', ion-
-pairing of the complex with a nucleophilic anion

may be the origin of the observed first order
rather than second order rate law [7,11]. The nu-
cleophilicity of amines is much greater than pyri-
dine which is, in turn, much more nucleophilic
than water or alcohols [4], but this aspect has not
been studied extensively.

The rate of dealkylation is not affected greatly by
the nature of the porphyrin ring [7], so results
deduced from synthetic porphyrins can be trans-
ferred to naturally-derived porphyrins (e.g.
under comparable conditions, the rate constants

•for dealkylation of Cu(N-CH 3 TPP)', Cu(N-
-CH 3 TPPS4 ) 3- and Cu(N-CH 3 deuteroporphyrin
IX dimethylester) are 2.9 x 10 -3 , 3.7 x 10 -3 ,

1.4x 10-3 Ní 1 sec - ' (25°C, CH 3 CN as solvent, di-
-n-butylamine as nucleophile) [7]. The results of
kinetic studies of dealkylation of N-substituted
metalloporphyrins to date suggest that the rate
can vary over wide limits which are controllable in
synthetic schemes by choice of N-substituent, me-
tal ion, solvent and/or nucleophile. In biological
reactions of N-substituted hemes or hemins it
might be expected that dealkylation by nucleophi-
lic attack would be different except in cases of
very favorable carbocationic stabilization. In the
presence of strong reductants in vivo, migration
to form a-iron(III) species could result in removal
of the N-substituent. It is not surprising that N-
-aryl and N-alkyl porphyrins are not dealkylated
after their formation from myoglobin or hemoglo-
bin [12,13] in light of the relative stability of such
complexes against dealkylation and the relative
ease of hydrolysis of iron complexes of these N-
-substituted species [14].
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INHIBITION OF HUMAN CARBONIC
ANHYDRASE II BY SOME ORGANIC
COMPOUNDS

In addition to monovalent inorganic anions a
variety of organic compounds inhibit carbonic
anhydrase-catalyzed reactions by binding at or
near the zinc ion in the active center. The best
known of these are certain aromatic and heterocy-
clic sulfonamides [1].
We have studied the inhibition of human carbonic
anhydrase II by four organic compounds, tetrazo-
le, 1,2,4-triazole, 2-nitrophenol and trichloroace-
taldehyde hydrate (chloral hydrate). These inhibi-
tors can be classified in two categories depending
on their effects on CO 2 hydration at pH near 9.
The first category is represented by tetrazole and
2-nitrophenol giving rise to predominantly uncom-
petitive inhibition patterns. At this pH these com-
pounds are anions and their behaviour is comple-
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tely analogous to the behaviour of simple inorga-
nic anions [2,3]. We also show that tetrazole is a
competitive inhibitor of HCO 3 - dehydration in
analogy with the behaviour of anions [9]. The se-
cond category is represented by 1,2,4-triazole and
chloral hydrate yielding noncompetitive inhibition
patterns at high pH. 1,2,4-triazole was also stu-
died at pH 7.2 and found to be a noncompetitive
inhibitor of both CO 2 hydration and HCO 3- dehy-
dration. However, at chemical equilibrium 1,2,4-
-triazole and CO2 /HCO 3 - bind to the enzyme in a
mutually competitive fashion.
A third category of organic inhibitors is represen-
ted by phenol which has been shown to be a com-
petitive inhibitor of CO 2 hydration and a non-
-competitive inhibitor of HCO 3 - dehydration by
SIMONSSON et al. [4]. The diverse kinetic patterns
of these organic inhibitors can be explained by the
mechanism model of Fig. 1, an extended version

Fig. I

Kinetic mechanism scheme for carbonic anhydrase. H to the

right of E represents a protonated catalytic group and H to the

left of E represents a protonated proton-transfer group. S re-

presents CO2 , P represents HCO3 -, I represents the anionic
form of the inhibitor, and HI represents a neutral inhibitor.

Reaction steps indicated by thick lines represent the catalytic

pathway that is thought to dominate at high pH. The diagonal

line corresponds to the intramolecular It transfer step. Verti-

cal lines correspond to buffer facilitated H` transfer steps

of the scheme originally proposed by STEINER et
al. [5]. In this scheme H to the right of E repre-
sents a protonated catalytic group believed to be a
zinc-bound H 2 O molecule ionizing to OH - . H to
the left of E represents a protonated proton trans-
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ter group, thought to be His-64. At high substrate
and buffer concentrations the intramolecular pro-
ton transfer (EH ,= HE) is probably rate limiting.
pK 1/pH profiles for tetrazole, 1,2,4-triazole and
chloral hydrate suggest that enzyme-inhibitor
complexes with the stoichiometric composition
(H)EHI are formed. (H) denotes that binding
occurs regardless of the ionization state of the
proton transfer group. The complex between
enzyme and tetrazole or 2-nitrophenol is formed
mainly by a combination of (H)EH and the anio-
nic form of the inhibitor, I. The competitive inhi-
bition of CO 2 hydration by phenol suggested that
(H)EHI is formed mainly in a reaction between
(H)E and neutral inhibitor HI. The noncompetiti-
ve patterns obtained for 1,2,4-triazole and chloral
hydrate could then be explained by assuming that
both of these pathways for the formation of
(H)EHI are kinetically significant.
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INHIBITORY ACTIVITY OF Cu(II), Co(II)
AND Ni(II) COMPLEXES WITH
1,4-BIS(3-AMINOPROPYL)PIPERAZINE
AND 3,3'-DIAMINO-N-METHYLDIPROPY-
LAMINE TOWARD LENTIL
SEEDLINGS DIAMINEOXIDASE

Diamine oxidases (amine: oxygen oxidoreductase,
deaminating E.C. 1.4.3.6) are enzymes evenly dis-
tributed among living organisms. They catalyse
the oxidation of one primary amino group of the
substrate according to the following reaction
R-CH 2 -NH 2 +0 2 +H 2 0 — R-CHO+NH 3 +H 2 02 .
An important tool in studying the function of an
enzyme is to find out specific inhibitors and to
follow their effects.
Recently a DAO from Lentil seedlings (LSAO)
has been purified to homogeneity [1]. This enzy-
me is similar to other plant amine oxidases.
LSAO is inhibited in vitro by various complexes
of type M(L) 2 X2 where M = Cu(II), Co(II) and
Ni(II); L = 1,4-Bis(3-Aminopropyl)piperazine
(APP), 3,3'-Diamino-N-methyldipropylamine
(AMPA); X = Cl -, Br- , SO4 .
The inhibition constants were determined by
Dixon's and Lineweaver Burk plots.
All inhibitories tested are non competitive and
their inhibition constant change with the nature
of the metal and anion of the complex. No inhibi-
tion is revealed with the Co(II) complexes.
Cu(APP) 2 Br2 in aqueous solution (3.7 x 10 -5 M)
gives the most high inhibitor value [2].
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THE NATURE OF THE HIGH-pH/LOW-pH
TRANSITION IN SULPHITE
OXIDASE AND IN NITRATE REDUCTASE

It has been known [1] for some years that the
molybdenum centres of liver sulphite oxidase and
of E. co/i nitrate reductase, when in the Mo(V)
oxidation state, exist in high-pH and low-pH
forms, distinguished by different EPR spectra.
The low-pH EPR signals show well resolved
hyperfine coupling from a single proton (A a,
about 1 mT) exchangeable with the solvent, whe-
reas the high-pH spectra show no such coupling
and have slightly different g-values with lower
values of g ay . pK values for interconversion bet-
ween the species were given [2,3] as 8.2 and 8.3
respectively for sulphite oxidase and nitrate reduc-
tase. The precise nature of this transition, in
structural terms, and its significance in relation to
the catalytic reactions of the enzymes has remai-
ned uncertain. We now summarise recent studies
[4-6] which provide new information.
Data on the two enzymes will be considered toge-
ther. The low-pH form has been shown [4,5] to
bear an anion ligand which can be varied, with,
particularly for nitrate reductase, different ligands
giving slightly different g-values. With fluoride,
hyperfine coupling to 19 F can be seen. The proton
is believed to be in the form of an -OH ligand of

molybdenum. Coupling of the proton is compara-
ble to that in such a ligand [7] in irradiated
molybdate, and furthermore coupling to "O has
been observed (cf. [8]) in sulphite oxidase (but not
yet in nitrate reductase).
Interconversion between the species depends [4,5]
on the anion concentration as well as on the pH,
concentration effects being less readily interpreta-
ble for nitrate reductase than for sulphite oxidase.
Recently it has become apparent that the high-pH
forms of the enzymes, like the low-pH forms,
bear a coupled proton, though its presence is
much less obvious in their EPR spectra. In nitra-
te reductase the proton (A av0.34 mT) causes broa-
dening only [5] of the high-pH spectrum, with no
resolved hyperfine splitting. For sulphite oxidase,
only spin-flip transitions related to the proton
hyperfine coupling show up [6], in the form of
shoulders on the high-pH EPR spectrum.
Assuming the proton «seen» in the high-pH and
low-pH forms to be identical and in an -OH
ligand in both, the question then arises as to whe-
re in the low-pH form the proton controlling the
pK-value is located. This proton clearly shows no
resolved hyperfine coupling. Structures of the sig-
nal-giving species will be discussed in relation to
relevant work on model compounds. The question
of whether a proton plays a part in the catalytic
reaction will also be discussed.
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DETECTION AND CHARACTERIZATION
OF INTERMEDIATES IN THE REACTION
CATALYZED BY Co(II)-SUBSTITUTED
HORSE LIVER
ALCOHOL DEHYDROGENASE

Substitution of the active site zinc ion of horse
liver alcohol dehydrogenase by certain divalent
transition metal ions such as Co(II), Ni(II),
Cu(II), and Fe(II) yields enzyme derivatives which
are of special interest due to their spectroscopic
properties [1]. Since the binding of substrates du-
ring catalysis occurs via inner-sphere coordination
to the catalytic metal ion [1-3], changes in the
ligand-to-metal charge-transfer (LMCT) and the
d-d electronic transitions can be used as indicators
for intermediates occurring during the catalytic
cycle [1,4,5]. The Co(II)-substituted horse liver
alcohol dehydrogenase (Co(II)-E) has so far pro-
ven the best model for native alcohol dehydroge-
nase because its structure as well as its catalytic
behavior is highly similar to the native enzyme.
We have attempted to resolve the redox step, i.e.

the interconversion of the ternary complexes
(Co(II)-E, NAD', alcohol) and (Co(II)-E,NADH,
aldehyde) into fast intermediary steps by means of
rapid-scanning stopped-flow (RSSF) UV-spectros-
copy [6]. Under conditions of single turnover [7]
the reduction of aldehydes was shown to occur in

two kinetically detectible relaxations at pH 7. The
fast relaxation shows spectral changes which cor-
respond to the oxidation of bound NADH and to
the appearance of a new d-d-transition at 575 nm.
This process is accompanied by perturbations of
the LMCT bands around 350 nm. The slow rela-
xation is characterized by apparent isoabsorptive
points at 300 nm and 375 nm and consists of the
conversion of the species formed in the fast phase
to the ternary complex (Co(II)-E, NAD', alcoxide)
with the alcoxide inner-sphere coordinated to the
catalytic metal ion. These findings are essentially,
the same for all investigated aromatic aldehydes.
The assumption of metal-bound alcoxide is sup-
ported by the fact that the intermediate does no
longer appear if the pH is lowered below the pK a

of the presumed enzyme-bound alcohol. The oxi-
dation of alcohols in single turnover at pH 8 is
characterized by essentially the same spectral
changes for aromatic alcohols as well as for etha-
nol and methanol. A fast relaxation which leads
to the same intermediate as the fast phase of the
aldehyde reduction is followed by a slow relaxa-
tion which consists of the appearance of NADH
and a conversion of the ternary complex (Co(II)-
-E, NAD', alcoxide) to the ternary complex
(Co(II)-E,NADH, IBA). In the presence of the

Scheme I

Transient-spectroscopy of single-turnover runs Co(II)-substitu-

ted horse liver alcohol dehydrogenase. Discernible species of

the alcohol oxidation are Co(II)-E or (Co(II)-E,NAD',ROH),

(Co(II)-E,NAD',RO-) and (Co(II)-E,NADH,IBA). The follo-

wing species can be separated in the reduction of aldehydes:

(Co(II)-E,NADH,ROH), (Co(II)-E,NAD',RO - ) and

(Co(II)-E,NAD',pyr). Numbers below the species indicate the

wavelengths (in nm) of characteristic absorption maxima of

the complexes

inhibitor 2,2,2-trifluoroethanol, the reaction with
Co(II)-E and NAD' progresses in a single phase
leading to a product whose spectrum corresponds
to the spectrum of the assumed ternary complex
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(Co(II)-E,NAD', alcoxide). Decreasing the pH be-
low the pK a of the presumed enzyme-bound alco-
hol again prevents the formation of this ternary
complex.

We have tentatively assigned the absorption bands
centered at 650 nm and 680 nm to the active site
Co(II)-ion in the open and closed conformation,
respectively, of the protein. Irrespective of the
conformation state, binding of an anionic ligand
to the Co(II)-ion creates the transition at 575 nm.
Scheme I summarizes the transients observed
hitherto and their spectral characteristics.
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'H NMR INVESTIGATION OF INHIBITOR
BINDING TO COBALT(II)
SUBSTITUTED LIVER ALCOHOL
DEHYDROGENASE (LADH)

It is known from X-ray studies that imidazole and
pyrazole bind at the catalytic zinc ion in LADH
[1]. They substitute . the coordinated water mole-
cule whereas the remaining residues are essentially
in unchanged positions. We have substituted co-
balt(II) for zinc(II) at the catalytic site and
allowed the two ligands to interact with the new
derivative [2]. The electronic spectra in the
12,000-25,000 cm - ' region show some changes in-
dicating that binding occurs at the metal ion. The
'H NMR spectra in H 2 O [3] show as sharp signals
in the downfield region up to 50 ppm from water
the NH signal of the coordinated histidine, the
NH of imidazole and the corresponding meta-like
proton, or the meta-like protons of pyrazole. The
signals of the cysteine (3-CH 2 's and of the ortho-
-like protons of the two ligands are quite broad
and often shifted very far downfield. Such spectra
provide definitive evidence that the metal-coordi-
nated residues system does not change upon water
substitution by either ligand. Furthermore, the li-
gand exchange is slow on the NMR time scale.
The very same considerations apply to the ternary
systems with imidazole and NADH on one side
and pyrazole and NAD' on the other.
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t3C NMR studies have been performed on CH 3 -
- 13CO 2- in presence of cobalt(II) substituted
LADH. Evidence is provided that acetate binds at
the metal ion, presumably substituting the water
molecule, with an affinity constant that has been
estimated to be 5 ± 1 M-t through electronic spec-
troscopy.
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Ili NMR SPECTRA OF ACTIVE
SITE RESIDUES IN COBALT(II)
ALKALINE PHOSPHATASE

Dimeric alkaline phosphatase (AP) contains a
total of three pairs of metal binding sites [I],
which are occupied by four zinc(II) and two mag-
nesium(II) ions in the native enzyme. Exten-

sive work mostly based on metal substitution has
shown a very complicated pattern of metal bin-
ding to such sites both from the thermodynamic
and kinetic points of view [2].
On the ground of the experience gained by some
of us in the use of cobalt(II) as an NMR shift
probe for zinc metalloenzymes we have reacted
cobalt(II) with apo AP obtained from the E. coli
enzyme. Extensive checks were performed through
electronic spectroscopy on the binding sequence of
cobalt(II) ions as a function of pH. It was esta-
blished that in the pH region 5-7 the first two
cobalt(II) ions selectively bind to one set of sites
which, by means of comparison with mixed cop-
per-cobalt derivatives and by obvious extension of
literature data [3,4] have been assigned as A sites.
Titration of cobalt(II) into AP solutions at pH 5-
-6.5 results in the development of 1 H NMR signals
sizeably isotropically shifted outside the region of
the bulk protein signals and relatively well resol-
ved. The titration was first limited to one
cobalt(II) ion per protein, i.e. half occupancy of
A sites, to minimize possible anticooperative ef-
fects between A sites. From these initial sets of
data, which include measurement of longitudinal
relaxation times of the isotropic shifted signals, it
can be already established that the number and
shape of signals in the downfield region of the
spectrum confirms the presence of three histidines
in the coordination sphere of cobalt(II) in the A
site. The 'H NMR spectra in D 2 0 solution indeed
show the disappearance of three signals from the
exchangeable NH protons of the coordinated his-
tidines. Such spectra also indicate that at least
one, and possibly two, of the three histidines are
coordinated through N 1.
Work is in progress to investigate the effect of
higher cobalt(II)-protein ratios on the NMR spec-
tra and the pH dependence of the latter.
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CD AND 1H NMR STUDIES ON COBALT(II)
SUBSTITUTED OVOTRANSFERRIN-
-OXALATE COMPLEXES

Although the X-ray structure of the transferrins
is not as yet available, other spectroscopic techni-
ques allowed to identify the nature of the metal
ligands that probably are two tyrosines, two his-
tidines, the synergistic anion and a water or
hydroxo moiety [1].
The 1H NMR spectra of mono and dicobalt ovo-
transferrin at pH 8.3 in presence of bicarbonate
as synergistic anion show rather well resolved sig-
nals. The pattern of the signals is in good agree-
ment with the above proposed cromophore; no
difference between the sites is observed [2].
By substituting oxalate for bicarbonate as syner-
gistic anion the two sites become spectroscopically
non equivalent. The CD spectra relative to each
site are deeply different as shown in Fig. 1.
1H NMR spectra of ovotransferrin oxalate deriva-
tives are able to differentiate between the two
sites; the existence of different conformational
states of the cromophore in equilibrium among
them can also be assessed.
The pH dependent properties of the cromophore
were also studied. In the low pH region the C-ter-
minal site appears to be more stable than the
N-terminal one. In the high pH region there is
evidence for a pH dependent equilibrium with a
pK a value of about 9.5. Deprotonation of a third
tyrosine group in the proximity of the cromo-
phore is suggested to be responsible for such equi-
librium.

0.5

o

-0.5

[B] x 10-3

0.5

o

Wt`VENUMBER, (run)

Fig. I

Visible CD spectra of the C-terminal (A) and N-terminal site

(B) of cobalt(H)2 -ovotransferrin-oxalate
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MAGNETIC AND EPR INVESTIGATIONS
ON Co(II)-HEMOCYANIN:
A MODEL FOR DEOXY-HEMOCYANIN

Magnetic exchange interaction of the binuclear
copper active sites found in hemocyanin, tyrosina-
se and in some multi-copper oxidases is still an
unresolved problem. Strong antiferromagnetic
coupling between the two Cu(II)-ions of the oxy-
-form is concluded from the diamagnetic beha-
viour in magnetic and EPR investigations [1].
From series of dimeric model complexes it has
been shown that a greater spin of the metal cen-
ters results in a decrease of the antiferromagnetic
coupling [2]. This leads to a strong increase of the
magnetic effect, which is an important advantage
for the magnetic investigations in proteins because
of the small concentration of metallic centers.
Owing to this, metal substitution at the active site
in these enzymes seems to be a useful tool to in-
vestigate their magnetic behaviour.
In this study we report on the magnetic and EPR
properties of the Co(II)-derivative of Limulus
polyphemus hemocyanin, where both Cu-ions of
the active site were replaced by Co(II). Co(II)-
-hemocyanin was prepared by a modification of
the method developed by S. Sumo and co-wor-
kers [3].
Because of the small concentration of magnetic
centers we have developed two methods for sam-
ple preparation which will be presented. Using
sedimentation and lyophilisation techniques we
have obtained enzyme concentrations up to 35%
by weight.
Initial information about the Co(II)-coordination
arises from absorption and near-infrared spectra

suggesting tetrahedral coordination in Co(II)-
-hemocyanin which would be comparable to
tetrahedral low molecular weight complexes. From
the v3(4A2 — 4T 1 (P)) and v2 ( 4A 2 — 4T i (F)) transi-
tions we have determined a strong tetrahedral
ligand field comparable to Co(II)-tyrosinase [4].
The splitting of the v3 transition into four compo-
nents reflects distortions from tetrahedral
symmetry. Since Cu(I)-complexes often show te-
trahedral coordination [5], the Co(II)-derivative of
Limulus polyphemus hemocyanin may reflect the
coordination geometry of the deoxy-form.
Magnetic measurements have been carried out
between 4.2 and 315 K with a Faraday-system des-
cribed previously [6]. The magnetic behaviour of
oxyhemocyanin and its Co(II)-derivative will be
presented.
The exchange coupling is discussed in relation to
the limits of the used instrumental equipment.
The general application of temperature dependent
measurements of the magnetic susceptibility to
proteins containing active sites with exchange cou-
pled metal centers will be pointed out.
Temperature dependent X-band EPR spectra have
been recorded between 4.2 and 80 K. At 4.2 K a
broad signal has been observed which can be esti-
mated on the basis of axial symmetry of the EPR
spectra [7]. The signal typical for high-spin Co(II)
complexes [8] is broadened significantly with
increasing temperature and disappears at 76 K in
the most concentrated sample measured. This is
caused by the rapid spin-lattice relaxation typical
for Co(II). The EPR spectra will be discussed in
relation to the exchange coupling and to structural
features of the Co(II)-derivative of hemocyanin.
From the results of the Co(II)-hemocyanin it can
be concluded that Co(II) replaces Cu(I) in the ac-
tive site in a distorted tetrahedral environment.
Therefore this derivative can be used as a model
for the deoxy-form which can be studied by com-
mon techniques in contrast to a Cu(I)-site.
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The catalytic metal binding site in H 4 Zn(n) 2

--HLADH (HLADH = horse liver alcohol dehydro-
genase, EC 1.1.1.1), a derivative lacking the ca-
talytic zinc ions, provides a pseudotetrahedral
geometry for various metal ions [1]. Recently,
Fe(II) ions have been inserted into this site.
In the absence of added oxidizing or reducing
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Fe(II)- AND Fe(III)-SUBSTITUTED
HORSE LIVER
ALCOHOL DEHYDROGENASE

Fe-HLADHs can be prepared, in which iron is ex-
clusively in the di- or trivalent state. The electro-
nic structure of the iron ion is influenced by
ligand binding and binding of coenzyme to the
enzyme. In this communication we characterize
Fe-HLADH by EPR-, MOssbauer-, UV/Vis-, CD-
and resonance Raman [2] spectroscopy.

Fe(II)-HLADH

The reduced Fe-HLADH does not absorb in the
visible region and is EPR-silent at low tempera-
tures. MOssbauer spectra reveal two Fe(II) species
in the high spin state (S = 2). The MOssbauer para-
meters (5(1)= 0.86; (5(2)= 1.31; DE Q(1) = 3.80;
DE Q(2)=3.35, Emm•s -1 1) indicate a coordination
number of five for both species.

Fe(III)-HLADH

The oxidized Fe-HLADH shows a broad electro-
nic absorption band with a maximum at 560 nm
(E= 1500 tvf' cm - '), consistent with a S—Fe(III)
ligand-to-metal charge transfer. A shoulder is de-
tected at 336 nm (€ = 4000 IVç 1 cm -1 ). In the
CD-spectrum the visible absorption band is resol-
ved into at least three transitions. Resonance Ra-
man spectra are produced by excitation at 514 nm
(v, = 309 (w), v 2 = 357 (s), v3 = 387 (w) and
v4 =428 (s) cm -1 ). They are very similar to those
of Ni- and Cu-HLADH [3]. The EPR spectrum of
Fe(III)-HLADH at 10 K is characterized by ab-
sorptions at g = 9.5 and g =4.25 and is typical for
a rhombic symmetry of Fe(III) in the high spin
state (S=5/2). At least two species with slightly
different parameters are responsible for these sig-
nals. This heterogeneity is revealed by MOssbauer
spectroscopy only in the paramagnetic hyperfine
structure (AE N4 (1)=390 kG; AXE M (2)=470 kG).
The MOssbauer parameters are in the range expec-
ted for tetra- and pentacoordinate iron.

CONCLUSIONS

Fe(II)- and Fe(III)-HLADH do not show appre-
ciable enzymatic activity in ethanol oxidation.
Iron binds in the active site of HLADH to two
sulfur atoms of cysteines, one histidine and one
water molecule. The identity of the fifth ligand in
the pentacoordinate structure is under scrutiny.
Thus, Fe-HLADH illustrates a certain coordinati-
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ve flexibility of the metal binding site in this enzy-
me. In view of the peculiar structure and che-
mistry of the catalytic metal binding site in
HLADH, we can explore Fe-HLADH as a model
system for native Fe/S proteins.
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Cu z+ BINDING TO DOPAMINE
-MONOOXYGENASE

Dopamine 0-monooxygenase contains four subu-
nits and binds copper ions, which are necessary
for catalytic activity. The questions of the stoi-
chiometry of binding of copper ions to the enzy-
me, and of the number of copper ions necessary
for catalytic activity have not been completely re-
solved [1,2]. We have now determined the stoi-
chiometry of high affinity sites for copper in do-

pamine 0-monooxygenase and the formation cons-
tants for binding to these and other sites by using
a Cuz' specific electrode. The electrode has been
used to measure the concentration of free un-
bound copper during a titration of the enzyme
with Cue+. The Cuz` electrode shows a linear res-
ponse according to the Nernst equation from 1.0
to 1 x 10 -19 M of free Cuz+ [3]. Both native and
apo(metal free) dopamine 0-monooxygenase have
been titrated, and the stoichiometry of high affi-
nity binding sites for Cue+ are seen in Fig. 1 to be
four per enzyme tetramer. We calculated the stoi-
chiometric formation constants using a computer
program which fits the titration data by least
squares regression analysis. The values are shown
in Table I.
To verify the results obtained with dopamine
0-monooxygenase three other metal-binding pro-
teins have been titrated. Bovine serum albumin,
apo-carbonic anhydrase and ovotransferrin bind
copper with high affinity, and the binding para-
meters are shown in Fig. 1 and Table I. The first
formation constants of the Cuz+-bovine serum al-
bumin and Cuz+-(apo)carbonic anhydrase comple-
xes agree well with published values obtained with
equilibrium dialysis methods. Also, the stoichio-
metry of two copper sites with approximately si-
milar affinity per ovotransferrin is in agreement
with the metal binding properties of that protein.

1 [bound Cu 2 1
[protein]

6 -

4

2 -

13 11 9 7 pCufree

Fig. I

Semilogarithmic plot for binding of Cue+ to: (•) native dopa-

mine I3-monooxygenase, (A) apo dopamine /3-monooxygenase,

(V) ovotransferrin, (n) apo carbonic anhydrase. For dopa-

mine (3-monooxygenase the curves refer to binding to enzyme

tetramer
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Table I

Successive formation constants of Ct/ + -protein complexes.

0.1 xt KNO3 or KCI, pH 5.8-6.0 in Mes or acetate buffer. For

dopamine 13-monooxygenase the constants refer to binding to

enzyme subunits  
6?)
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CuP Cu 2 P Cu 3 P Cu,I P
IogK t logK 2 logK 3 IogK1

Dopamine /3-mono-	 apo 11.2
	

7.1	 6.4
oxygenase	 native

	
6.4	 5.5

Bovine serum albumin
	

11.2	 8.7	 7.0	 6.0

Apo carbonic anhydrase
	

10.4	 7.1	 5.8
Ovotransferrin*
	

11.2	 11.4	 9.1	 7.8

* pH 7.9, 15 mm NaHCO 3 .

Regarding dopamine 0-monooxygenase, the
results establish the stoichiometry of four high
affinity binding sites for Cue+ (log Kf - 1 1) per
enzyme tetramer, and more binding sites of lower
affinity (log Kf -- 5-7). While the first four Cue'
represent binding to a separate class of binding si-
tes, the next four Cue+ and so forth have the same
affinity as for binding of excess copper to the
other three proteins analysed. Additional copper
ions in excess of four per enzyme tetramer may
still be necessary for maximal activity under the
conditions of catalysis (presence of substrates and
a reducing agent), but they should then be regar-
ded as activating copper ions rather than being an'
integral part of the enzyme.
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NMR STUDIES OF Ni(II)-
AND Co(II)-SUBSTITUTED STELLACYANIN

Stellacyanin is a small metalloprotein which, as it
occurs in nature, contains a single copper(II) ion.
The metal has a distorted tetrahedral coordination
that gives the protein its intense blue colour.
This so-called «type 1 copper» is also found in
various other small proteins and in the more com-
plex copper oxidases; laccase, ceruloplasmin and
ascorbate oxidase. It is now widely accepted that
the structure of the type 1 site in all proteins is
essentially the same and that the copper is coordi-
nated to two histidine imidazole nitrogens, a
cysteinyl sulfur and, at least in two small proteins,
to a methionine sulfur. Stellacyanin, however,
contains no methionine and the nature of the
fourth ligand is still enigmatic. Since stellacyanin
is known to deviate considerably in many spec-
troscopic and chemical properties compared to the
other blue copper-containing proteins, it has at-
tracted much interest and a great number of spec-
troscopic methods have been used in attempts to
identify the fourth ligand and to explore the com-
plicated structure of this copper site.
To derive more information from spectroscopic
measurements, it is useful to study metal substitu-
ted proteins in which the native copper is replaced
by a suitable metal ion [1]. Popular candidates for
this replacement are cobalt(II) and nickel(II) and
optical absorption studies of stellacyanin derivati-
ves of these metals have been reported earlier [2].
In this work, NMR studies of Co(II)- and Ni(II)-
-substituted stellacyanin have been performed.
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The majority of resonances are found between
about 10 and —10 ppm but, as can be seen in
Fig. 1, several resonances exhibit large hyperfine
shifts. Such large shifts indicate that both Co(II)
and Ni(II) are in their high-spin state. As expec-
ted, the shifts are temperature dependent and
Curie-plots for both derivatives show that several
of the resonances in Fig. 1 deviate from linearity,
indicating some conformational changes at about
30°C that occur in, or near, the metal site. In
order to understand this temperature dependent
transition, further NMR experiments are needed
and the results of such experiments together with
the results of magnetic susceptibility measure-
ments will be presented on the poster.

Fig. I

Hyperfine resonances in the NMR spectra of Co(II)-stellacya-

nin (upper spectrum) and Ni(II)-stellacyanin (lower spectrum).

The part appearing at negative ppm in the upper spectrum has

been attenuated twice. Interjacent parts are omitted for clarity.

For both derivatives, the concentration was 2 mm in D 2 0, pH

7.4. Spectra were recorded using a Bruker WH 270 MHz spec-

trometer. A «water elimination Fourier transform» (WEFT)

pulse sequence was employed

Varying the pH between about 4 and 9 indicated
that none of the resonances in Fig. 1 are pH
dependent.
It is useful to compare these spectra with the
NMR spectra of Ni(II)- and Co(II)-substituted
azurin obtained earlier [3]. The differences spot-
ted in the out-shifted regions, in spectra of the
two proteins reconstituted with the same metal,
might give some clues to the structure of the site
in stellacyanin since the fourth ligand in azurin is
believed to be a methionine. The NMR spectrum
of the Ni(II) derivative does not reveal any hyper-
fine shifted methyl resonances, thus confirming
the absence of methionine in the coordination

sphere of the metal in stellacyanin. However, no
clear candidates for the fourth ligand are obvious
from the spectra.
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CONFORMATION AND TEMPERATURE
DEPENDENT SPECTRAL CHANGES
IN NICKEL HEMOGLOBIN

INTRODUCTION

It has been shown [1] that normal human adult
hemoglobin (HbA) reconstituted with Ni(II) pro-
toporphyrin IX does not bind oxygen and is in a
T-like conformation. It was recognized that the
value of studies on this stable non-reactive T-like
hemoglobin would be greatly enhanced by the pre-
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A) Absorption spectrum (Soret Band) of NiHbA at 21 °C-solid

line. Temperature induced difference spectra 1,2,3 at

0,21,40°C, respectively.

B) Absorption spectrum (Sorel band) of CPA treated NiHbA

at 21 °C-solid line. Temperature induced difference spectra

1,2,3,4 at 0,10,21,40°C, respectively.

For both A) and B) experimental conditions were concentra-

tion per heme 5.8 LM, reference sample at 21 °C, 0.1 At phos-

phate and pH= 7.00

This finding is a further [4] confirmation that the
CPA treated hemoglobin is in an R-like state.
Furthermore, the similarity of the magnitude of
the temperature dependence for Fe(II) and Ni(II)
hemoglobins [6] as well as the similar increase in
the temperature dependence associated with the
R--T transition suggests that this phenomenon is
determined by the conformation of the globin in
the region of the heme, and not the metal ion
coordination which is seen to be different in Ni
and Fe hemoglobins.
The studies on stable Ni-hemoglobins which do
not bind oxygen in both the R and T conforma-
tion are found to be valuable in understanding the
relationship between protein conformation and
heme environment.

2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

dence was shown to be 17% smaller in R state he-
moglobins than T-state hemoglobins. A compari-
son of this temperature dependence for R-like and
T-like Ni(II) hemoglobins is shown in Fig. 1.
Analogous to the results found for Fe(II) hemo-
globins the temperature dependence for CPA trea-
ted NiHbA is 86% relative to that of the untrea-
ted HbA.

paration of an R-like hemoglobin with the same
Ni(II) metal center.
In this paper we demonstrate the formation of
such an R-like structure by utilizing the reaction
of carboxypeptidase A (CPA). The visible spectra
as well as the temperature dependent spectral
changes of both of these Ni(II) hemoglobins are
compared.

MATERIALS AND METHODS

CPA reacted NiHbA was prepared by the initial
treatment of Fe(II)HbA according to the proce-
dure of ANTONINI et al. [2] and the subsequent
replacement of Fe-porphyrin by Ni-porphyrin [1].
Absolute and difference spectra were recorded on
a Cary 14 spectrophotometer. The sample and
reference cell holders were thermostated indepen-
dently using Lauda R-4/RD circulating baths
(Brinkman Instruments) and the temperature was
measured with a thermister (Yellow Springs Ins-
trument Co., Model 425c).

RESULTS AND DISCUSSION

The T-like NiHbA has two maxima in the Soret
region at 398 nm and 420 nm (Fig. 1A). Reaction
of CPA with Fe(II)HbA produces only very small
perturbations in the visible spectrum in both
liganded and unliganded states [3]. However, the
CPA treatment produces a major alteration of the
Soret band of NiHbA with the peak at 399 nm al-
most completely eliminated and only one major
peak at 420 nm (Fig. 1B). CPA treatment also
changes the other visible bands with the 557 nm
band replaced by major peaks at 542 nm and 576
nm. The changes in the visible spectrum associa-
ted with this reaction suggest an alteration in the
metal coordination [4] which does not take place
for the Fe(II) hemoglobins undergoing an analo-
gous change in protein conformation [3].
It has previously been shown [5,6] that tempera-
ture dependent spectral changes in hemoproteins
depend on the internal molecular dynamics and
anharmonicity of the heme group and its surroun-
ding atoms.
For Fe(II) hemoglobins this temperature depen-
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STUDIES ON THE LANTHANIDE
COMPLEXES OF SUBTILISINS

A large number of proteins contain strongly
bound calcium ions, Ca(II), which are essential
for their conformational stability and biological
function. The electronic transitions of Ca(II) can
not be studied by conventional spectroscopic tech-
niques and this makes it difficult to study the res-
pective binding sites. The trivalent lanthanide
ions, Ln(III), possess physico-chemical and spec-
troscopic properties which make them suitable
replacement probes for Ca(II) in calcium-binding
proteins.

Subtilisins are a group of extracellular alkaline
proteases of bacterial origin. They are stabilized
by calcium against autolysis and thermal denatu-
ration. In the present paper circular dichroism
(CD) and proteolytic activity determinations were
used for studying changes in the conformational
and thermal stabilities of four subtilisins; mesente-
ricopeptidase and subtilisins Novo, Carlsberg
and DY.

EXPERIMENTAL

Mesentericopeptidase and subtilisin DY were iso-
lated in homogeneous state as described in [1] and
[2], respectively. Subtilisins Novo and Carlsberg
were received as a gift from Professor IB SVEND-

SEN (Carlsberg Laboratory, Denmark). The pro-
teolytic activity was determined with casein as
substrate. Circular dichroism was measured with a
Rousel Jonan Dichrographe III instrument. The
thermostability of the enzymes was measured in
the sense of heat inactivation at 50°C. The solu-
tions were incubated at 50°C for 24 h in the pre-
sence of 10 -2 M CaC1 2 or TbC1 3 or NdC1 3 .

RESULTS AND DISCUSSION

The replacement of Ca(II) by Tb(III) or Nd(III)
did not affect the dichroic properties and catalytic
activity of subtilisins at neutral pH and room tem-
perature, as judged from the CD spectra and pro-
teolytic activity determinations. The retention of
the biological activity can serve as an additional
evidence that the native conformation has not
been appreciably altered due to the substitutions.
Fig. 1 shows that the Tb(III) or Nd(III) substitu-
tions have no significant effect on the conforma-
tional stability of mesentericopeptidase at acidic
pH. The behaviour of the other three subtilisins,
after the respective replacements, was similar. The
heat inactivation kinetics at 50°C showed that
the substitution of the two lanthanides for Ca(II)
lowers significantly the stability of all four subtili-
sins. This is illustrated in the case of mesenterico-
peptidase in Fig. 2. For example, after 5 h of in-
cubation in the presence of Ca(II) at neutral pH,
this enzyme preserves 78% of its caseinolytic acti-
vity, but it retains only 15-18% of the initial acti-
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vity for the same period after the substitution.
Probably, Ca(II) ions are better accomodated at
the respective binding site than the lanthanides.

1 0

5

3 4 5 6 7

pH
Fig. I

Effect of replacement of Tb(1I1) (x	 .x) or Nd(111)

(A—A) for Ca (II) (•----•) on the ellipticity at 220 nm of

mesentericopeptidase at room temperature

100

TIME, h
Fig. 2

Effects of 10 - 2 M CaCl2 (•	 •), TbClj (x	 x) and
NdC13 (A	 A) on the heat inactivation at 50°C of mesen-

tericopeptidase. Casein was used as a substrate
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TRANSPORT OF HYDROGEN IONS
BY A 4Fe-4S MODEL COMPOUND
IN A DIRECTIONAL ELECTRON
TRANSPORT SYSTEM.

The ability of [Fe4 S4 (SC6 H 5 ) 4] 2- ' 3- to cotransport
electrons and hydrogen ions in a directional elec-
tron transport system has been examined. A
sequential electron transport system was used,
where aqueous Cr(II)edta was the electron donor,
and (CH3N((CH2)7CH3)3)2[Fe4S4(SC6H5)4]
in toluene solution mediated the terminal reduc-
tion of methyl viologen in aqueous solution. The
iron-sulfur complex, (CH 3 N((CH 2 ),CH 3 ) 3 ) 2

[Fe4 S4 (SC 6 H 5 )4] was prepared by the addition of
(CH 3 N((CH 2 ) 7 CH 3 ) 3 )Cl (Aldrich), to the sodium
salt of the cluster in methanol. The complex was
isolated after storage at —40°C and recrystallized
from warm CH 3 CN/MeOH. The complex is
freely soluble in toluene, and as such is the first
reported [Fe4 S4 (SR4 )]" - complex soluble in a
water immiscible solvent.
Reduction of the Fe-S complex was accomplished
by vigorously agitating a mixture of aqueous
Cr(II)edta with a toluene solution of the model
for several minutes. In a typical experiment, 4.05
ml of 37 mM Cr(II)edta (pH 7.5) and 0.3 ml of 3
mM Fe-S complex were used, although the exact
concentrations and volumes used varied between
experiments. After waiting 10-20 minutes to allow

the immiscible aqueous and toluene phases to
separate, a portion of the toluene phase was care-
fully transferred to a tube containing 3.00 ml of
l0 mm methyl viologen in 0.5 mM tris/100 mM
KCI buffer (pH 8). This mixture was agitated for
approximately three minutes, and the immiscible
phases were allowed to separate. The toluene pha-
se was then removed from the top of the methyl
viologen solution. Reduction was evidenced by the
appearance of a deep blue color in the methyl vio-
logen phase. The number of moles of reduced
methyl viologen generated was measured optically.
In all cases a drop in the pH was observed to be
coincident with the reduction of methyl viologen.
The average molar ratio of reduced methyl violo-
gen to transported hydrogen ions (MV/H') for
these eleven experiments was 1.18 +0.24. The re-
duction potential of methyl viologen is pH inde-
pendent, so it is assumed that methyl viologen
does not bind hydrogen ions on reduction.
Evidence suggesting that electron transport bet-
ween Cr(II)edta and methyl viologen was actually
mediated by the Fe-S complex was obtained in se-
veral ways. After exposure of the Fe-S model to
the aqueous Cr(II)edta phase, an EPR spectrum
characteristic of reduced 4Fe-4S complex was ob-
tained. While the g-values for this approximately
axial spectrum (g = 2.02, g = 1.90) are not identical
with reported values obtained in other solvents,
some variation between solvents has been pre-
viously noted [1]. This observation of reduced Fe-
-S complex is consistent with optical experiments
which show the characteristic bleaching expected
for reduction of [Fe 4 S 4 (SR) 4 ] 2- complexes [2]. Af-
ter reoxidation by exposure to methyl viologen,
the original optical spectrum was regained, with
recoveries of the original absorbance typically bet-
ween 85 and 100%.
Electron transfer experiments were performed
in the absence of the Fe-S complex, and these
yielded no reduction of methyl viologen. If
CH 3 N((CH 2 ) 7 CH 3 )Cl is included in the toluene
phase (as a test of possible solubilization of the
negatively charged Cr(II)edta complex), there still
is no reduction of methyl viologen observed.

Optical studies were performed to quantitate the
number of moles of reduced model compound
after exposure to Cr(II)edta, and the number of
moles of reduced methyl viologen ultimately pro-

6?)
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duced. The experimentally obtained ratios of 0.88
and 1.01 agree quite well with the expected value
of 1.0. This indicates that the only major species
mediating electron transport between Cr(II)edta
and methyl viologen was the Fe-S complex.
The observed change in pH suggests that the Fe-S
complex is cotransporting electrons and hydrogen
ions by a mechanism of reduction-linked proton
binding. Another possible origin for the observed
pH changes that should be considered is proton
transport by the Fe-S complex driven by separa-
tion of charge between toluene and aqueous pha-
ses. This can be tested using valinomycin, a ring
carrier ionophore which can permit K' ion to pass
into the hydrophobic toluene phase. If under nor-
mal experimental conditions a potential was deve-
loped, addition of valinomycin should collapse the
potential. Thus the rates of electron transport and
the ratio of electron/proton transported would be
greatly increased on addition of valinomycin.
Because no significant increases were observed, it
is concluded that proton transport driven by the
separation of charge is not the dominant mecha-
nism.
These results indicate that the Fe-S complex does
cotransport protons and electrons. Further, the
transport of the proton is not a process driven
solely by the separation of charge between the
aqueous and toluene phases. The actual site of
binding of the hydrogen ion to the reduced Fe-S
complex is not yet established. Studies are cur-
rently in progress to determine the site or sites of
association.
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SYNTHESIS AND STUDY
OF AN ANALOG FOR THE [Fe 4S 4] 3+

CENTER OF OXIDIZED HIGH POTENTIAL
IRON-SULFUR PROTEINS

Although many examples of synthetic analogs for
the [Fe4 S4 ]" + (n= 1,2) oxidation levels of iron-sul-
fur proteins have been prepared and characteri-
zed, no previous attempt to synthesize a com-
pound with the n =3 oxidation level has been suc-
cessful. Electrochemical studies have shown
that [Fe4 S4(S -2,4,6-(i-Pr)3 C6 H2 )4] [(n-Bu) 4 N] 2 , (1)
and [Fe4 S4 (S-2,3,5,6-Me 4 C 6 H)4 ] [(n-Bu) 4 N] 2 , (2),
can be reversibly oxidized in CH 3 CN and
CH 2 C1 2 by one electron to the corresponding
[Fe4 S4 (SR)4 ] 1- compounds, 3 and 4. The -1/-2
and -2/-3 redox couple potentials measured by
normal and reverse pulse voltammetry in CH 2 Cl 2

versus SCE are respectively: —0.12 V and —1.20
V for 1 and —0.05 V and —1.10 V for 2. The
oxidation of 1 with [(C 5 H 5 ) 2 Fe]BF4 produces
[Fe4 S4(S-2,4,6-(i-Pr)3 C6 H2 )4] [(n-Bu)4 NI] , (3), in
35% yield. Formulation of 3 as the first example
of a synthetic compound containing the [Fe 4 S4 ] 3 +
core, was confirmed by an X-ray crystal structure.
The [Fe4 S4 -(S-c-C)4] unit of 3 (Fig. 1) has crystal-
lographic C2 symmetry and approximate D2d
symmetry. The average Fe-S (2.26 A) and Fe-SR
(2.21 A) bond distances are similar to the distan-
ces reported for the X-ray structure of the
[Fe4 S4 ] 3+ center of the oxidized high potential
iron-sulfur protein from Chromatium vinosum.
Also, the [Fe4 S4 ] core of 3 is tetragonally com-
pressed with four short Fe-S bonds and eight long
Fe-S bonds. The observed shift to longer wave-
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Fig. 1

The [Fe4 S4 (S-a-C)41 unit of 3

length of the lowest energy band in the electronic
spectrum of 1 and 2 upon oxidation to 3 and 4
parallels the behavior of the high potential pro-
tein. Further spectroscopic and synthetic studies
of [Fe4 S4 ] 3 + centers will also be presented.
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ESR IN SINGLE CRYSTALS
OF 4 IRON 4 SULFUR SYNTHETIC
CUBANES: A NEW WAY FOR DETAILED
SPECTROSCOPIC STUDIES
OF THE [Fe 4S 4] + AND [Fe 4S 4j 3 + STATES

proteins as well as in synthetic models. For the 4
Iron 4 Sulfur cubanes, the two paramagnetic sta-
tes are the [Fe4 S4 ]+ state which corresponds to the
reduced ferredoxins and the [Fe 4 S4 ] 3+ state which
corresponds to the oxidized high potential iron-
-sulfur proteins.
These ESR studies have always been made in
non-oriented systems, i.e. frozen solutions or
polycrystalline powders. Thus, it is the compari-
son between only the principal values of the g-ten-
sors of the proteins and of their synthetic models
which is used to check the similarity between the
active sites of these proteins and their synthetic
analogs. But from such an approach it is not pos-
sible to deduce precise data concerning the elec-
tronic and magnetic cubane structures which are
only poorly understood till now. A better know-
ledge would require first the acquisition of more
spectroscopic informations, i.e. the complete
g-tensors, by ESR studies in single crystals.
We want to report here that we have succeeded
to create in single crystals of the compound
[Fe 4 S 4 (SC 6 H 5 ) 4 ](NBu 4 ) 2 , first synthesized by
HOLM et al. [1], the two paramagnetic states
[Fe4 S4 ]+ and [Fe 4 S4 1 3. . This has been made by in-
ducing by irradiation with gamma rays the follo-
wing in situ reactions in the single crystals:

[Fe4 S4 ] y+ ^ [Fe4 S4 ] 3 + + e

e- + [Fe4 S4 ] 2+ —.[Fe4 S4 ]+

Moreover, these paramagnetic species are then
created in the best conditions permitting detailed
ESR studies since they are diluted at low concen-
tration in the crystal built on [Fe4 S4 ] 2+ cores
which are diamagnetic at low temperature.

The ESR spectra show anisotropic lines spreading
over about 500 Gauss and centered around g = 2.
We have been able to obtain the complete angular
variations of the two main sets of lines in the
three perpendicular planes ab, bc* and c*a defi-
ned with respect to the monoclinic unit cell and

Electron Spin Resonance (ESR) represents cer-
tainly one of the best methods in order to identify
and study the redox states of iron-sulfur cores in 

* USM-G
** CNRS
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[1]

[3]

thus to deduce the g-tensors. Their principal
values are the following:

A center: g 1 = 2.089 g 2 = 1.969
g3 = 1.877

B center: g 1 =2.108 g 2 = 2.006
g3 = 1.987

Comparing with known experimental data in pro-
teins, we can assign respectively the A center to
the [Fe4 S4 ]' of reduced ferredoxins [2] and the B
center to the [Fe4S4]3. of oxidized high potential
proteins [3].
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A CORRELATION BETWEEN
THE STRUCTURAL, ELECTRONIC
AND MAGNETIC PROPERTIES
OF [Fe 4S 5Cp 4]" (n=0,1+,2+) CORES,
PRESENT IN A DISTORTED
CUBANE-TYPE CLUSTER
WITH ONE PENTA-COORDINATED
IRON ATOM

The Fe-S cluster 1 contains an electron-rich disul-
fide ligand which has the ability to form donor-
-acceptor complexes, either by S coordination or
by S-S reductive cleavage.

Moreover, the X-ray analysis of Fe 4 S5 Cp4 , revea-
led a new structural Fe-S cluster type, where one
Fe atom is five-coordinate, and accounts thus for
the distortion from a «conventional» Fe4 S4 core.
It was of interest to assess the spin-density delo-
calisation and the nature of the interaction bet-
ween the ligands and .the metal sites, and thus to
achieve a better knowledge of the chemical reacti-
vity of this entity and its oxidised homologues.
Therefore, a detailed structural and bonding com-
parison of this series has been made, using both
X-ray and EXAFS data. This analysis has then
been correlated to the Mdssbauer, EPR and mag-
netic susceptibility measurements.

Also, a more detailed Móssbauer study enabled
us to predict the iron sites from which the elec-
trons are probably abstracted upon the successive
oxidations, and to visualise a spin-state change, at
the five-coordinate Fe site, between Fe 4 S 5 Cp4

.

and Fe 4 S5 Cp42+.
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CHELATION EFFECT OF A Cys-X-Y-Cys
TETRAPEPTIDE SEQUENCE
FOR THE 4Fe-4S CLUSTER

Physical and chemical properties of the 4Fe-4S
cluster in simple alkane- or arylthiolato model
complexes have been established by HoLM's group
[1,2]. The differences between native ferredoxin
and the model complexes have been discussed in
terms of redox potential, electron transfer rate,
and redox stability. These differences are caused
by a peptide chain of native ferredoxin. For
example, invariant amino acid residues in the pro-
tein sequence of P. aerogenes ferredoxin play
a crucial role in the construction of an unusual
4Fe-4S core environment. Previously we reported
the importance of a Cys-Gly-Ala fragment of
[Fe4 S4 (Z-cys-Gly-Ala-OMe) 4 ] 2- (Z = benzyloxy-
carbonyl) with NH---S hydrogen bonding which is
supported in a nonpolar solvent [3]. This paper
presents a study on the chelation effect of an in-
variant Cys-X-Y-Cys sequence to a 4Fe-4S cluster
and the effect of two amino acid residues placed
between two Cys residues. A simple 4Fe-4S model
complex with Cys-Gly-Gly-Cys ligands has already
been synthesized by QUE et al. [4].
[Fe 4 S 4 (Z-cys-Gly-Ala-cys-OMe)2 ] 2- , 1, and

[Fe 4 S4(Z-cys - Ile -Ala-cys - OMe)2] 2- , 2, having a
conservative sequence of P. aerogenes ferredoxin
were synthesized from the ligand exchange reac-
tion of [Fe 4 S4 (S-t-Bu) 4 ] 2- and the corresponding
tetrapeptides. The 11-NMR spectrum of 1 in
Me 2 SO-d 6 exhibits two (3-CH signals of Cys resi-

dues at 11.0 and 12.3 ppm which are observed
separately, with different contact shifts from
the 4Fe-4S core to the /3-CH groups of two Cys
thiolato ligands. The redox potential of 1 was
—0.95 V (SCE) with a positive shift (0.04 V) from
that ( —1.00 V, SCE) of [Fe4 S4 (Z-cys-Gly-Ala-
-OMe) 4 ] 2- in N,N-dimethylformamide (DMF) and
—0.91 V (SCE) in dichloromethane. These values
may be compared with that (-0.98 V, SCE) of
[Fe4 S4 (Z-cys-Gly-Ala-OMe)4 ] 2- at room tempera-
ture. This positive shift in DMF is ascribed to a
chelation effect by Cys-X-Y-Cys to the 4Fe-4S
cluster. A decrease in the temperature for 1 in di-
chloromethane results in a positive shift of the re-
dox potential; it attains —0.85 V (SCE) at 243 K,
which is similar to the redox potential of
[Fe4 S4 (Z -cys-Gly -Ala-OMe)4 ] 2- at 233 K, indica-
ting a preferable conformation for the NH---S
hydrogen bonding, frozen at low temperature (233
K). In the case of 2, the Cys-Ile-Ala-Cys sequence
was found to chelate to the 4Fe-4S core in spite of
the disadvantageous hairpin turn structure of the
Cys-Ile-Ala sequence [5].
Redox behaviors of 1 and 2 in aqueous micellar
solutions will be discussed as a model for a me-
talloprotein which acts as an electron transfer
mediator.
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All the spectra show two major charge-transfer
absorption bands, and the Fe III-DHL complex
gave, on a metal-content basis, the most intense
absorption. The iron complex can be reduced with
dithionite to give an almost colorless solution.
Careful air-oxidation of this dithionite-reduced
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EVIDENCES FOR THE FORMATION
OF COMPLEXES
OF D,L-DIHYDROTHIOCTIC ACID
(REDUCED LIPOIC ACID)
WITH Ni II, Co II AND Fe 111 SALTS

We wish to report here very preliminar evidences
about the complexing ability of D,L-dihydrothioc-
tic acid (D,L-dihydrolipoate, DHL) towards some
metallic ions. The occurrence of the Fe 111-DHL
complex was first noticed in studies dealing with
the enzymatic synthesis of iron-sulfur structures
[1,3], and DHL was found able to remove ferri-
tin-bound iron to an extent which compares more
than favourably with the figures obtained by
using other iron-chelators [4]. The possibility of
using complexes of DHL with Ni 11 and Co 11 in the
enzymic biosynthesis of hetero-metallic, sulfur-
-coordinated clusters, such as those known to oc-
cur in some bacterial hydrogenases [5] and nitro-
genases [6], suggested the present preliminary in-
vestigation.
All experimental operations were performed anae-
robically. DHL was prepared by NaBH, reduction
of an aqueous solution of D,L-thioctic acid
brought to pH 9.0 with NaOH. After acidification
to destroy the excess reductant, DHL was extrac-
ted with chloroform, dried with sodium sulphate,
and its concentration determined by sulfhydryl
titration [7]. The same procedure was used for the
synthesis of D,L-dihydrothioctamide, starting with
an ethanolic solution of D,L-thioctamide.
Fig. 1 shows the electronic spectra of mixtures of
DHL and of halides of the investigated metals.
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Fig. 1

Electronic spectra of buffered solutions of DHL in the presen-

ce of different metal ions. Spectra were recorded in 0.05 cm
cuvettes and in 0.2 M Tris/sulfate pH 9.00. A — 20 mm DHL
and 1 mM FeCl 3 ; B — 1 mM DHL and 2.2 mm CoCl 2 ;

C — I mm DHL and 1.8 mm NiC1 2

sample allows recovery of the spectral features of
the starting mixture (not shown). This and other
evidences (3) suggest that iron is bound to DHL
in the ferric form. When aqueous-detergent micel-
lar solutions of D,L-dihydrothioctamide replaced
DHL in the reaction with Fettt, the same results
were obtained, whereas D,L-thioctic acid and its
amide did not display any chelating ability. These
observations rule out the possible involvement of
the carboxylate moiety of DHL as a ligand. Fig. 2
shows that, whatever the ion used, complexes are
formed at an approximate 1/1 molar ratio bet-
ween DHL and the metal. On the basis of the dia-
magnetic behaviour of the Fet 11,111)-DHL comple-
xes, and of the strong resemblance of the electro-
nic spectra of Fe III -DHL to those of Fe 2(ethanedi-
thiolate) 42- , we are inclined to assign to the
Fe-DHL complex the structure Fe 2 (DHL) 4 6- .
The apparent 1/1 stoichiometry observed in the ti-
tration experiments could be explained by the re-
duction of some of the iron with concomitant oxi-
dation of the thiol groups of DHL.
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Fig. 2

Spectrophotometric titrations of DHL with increasing concen-

trations of different metal ions. To 50-100 ml of an anaerobic
solution of DHL in 0.2 M Tris/sulfate pH 9.00, small volumes
of concentrated aqueous solutions of the metal chlorides were

added in the given molar ratios. Samples were anaerobically
withdrawn for measuring the absorbance spectra 5 minutes

after each addition

Work is in progress in order to crystallize and iso-
late all these compounds, to determine their struc-
ture and their electrochemical properties and to
test their ability as substrates in the biosynthesis
of naturally-occurring structures.
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A UNIFIED CONCEPT OF ELECTRONIC
PERTURBATIONS OF PORPHYRINS

This communication addresses the problem
whether different observables on porphyrins, or
hemes, are understandable within a unified model
or whether each experimental technique expresses
itself in its own language. Does a pattern exist
such that an observed quantity of one parameter
immediately predicts a quantity of another?
The effects of 2,4-substitutions on a number of
observables are collected in Table 1. For most of
them a working model based upon delocalized
electron density suffices to give a unified view.
Removing electron density from the annular struc-
ture weakens the N-H bond, increases its H-donor
capacity (E H), and lowers its pK3 . It also diminis-
hes its Soret band energy (increases Xsore) and re-
duces the electron availability at the iron atom.
The latter effect, which is observed as a more po-
sitive FeIII/II reduction potential ('E m), will also
increase v co and decrease P Fec of liganded CO.
The trend of these observables persists in the suc-
cession R = CHO, COCH 3 , CHCH 2 , H, and
C2 H 5 but for a 0,5 nm shift of the Soret band
upon H for C 2 H S substitution. The trend holds
also for another two observables, the melting
point T m of the esters and the 1-CH 3 proton che-
mical shift S i . In these cases, however, the mecha-
nism is less obvious.
On the assumption that T m reflects the strength of
intermolecular attraction certain classes of tunable
forces are plausible [1]. The basicity of the pyrro-
lic nitrogen atoms could modulate the strength of
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an intermolecular hydrogen bond. Alternatively,
the altered electron density could affect van der
Waal's forces. In a first approximation this
should correlate the dominant oscillator fre-
quency, i.e. the Soret band energy, to T m . Such a
correlation does exist but opposite to that requi-
red to explain the T m data. Dipole type interac-
tions between the static charge displacements of
the substituted porphyrins provide a third possible
intermolecular force. Quantum chemical calcula-
tions on carbonyl hemes indicate a considerable
change of the dipole moment from CH 2 CH 3 to
CHO even in the plane of the porphyrin.
The 1-CH 3 proton resonance obeys a contact shift
as a result of spin density, Q spin in the aromatic
ring [2]. These shifts correspond to a net spin of
5 x 10 -3 electrons at the nearest carbon atom whe-
reas the total shift of electron density, e

electron, is

in the order of some tenths of an electron. Hence
it is crucial to reveal whether e spin parallels e electron

or only reflects irregular ripples of eelectron Unlike
2,4-substituents protein moieties induce C2

symmetry changes such that 5-CH 3 resonances
parallel 1-CH 3 resonances [3]. Also the protein-
-induced shifts follow a trend which relates larger
chemical shifts to lower reduction potentials. This
correlation becomes understandable if one postu-
lates that an enhanced rhombic distorsion gives a
lower reduction potential. The enhanced x-y
asymmetry will then also induce a larger pseudo-
-contact shift of the proton resonances.
The elucidation of correlations such as those in
Table 1 requires a physical description of their

origin. Much information can, however, also be
revealed by a statistical evaluation. A route to
pattern recognition is offered by the SIMCA pro-
grammes [4] .
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Table I

Observables of 2,4-di(R)deuteroporphyrins

a) Melting points of porphyrin dimethyl esters, [1] plus refs. therein.

b) H-bond strengths of substituted pyrrols, RH 3 C4 N•••H-F [I].

c) Porphyrin dimethyl esters in detergents [5].

d) Porphyrin dimethyl esters in CHCI 3 [5,6].

e) Reconstituted Mb and HRPC2, relative C 2 H 5 [7].
f) Reconstituted MbCO and HRPC 2 C0 and free carbonyl-hemes [7,8].

h) S= 1/2 Fe(III) biscyano complexes of 2,4-substituted hemes (except for CHO), 1-CH 3 [2].

Rev. Port. Quím., 27 (1985)
	

275



^ p

,. n = 0331C n 0,.-00

n = co/CM,I. -cO

t! eOKM,I,•CO

IW.n-.F.t CO

n J' \ „,IY.Yn-PF..

7000 	 N00 	 7200

POSTER SESSIONS: 4. MODELS FOR METALLOPROTEINS

cs PS4.8 — TU

M. MOMENTEAU
A. CROISY
Institut Curie, Section de Biologie, Laboratoire 112

Centre Universitaire, 91405

Orsay

France

A. DESBOIS
Institut de Biologie Physico-chimique

Laboratoire de Biophysique

13 rue Pierre et Marie Curie, 75005 Paris

France

STERIC HINDRANCE INFLUENCE
OF IRON(II)-PORPHYRINS ON 0 2

AND CO BINDINGS:
INFRARED AND RESONANCE
RAMAN STUDIES

In designing model compounds for the active site
of oxygen carrier hemoproteins, it is important to
know the influence of steric hindrance on the 0 2

and CO bindings. Indeed if in natural compounds
the CO moiety adopt an end-on bent or tilted geo-
metry from the perpendicular to the porphyrin
plane [1], in various model complexes CO has
been found to adopt a linear geometry [2]. This
difference is attributed to distal group steric effect
in the formers. On the contrary in both systems
the Fe-0-O is bent [3-4].
As part of our studies of stereochemical influence
on the formation and reactivity of carbonylated
and oxygenated model compounds, we have pre-
pared a new series of porphyrin derivatives speci-
fically designed to investigate such a distal steric
effect. The first observations of their infrared (IR)
and resonance Raman (RR) spectroscopic studies
are reported here.
All the single-face hindered porphyrins are derived
from 5,10,15,20 tetraphenylporphyrin. The effi-
cient protection of CO and 0 2 coordination site is
provided by a polymethylene chain anchored
through amide linkage in ortho position of two
meso phenyl groups in a cross configuration. The
two other meso phenyl groups are substituted in

Fig. I

IR NH stretching of compound 3

ortho position by a pivalamido residue. The pre-
sence of these "pickets" inhibits the sideways dis-
placement of the anchoring "handle" in compari-
son with symmetrical "basket handle" porphyrins
previously developed in our laboratory [5], as
shown by the strong up-field shifts of methylene
protons in 'H NMR spectra of four-coordinated
iron(II) derivatives which are affected by pseudo-
contact interaction [6].
IR spectra of iron(II) CO and 0 2 complexes were
recorded on a Nicolet 5MX FT/IR spectrometer
at 4 cm - ' resolution. All AR spectra were obtained
with excitation at 441,6 nm using a He/Cd laser
(Liconix, model 4050). Samples were prepared by
bubbling (1 atm) 12CO, "CO (CEA, France, 99
atome %), 1602 and 180 2 (CEA, France, 98 atome
%) in a toluene or benzene solution of iron(II) de-
rivatives (10-4 M) and N-methylimidazole (10-2 M).
IR spectra of carbonyled derivatives reveal a gra-
dual shift of 12C-O stretching vibrations from
1960 cm -1 (1) to 1948 cm -1 (3) which are very dif-
ferent from the observed frequency at 1970 cm -1

of unhindered ferrous-porphyrins CO [7]. It
should be noted that compound 3 exhibits v co not
significantly different from those observed for
carboxyhemoglobin and carboxymyoglobin [8].
RR spectra of 12CO-1 and ' 2C0-3 show a specific
band at 488 cm -1 and 506 cm -1 respectively corres-
ponding to the Fe- 12C0 stretching mode. These
bands are sensitive to 13C0 isotopic substitution
and are shifted to 484 and 501 cm -1 . The decrease
in the C = O stretching frequencies as well as the
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increase in the Fe-CO stretching frequencies may
be caused by a tilted or bent configuration of the
carbonyl compounds due to increasing steric hin-
drance. This is in agreement with previous results
obtained by Yu et al. [9].
RR and IR spectra of oxy derivatives have also
been recorded. RR bands at 562 and 559 cm -1 in
the spectra of 1602 4 and 1602 -3 are shifted by 23
cm -1 to the low frequency region upon substitu-
tion by 180 2 and clearly arise from the Fe-0 2 stret-
ching modes. The Fe-0 2 frequency was observed
at 568 cm -1 for 160 2 -iron(II) "picket fence"
porphyrin [10]. The significant difference of 6
cm -1 between our less hindered compound 1 and
Collman's model can be attributed both to the
steric effect and the hydrogen bond between the
oxygen atom not liganded to the iron and the NH
group of one of the "handle" amides in 1 [11].
The comparison of IR spectra of 1, 2 and 3 and
their 0 2 and CO adducts gives further evidence
for the latter interaction. All show the presence of
one intense band at 3422-3425 cm -1 due to amide
NH-stretching vibration (Fig. 1). An additional
weaker band is observed only with oxygenated
complexes in the 3372-3355 cm -1 range. The in-
trinsic shift induced by the presence of the oxygen
molecule for the NH stretch is thus larger than 50
cm -1 and is consistent with an intramolecular
hydrogen bond formation. However, the balance
between these frequencies may depend upon a
change in 02 configuration due to steric hindrance
within the coordination cavity.
Studies with the aim of correlating spectral pro-
perties of these compounds with their 0 2 and CO
affinities are now in progress in this laboratory.
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REVERSIBLE OXIDATION OF IRON(II)
N-METHYLPORPHYRINS.
CHARACTERIZATION OF THERMALLY
UNSTABLE IRON(III)
N-METHYLPORPHYRINS

Oxidation of NCH 3 TPPFeX and NCH 3 OEPFeX
(X = Cl - , Br - , I - ; NCH 3 TPP is anion of N-methyl-
tetraphenylporphyrin, NCH 3 OEP is anion of N-
-methyloctaethylporphyrin) yields the Fe(III) com-
plexes of the respective N-methylporphyrin (i.e.
[NCH 3 TPPFeX]X' 1 and [NCH 3 OEPFeX]X' 2).
The following oxidizing agents have been used:
C1 2 , Br2 , 1 2 . The oxidation is reversible. The oxi-
dation product is thermally unstable and decom-
poses to several compounds depending on the X
ligand. TPPFeX, CH 3 X, NCH 3 TPPH, Fe(III)
and a µ-oxo dimer have been identified.

Ro-
Sci. USA,
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Complexes 1 and 2 have been characterized on the
basis of 1H NMR, 2H NMR, ESR spectroscopies
and electronic spectra.
The proton NMR resonances of 1 and 2 have
been assigned by means of specific deuteration,
intensity and linewidth analysis.
The N-methyl resonance appears at 285 ppm
(-60°C, CDC1 3 ) and could be observed only by
2H NMR on deuterium labeled samples.
Four pyrrole resonances of 1 and eight methylene
resonances of 2 confirm a C,, symmetry imposed by
N-methylation. The characteristic downfield reso-
nance positions of pyrroles (133.2, 95.8, 79.5 ppm;
—60°C) and ESR parameters (g if = 5.9, g=2.1)
prove that the oxidation has taken place on the
iron. The 6A ground state has been proposed.
The electron exchange between Fe(II) and Fe(III)
complexes has not been observed.
The results of the paper should be relevant to the
explanation of the green pigment formation in the
course of cytochrome P-450 inactivation.
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MOSSBAUER STUDY OF OXY-MODELS
FOR THE ENZYME P450.
I: [Fe(O 2)(SC 6HF 4)TP p1P][Nac18C6];
II: [Fe(O 2)(SC 6HF 4)TP p 1 P][Kc222];
AND III: [Fe(0 2)(SC 6HF 4)TP p1 P][Nac222]

Mdssbauer data have been recorded in the tempe-
rature range between 4.2 K and 295 K, with and
without externally applied magnetic field. Quadru-
pole splittings DE Q have been plotted versus tem-
perature in Fig. 1 to visualize the different tempe-

Fig. 1

Temperature dependent experimental quadrupole splittings

for compounds I (X), II (n), I// (A), and P450 02 (•).

The values for P450-02 are taken from M. SHARROCK et al. [4].

The solid lines correspond to (a) V = –0.95, Vu : 1, and

(b)1/1`,.=  –0.95, V=1.5 in eq. (1)
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rature dependences. From a computer simulation
of magnetic spectra the sign of the main compo-
nent of the electric field gradient tensor (efg) V22
turns out to be negative for I and II, and the
asymmetry parameter ,t takes the values rI — O at
4.2 K and y-0.50.5 at 173 K for I, and n — 0.3 at
4.2 K for II.

Our interpretation of the pronounced temperature
dependence in DE Q of I is based on the three-di-

mum amount of free parameters when we choose
V22 parallel to V xx. Thus the efg tensor of 02A

/-2.2 O	 O
becomes 	 1.1 0

1.1

The overall efg tensor for the situation that 02B
and 02C become Boltzmann-populated with tem-
perature (and assuming fast relaxation among the
three sites) is then given by:

mensional structure of this material, as derived
from X-ray studies (Fig. 2). The occupation of
sites 02A, 02B, and 02C at —100°C turned out to
be approximately 0.5, 0.25, and 0.25, respectively.

about the z-axis (which we choose parallel to the
/ V Xx 0 O

heme-normal) finally yields	 V*yy O	.

VZZ

The efg tensor of 02A is the only contribution to
DE Q at 4.2 K. In agreement with the findings of
SPARTALIAN et al. [1] from their study of a simi-
lar model compound, with the findings from our
single crystal study of Mb0 2 [2], and with the re-
sults obtained from molecular orbital calculations
[3], we choose V22 such that it lies in the heme
plane (x-y-plane). After testing several orienta-
tions for V22 within this plane, we find the best
possible fit of our experimental data for a mini-

Fig. 2

ORTEP-plots for I obtained from X-ray studies at — 100°C

All Vpq-values in eq. (1) are given in mms -1 .
Eq. (1) with the remaining parameters Vzxand VZZ
explains the decrease of DE Q and the increase of rI
with increasing temperature, and additionally the
negative sign of VZZ at 4.2 K as well as at 173 K
(curves a and b in Fig. 1).
Compound II shows only negligible temperature
dependence in AE Q . This is directly obvious from
comparing the efg tensors of 02A and 02B of
compound II (Fig. 3), which, under approximately
C2 -operation, result from each other. The overall
efg tensor would then be:

From these numbers we estimate the energy bar-
rier D which separates 02A from 02B and 02C:
D —190 K. We now employ the assumption that
sites 02B and 02C are equivalent, i.e. their efg
tensors differ only by interchanging signs within
elements V xz and V yz . Adding the two tensors thus

V. V xy O )
yields 2	 Vyy 0	 . Appropriate rotation

V zZ 

(V xx V xy v21
Vyy Vyz

V zz J

V xx V xy -V xz

+	 Vyy-V yz	 exp (—D/kT)
	V,

	— 

V =pq /[1 +exp(—D/kT)].	 (2)  
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Fig. 3

ORTEP-plot for II obtained from X-ray studies at room tem-

perature

From eq. (2) it is clear that in this case the tempe-
rature has only a minor influence in Vpq and
hence in DE Q .
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LOW TEMPERATURE MOLECULAR
DYNAMICS OF [HFe(CO) 4]
A POSSIBLE MODEL FOR THE DYNAMIC
BEHAVIOR OF 0 2 IN IRON-PORPHYRINS

Recently we have described the structure of com-
pounds which have been synthesized from penta-
carbonyl iron and N-substituted imidazole groups
[1]. One of these compounds contains as cation
hexa (1-ethylimidazole) iron(II) and as anion
hydrido tetracarbonylferrate (-I), for which we
use the shorthand notations [Felm 6 ] 2 + and
[HFe(CO)4 ] - . In Fig. 1 we show the experimental
MOssbauer spectra obtained at 288.7 K and 4.2 K.
From the computer fits of these spectra using Lo-
rentzian lines we derived isomer shifts and qua-
drupole splittings which are typical for high-spin
(S=2) iron (curve 1) corresponding to [FeIm 6 ] 2

+,

and low-spin iron (curve 2) corresponding to
[HFe(CO)4 ] - . The zero quadrupole splitting at
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Fig. 1

Móssbauer spectra of the cation iron (curve I) and anion iron

(curve 2)

288.7 K may be due either to exact static tetrahe-
dral (T) point-symmetry for the iron site in the
anion, or due to dynamic effects. Decreasing the
sample temperature from 288.7 K to 4.2 K has
dramatic influence on the point-symmetry within
the anion. At about 210 K the compound under-
goes a reversible transition which increases the
quadrupole splitting of the anion iron from zero
to about 1.35 mms -1 within a temperature range
of 30 K (Fig. 2), while the cation iron shows a
temperature dependence of .E Q without abrupt
changes, but characteristic for hexacoordinated
high-spin (S = 2) iron [2] .

Fig. 2

Temperature dependence of experimental quadrupole splittings
of the cation iron (x) and the anion iron (•), respectively

Rev. Port. Quím., 27 (1985)

The peculiar temperature behavior of AEU' indi-
cates that we are concerned with dynamic effects
rather than static tetrahedral point-symmetry of
the iron site in the anion above 200 K.
Comparing the resonance absorption of cation
iron (area A l under curve 1 of Fig. 1) and anion
iron (area A2 under curve 2 of Fig. 1) indicates
that A 1 :A2 is 4.35:1 at 288.7 K, in strong contra-
diction to the crystallographic result that the ratio
Fe(cation):Fe(anion) is 1:2. The reason for this
drastic discrepancy lies in the considerable diffe-
rence of the temperature behavior of the two
Debye-Waller factors, f(cation) and f(anion). At
4.2 K the crystallographic result for the ratio
Fe(cation):Fe(anion) is much better reflected by
the corresponding Móssbauer absorption areas A l

and A2 (Fig. 1). Thus we conclude that the ratio
of different iron sites within a compound is not
reflected in a Móssbauer measurement at one sin-
gle temperature only.
X-ray studies which were obtained at room tempe-
rature and at 225 K indicate peculiar structural
properties of the anion (Fig. 3). Three of the four
CO-groups exhibit mean-square displacements

Fig. 3

ORTEP-plot of the anion projected onto the plane of the

three static CO-groups. The picture indicates that the fourth

CO-group is distributed equally between three equivalent

positions

which may be considered as normal. The fourth
CO-group, however, turns out to occupy — with
equal probability — three equivalent positions,
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each of them being characterized by large mean-
-square displacement. Similar to this the central
iron undergoes relatively large displacements. The
symmetry of the three equal CO-positions is such
that the weighted average of the three correspon-
ding electric field gradient tensors yields zero-qua-
drupole splitting. (This conclusion is also in agree-
ment with results which we have derived from
corresponding semiempirical molecular orbital cal-
culations). From this consideration and from the
temperature-dependence of our Mdssbauer para-
meters, we conclude that the structure of the
anion is, with respect to the nuclear lifetime of
57mFe, static with low point-symmetry below
180 K. Above 210 K one of the four CO-groups
undergoes fast enough transitions between the
three equivalent positions. We have analyzed this
specific dynamic behavior in full detail by inspec-
ting the temperature dependence of the MOssbauer
lineshape of [HFe(CO) 4 ] - under relaxation condi-
tions [3,4]. We have found that the relaxation of
one of the four CO-groups among its three equi-
valent sites is associated with a corresponding
jump behavior of Fe; however, the triangular dis-
placement body of Fe with jump distance of
about 0.30 A is considerably smaller than that of
the CO group.
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SPIN-CROSSOVER DYNAMICS
IN MODEL-COMPOUNDS
FOR HEME PROTEINS

Besides oxygenation and carboxylation of myoglo-
bin and hemoglobin also electron transfer reac-
tions of heme proteins are often associated with a
change of the spin state of iron from high-spin to
low-spin and vice versa. Investigating this transi-
tion may yield information about how the spin-
-crossover mechanism determines the reaction
rate. Fe(II) complexes with hexadentate ligands of
the type given in Fig. 1 may serve as appropriate
models, because they exhibit spin-crossover beha-

Eco

Fig. I
The tetrakis(2-pyridyl-methyl)-R ligand type
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vior in the temperature range 100 K 5 T <_ 400 K
as identified by magnetic susceptibility measu-
rements [1]. We have performed experimental
MOssbauer studies on Fe 0 . 1 Zn 09 (tpchxn)
(C1O4 ) 2 •nH 2 O (tpchxn = tetrakis(2-pyridyl-methyl)-
-trans-1,2-cyclohexadiamine), where the transition
rates are expected to fall into the time window of
57Fe MOssbauer spectroscopy because according to
GÜTLICH [2] dilution of ferrous spin-crossover
systems with Zn causes in general an enhance-
ment.
In Fig. 2 some representative MOssbauer spectra
are displayed. At 100 K clearly two doublets can
be distinguished: 1) with DE Q =0.48 mms -1 and
(5* = 0.42 mms -1 from low-spin Fe(II); 2) with
DE Q =3.63  mms -1 and 8* = 0.96 mms -1 from high-
-spin Fe(II). At 250 K an additional line is discer-
nible which may be attributed to a third doublet
3) with DE Q =1.40  mms -1 and S* = 0.03 mms -1 .
(* = rel. to a-Fe).

Yelocit0 .01,01

Fig. 2
MOssbauer spectra of Fe0 t Zn0 9 (tpchxn)(C104)2 at four diffe-
rent temperatures. The solid lines are simulations with the rela-

xation model described in the text

The appearance of such an «intermediate site» has
recently been reported by EDWARDS et al. [3] also
for Fe(phen) 2 (NCBH 3 ) 2 . The MOssbauer resonan-
ces exhibit indeed line broadenings and shifts
which are characteristic for relaxation processes.
Therefore the attempt has been made to simulate
the spectra with the random-frequency-modulat-
tion model of WICKMAN [4] which has been
applied successfully by DZIOBKOWSKY et al.

[5], e.g., also to describe effects of electron
hopping in the mixed-valence complex
[Fe(II)Fe(III) 2 O(CH 3 COO) 6 (H 2 0) 3 ]. Common to
the present case is the gradual averaging of diffe-
rent quadrupole splittings when the temperature is
raised. For the sake of simplicity the two relaxa-
tion processes LS � HS and LS .= «i» were taken
as completely separated from one another as sket-
ched in Fig. 3. The results for the four spectra
displayed in Fig. 2 are given in Table I, where A 1

Fig. 3
Scheme of the assumed relaxation model

and A 11 denote the relative portions of the two
processes (Fig. 3), whereas w 1 and w 11 are the cor-
responding relaxation rates defined as sum of the
forward and backward transition probabilities.
The symbols p Hs and p ; represent the occupation
probabilities of the HS- and «i»-state. The tempe-
rature dependence of AE Q is shown in Fig. 4. The
isomer shift of the LS-doublet is nearly constant

Table I
Relaxation parameters used for the simulations in Fig. 2 (uncertainty of about 1 in the last given digit)

T[K] A1 PHS wI [MHz) All P; w11[MHz]

100 1.00 0.23 0.01 0.00
250 0.86 0.41 1.1 0.14 0.41 0.06
300 0.83 0.53 3.5 0.17 0.53 0.7
400 0.75 0.58 8 0.25 0.58 0.9
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Fig. 4

Quadrupole splittings for high-spin (x) low-spin (•) and

«intermediate» (+) doublet as a function of temperature

with increasing temperature while the other two
doublets show a continuous decrease explainable
by second order Doppler shift.
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NEW CHEMISTRY OF BINUCLEAR
IRON COMPLEXES
— MODELS FOR HEMERYTHRIN
AND RELATED PROTEINS

Previously we described the synthesis of
[Fe 2 0(0 2 CR) 2 (HBpz 3 ) 2 1 2 complexes [R = Me, Et,
Ph; HBpz 3 =hydrotris(1-pyrazolyl)borate], 1, and
showed that their magnetic and spectroscopic pro-
perties closely resemble those of the met forms
of hemerythrin as well as ribonucleotide reduc-
tase [1]. The analogs where HBpz 3 is replaced
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by TACN (1,4,7-triazacyclononane) exhibit si-
milar behavior [2]. The discovery [3] that 1
can be reversibly protonated to form
[Fe2 (OH)(02 CR) 2 (HBpz 3 ) 2 ] 2 ', 2, eq. (1), sugges-
ted that it might be possible to exchange the brid-

1  HBF4
\ 2

^ Et3 N
(1)

possibilities for the catalytic mechanisms of ribo-
nucleotide reductase, uteroferrin, and the purple
acid phosphatases.
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ging carboxylate groups in 1 with other carboxylic
acids, eq. (2). This exchange reaction has now
been demonstrated by NMR and optical spectros-
copic studies. The mechanism presumably involves  PS4.14 —TU

[Fe2 0(02 CR) 2 (HBpz 3 )2 ] +2 R'CO 2 H —►

1

[Fe 2 0(0 2 CR') 2 (HBpz 3 ) 2 ] +2 RCO 2 H

3

protonation of the oxo bridge to form 2, a reac-
tion that lengthens the Fe-O bridge bond by 0.18
A [3], followed by hydroxide bridge cleavage
upon attack by the R'CO 2 - anion on one of the
iron centers. Closure of the R'CO 2- bridge displa-
ces one oxygen of an originally bridging RCO 2-

ligand, and loss of RCO 2 H together with closure
of the Fe-O-Fe bridge completes the first substitu-
tion reaction. This process is then repeated to
form the product 3. Using related chemistry we
have prepared and structurally characterized by
X-ray crystallography the phosphate bridged ana-
log of 1, [Fe2 0[0 2 P(OPh) 2 1 2 (HBpz 3 ) 2 ], 4. These
results demonstrate that carboxylate groups and
phosphate esters can be readily exchanged into the
bridging positions of the t-oxodiiron(III) center,
presumably by means of u-hydroxodiiron(III) in-
termediates. This new chemistry raises interesting
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MODELS FOR IRON-TYROSINATE
COORDINATION IN PROTEINS.
SPECTRAL AND STEREOCHEMICAL
STUDIES OF IRON(III) COMPLEXES
OF N-SALICYLIDENE-L-AMINO ACIDS

The iron-tyrosinate proteins are a heterogeneous
group of non-heme iron proteins that includes the
transferrins, the catechol dioxygenases and the
purple acid phosphatases [1]. These proteins dis-
play, as a common spectral feature, a moderately
intense absorption band that dominates the visible
spectrum and is attributed to a charge transfer
transition from the tyrosinate residue to iron(III).
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The position and intensity of this band depend on
many factors, such as the metal geometry and the
number of phenolate groups bound to iron(III),
but it is also sensitive to the nature of the other
ligands in the iron environment. Only limited in-
formation is available on the nature and number
of these additional ligands in the various proteins;
hence the importance of model studies [2-5] that
serve to provide the necessary data for a correct
interpretation of the spectral features of the metal
sites in the proteins.
We have synthesized and characterized a series of
high spin iron(III) complexes of the N-salicylidene
derivatives of L -amino acids, Fe(sal-L-aa)C1,
having the structure I when the amino acid is non

polar or II in the case of histidine. The stereoche-
mical properties of these complexes have been
deduced on the basis of detailed studies perfor-
med on the corresponding zinc(II), copper(II) and
cobalt(II) systems [6-8]. Systems of this type seem
particularly convenient for the investigation of
adduct formation with additional ligand molecu-
les, since both equatorial and axial coordination
positions are in principle available to the added li-
gands. The electronic spectra in methanol of the
complexes of type I (aa = ala, val, phe) display the
phenolate-to-iron charge transfer band in the nar-
row range 530-540 nm (E-1200 tvF' cm -1 ), while
additional absorptions occur at — 430 (E -- 1000),
318 ( — 5000), 295 ( — 5000), 262 (-13000) and 235
nm (-17000). Coordination of a pseudoaxial imi-
dazole group, as in II, produces an ipsochromic
shift of the visible bands, particularly that near
500 nm, but has almost negligible effects on the
other electronic transitions. Shifts to higher
energy of the phenolate-to-iron charge transfer
bands can be observed in the spectra of either I or
II upon addition of various bases, the extent of
the shift being dependent on the nature of the
added base. Comparable changes occur in the CD

spectra of the systems. Of particular interest are
the adducts between I or II and the catecholate
monoanion (catH) that may be compared with
other models proposed [3] for substrate binding to
the catechol dioxygenase enzymes [1]. The adducts
[Fe(sal -L-ala)(catH)] and [Fe(sal -L-his)(catH)]
exhibit phenolate-to-iron charge transfer bands at
480 and 470 nm, respectively, with a broad shoul-
der between 650 and 700 nm, that is attributed to
a catecholate-to-iron charge transfer band [9].
Although the match may be accidental, the simila-
rity between these spectra and those of the corres-
ponding dioxygenase-substrate complexes (465 and
— 680 nm for catechol dioxygenase, 475 and
-690 nm for protocatechuate 3,4-dioxygenate) [1]

is surprisingly good (for [Fe(salen)(catH)] the cor-
responding bands occur at 418 and —590 nm) [1]
and bear on the relevance of the Fe(sal- L -aa)X
complexes in model studies of iron-tyrosinate pro-
teins.
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ANALYTICAL TECHNIQUES
IN THE STUDY OF Ni AND Fe
MODEL COMPLEXES
OF BIOLOGICAL SIGNIFICANCE

There is increasing awareness of the need for
analytical probes that can determine the complex
species of a metal without disturbance of the ma-
trix. The task is made somewhat easier by using
model compounds, designed to mimic the proper-
ties of the complex of interest. The elucidation of
the Ni(II)-binding site of human serum albumin
involved the use of computer-assisted potentiome-
tric analysis of the interaction of the N-terminal
native-sequence tripeptide, L-aspartyl-L-alanyl-L-
-histidine N-methylamide with Ni(II). The low-
-molecular-weight Ni(II) binding constituent in
human serum, L-histidine, forms only two major
complex species in the pH range 4-9, Ni(Hist) and
Ni-(Hist) 2 [1]. The species distribution is verified
by examining the system by differential pulse po-
larography at the same metal:ligand ratio. Fig. 1
shows in a single scan the two kinetically inert
complex species, at pH 6.2, and serves as a useful
comparison of the information that can be obtai-
ned by the application of current-measuring and
potentiometric methods of analysis.

As an extension of our previous studies on Fe(III)-
-monohydroxamate complexes, investigations into
the synthesis and analysis of simple model com-
pounds of the naturally occurring rhodoturulic
acid were undertaken [2,3]. A strong indication of
similar Fe(III)-binding comes from an examina-
tion of the visible absorption spectra of the
Fe(III) complexes of the synthesised dihydroxamic

Rev. Port. Quim., 27 (1985)

Fig. I

a) Species distribution diagram for the Ni(II)-L-His system,

Cm =1.09x10 -4
M CL =4.81x10 -4 M, curve 1, ML; curve 2,

ML2; curve 3, MH_ t L2

b) Differential pulse polarogram of Ni(II)-L-His system in
0.6 M NaNO3 at pH 6.2

acids, HOHN-CO-(CH 2 ) n-CONHOH [4]. A clear
isobestic point at 480 nm is evident suggesting
that two complex species exist in the pH range 3.6
to 9.0. Results from the potentiometric analysis
for n = 3 indicates a levelling of n at a value of
1.5 supporting a formulation of Fe 2 L 3 (Fig. 2).
The insolubility of the orange complex at higher
concentrations is also atypical of simple hydro-
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2

n

Fig. 2
Plot of IT versus pH for the Fe(III)-glutaryl dihydroxamic acid

system (n=3)

xamate complexation of Fe(III). Further investiga-
tions are being carried out.
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of central molybdenum oxidation states from VI
to IV (via V) indicate the minimal coordination
spheres Mo vt02 (SR) 2 , 3 and Mo tvO(SR) 3,4 for the
oxidised and fully reduced forms, respectively.
Numerous molybdenum-containing model comple-
xes have been prepared to mimic the structural as
well as the functional properties of the molyb-
doenzymes [1]. To date none of these model com-
plexes appears to have all these properties very si-
milar to the molybdoenzymes. We have synthesi-
zed some monomeric complexes of the general
formula: [MoS(S2 )(DTC)], [MoO(DTC)(cat)] and
[MoO 2 (DTC)(cat)] - (DTC = dialkyldithiocarba-
mate, cat = catecholatedianion). These complexes
catalyze the oxidation of xanthine and sulfite
and can reduce molecular oxygen to superoxide.
Typical EPR parameters for the complex
[MoOEt2 (DTC)(cat)] (g xx, 1.951; g yy, 1.979; g zz,
1.995; <g> = 1.975; <A>, 31.0) suggest the
structural closeness of this model compound to
xanthine oxidase [2]. EPR and other spectral data
along with C.V. results are presented and their
relevance to enzymatic processes is discussed.
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SYNTHETIC APPROACH
TO THE MONONUCLEAR ACTIVE SITES
OF MOLYBDOENZYMES

EXAFS results for several molybdoenzymes res-
ponsible for oxidation of substrates X/XO by
oxygen atom transfer with concomitant changes
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MODELLING THE HEMOCYANIN
ACTIVE SITE: A CONTRIBUTION
TO MAGNETO-STRUCTURAL
CORRELATIONS

The dioxygen carrying protein hemocyanin is the
best investigated enzyme containing a binuclear
Cu(II)-active site. In the oxidized form the Cu(II)-
-ions are tetragonally coordinated and bridged by
an endogenous protein group for which authors
[1] favour a phenolate group from tyrosine. For
the oxy-form dioxygen is known to form an exo-
genous bridge, whereas azide, chloride, etc. are
found in the artificial met-forms.
Magnetic investigations of these protein forms
referred to strong antiferromagnetic coupling
between the two Cu(II)-ions resulting in diamag-
netism [2]. To understand this magnetic behaviour
magneto-structural correlations for two particular
features of the hemocyanin active site are needed.
Model complexes containing (i) asymmetric brid-
ged Ou(II)-ions and (ii) a large Cu-O-Cu bridging
angle at the endogenous ligand have to be investi-
gated. Because it is quite impossible to vary conti-
nuously the bridging angle in a single asymmetric
bridged model system the problem has to be resol-
ved separately and then correlated.
As a part of our investigations in the magnetic
behaviour of the hemocyanin active site we pre-
sent in this study different asymmetric bridged
Cu(II)-dimers. For modelling the asymmetric brid-
ging character of the active site we have synthesi-
zed a five-dentate macrocyclic ligand forming
binuclear Cu(II)-complexes (1).

The structures of three complexes with an exoge-
nous OH-bridge (n = 2, R= Et and n =3, R= Me)
[3,4] and an exogenous N 3 -bridge (n =3, R= Me)
[5], respectively, will be presented.

The copper coordination polyhedra in all comple-
xes are similar. The 4+ 1 coordination can be
described as a square planar basis plane with an
additional ligand perpendicular to this plane and
more elongated. In the azido-bridged dimer the
azido-group is bound end-on. In this compound
the bridging angles Cu-O-Cu and Cu-N-Cu are
similar (103°) whereas in the OH-bridged comple-
xes a significant difference of several degrees bet-
ween the two Cu-O-Cu bridging angles has been
observed.

A first attempt to obtain magneto-structural cor-
relations for asymmetric bridged dimers will be
discussed. We propose a model to relate the
strong antiferromagnetic coupling found in all
three asymmetric bridged complexes ( — 500
cm - ' >2.1>  — 900 cm - ') to magneto-structural
data from symmetric dimers. Exchange coupling
has been found to depend mainly on the proper-
ties of that bridge (electronegativity, bridging
angle) which would give the stronger antiferro-
magnetic coupling in symmetric dimers. The
energy gap between the levels S = 0 and S = 1 can
be described as having approximately the same
magnitude as has been found for the correspon-
ding symmetric complexes.

The magnetic behaviour of the discussed asymme-
tric bridged dimers leads to the following conclu-
sions about exchange coupling in hemocyanin:
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— exchange coupling of the hemocyanin active
site depends mainly on the bridging tyrosine
oxygen;

— asymmetric model complexes with increased
bridging angle up to 140° are needed to obtain
more information about the exchange coupling
of the hemocyanin active site.
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pare a series of S 2 N 2 copper(II) complexes of
Schiff-base ligands derived from 2-mercaptoal-
dehydes and diamines. From the spectral proper-
ties of these systems we have suggested that a red
shift of the LMCT bands, as well as a decrease in
A//, for the thiolato copper(II) complexes may be
caused by two independent factors: either through
an increase in the electron density at sulfur or
through an increase in the tetrahedral distortion
of the Cu(II) chromophore.
By variation in the molecules, we have prepared a
number of ligands based on different heterócycles
for the study of Cu(II) protein models. An exam-
ple with pyrazole is shown in the scheme:
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The 0-chloroaldehydes as well as the protected
0-mercaptoaldehydes are also useful as starting
materials for the preparation of annelated hete-
rocycles.
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BIOMIMETIC SYSTEMS
FOR THE "VISIBLE" COPPER-SITE Cu A

IN CYTOCHROME c OXIDASE

Recent work on the structure of the Cu A

site of cytochrome c oxidase suggests that two
cysteines and two histidines are ligated to the cen-
tral copper ion. We have demonstrated that
t-butyl sulfides are convenient sources of
copper(II) thiolato complexes as Cue+ is a suffi-
ciently strong Lewis acid to cleave the sulfur
t-butyl-bond. This method has been used to pre-
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COPPER CHELATES OF A DINUCLEATING
BENZIMIDAZOLE-CONTAINING
LIGAND AS MODELS FOR TYPE III
COPPER PROTEINS

The active site in Type III copper proteins is gene-
rally believed to contain two copper ions close
together and each coordinated by at least two imi-
dazole groups of histidine residues [1]. The coor-
dination geometry, imposed by the structure of
the protein, is known to influence the specific
properties, like 0 2 transport or oxidative catalysis.
To help elucidating the structures and understan-
ding the reactivities of these proteins, low molecu-
lar weight compounds are studied as models. The
steric constraints in polydentate ligands, e.g. the
size of the bite and the presence of bulky substi-
tuents, are used as tools in tuning the model
system. The incorporation of benzimidazole
groups has the advantages of a biomimetic group
being easily synthesized and having a bulky substi-
tuent.
The ligand megtb (see figure) has the potential to
bind two metal ions with several possibilities for
the metal-metal distances, both with and without
exogeneous bridging ligands. The ligand has been
prepared in two steps, i.e. a ring closure reaction
by condensation of o-diaminobenzene with the
polyaminocarboxylic acid EGTA (ethylene glycol
bis-(13-aminoethyl ether) N,N,N',N'-tetraacetic
acid), followed by N-methylation [2].

The coordination compounds with copper(II)
appear to have two general formulae: a)
Cu 2 LX4 .nH 2 O with different kind of anions and

Cu 2 LX2 Y 2 .nH 2 O for X = halide and Y = a non-
-coordinating anion; b) Cu 2 LXY 3 .nH 2 O for X=
= 1,3-azolate and Y = a non-coordinating anion.
The crystal structures of Cu 2 (megtb)F2 (BF4 )2 .3H 2 0
and Cu 2 (megtb)C1 4 .6H 2 0 show a coordination
geometry close to a square pyramid with 3 N
atoms and the halide anion in the equatorial
plane and an O ether atom on the apical position.
The halide anion is also a sixth donor atom for a
neighbouring Cu(II) ion at a larger, non-bonding
distance. The resulting intermolecular Cu-Cu dis-
tance is slightly shorter than the intramolecular
one. The magnetic exchange is weak in these com-
pounds.
When bridging ligands are used in a sub-stoichio-
metric ratio, together with non-coordinating
anions, intramolecular dicopper species can be ob-
tained. They have a typical spin-triplet EPR spec-
trum both in the solid state and in solution, and
J-values characteristic for copper dimers with
bridging 1,3-azolates.
With Cu(I) both stable mononuclear compounds
with non-coordinating anions, as well as dinuclear
compounds with coordinating (pseudo)halides, are
formed. Reaction with carbon monoxide results in
a stable 1:1 (Cu:CO) product. The compounds
react stepwise with dioxygen and are active in the
oxidative coupling of 2,6-dialkylphenols. This
reaction is used as a test reaction to investigate
the catalytic properties of these and related
systems.
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IMIDAZOLE-CONTAINING SCHIFF BASE
LIGANDS AS VERSATILE MODELS
FOR COPPER PROTEIN ENVIRONMENTS

The active sites of cuproproteins, for which
crystal structures are available, contain copper(II)
ion bound by one or more histidine imidazole
groups [1]. Consequently it is of interest to pre-
pare complexes of ligands containing imidazole
groups as small molecule models for these
copper(II) sites.
The condensation of 1-benzylimidazole-2-carbo-
xaldehyde, 1, with primary diamines leads to
ligands able to complex a central metal ion in an
N4 donor set:

^
R^

	CHO	 ^	 N	 N^
HN	 NH,  

	PhCH,N 'N	 Ph CH,N	 N	 N 	 NCH,Ph
	^ 	 v v

1

Visible spectroscopy of the copper(II) complexes
of these ligands has been used to examine the
effect of the length and nature of the ligand back-
bone (R) on the geometry of the central metal
ion. The crystal structure of the copper(II) com-
plex where R = (CH 2 )4 , Cu(Bzic2 tmd)(C104 )2 , has
been solved, (Figure).

4-Methyl-5-[(2-aminoethyl)thiomethyl]imidazole,
2, (an intermediate in the production of the
antiulcer drug cimetidine [2]), and related amino-
thioetherimidazoles, have been employed in the
design and synthesis of Schiff Base chelates capa-
ble of providing N 3 S, N 2 S2 , or N 2 SO donor sets
around a central metal ion.

Figure

The crystal structure of Cu(Bzic2 tmd)(C104)2

Mononuclear copper(II) complexes of these
ligands can be related to Type I copper protein
environments, while homo- and hetero-binuclear
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imidazolate-bridged complexes can be prepared as
models for the bimetallic active sites of metallo-
proteins such as superoxide dismutase.
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MODELS FOR COPPER PROTEINS

Copper proteins are widespread in biology,
performing many functions related to oxygen
metabolism; and binding and activation of dioxy-
gen by hemocyanin and tyrosinase have attracted
much recent attention [1]. In many respects, this
focussed interest has largely ignored the rich inor-
ganic chemistry of the binuclear active-site in
hemocyanin which encompasses reactions of the
reduced form of the protein with carbon monoxi-
de, nitric oxide, and other small ligands; genera-
tion of mixed-valence derivatives; and reactions of
the oxidized form of the protein with small anio-
nic ligands.
We have pursued studies in several directions with
the aim of exploring the chemistry, spectroscopy,
and physical properties of mono- and binuclear
copper complexes. Much of this work involves the
synthesis of multidentate ligands that are able to
chelate the copper ion in an environment that mi-

Rev. Port. Quím., 27 (1985)

mics the structural features of the hemocyanin ac-
tive site.
We prepared the binucleating ligand bpeac
(2,6-bis Ibis [2-(1-pyrazolyl)ethyl]amino)-p-cresol)
and both its copper(II) [2] and copper(I) [3] deri-
vatives. The copper(II) complex thus formed con-
tains two Cu(II) ions bridged by a phenolate
group and bound by three nitrogen donors each.
In addition, another anionic ligand (acetate or
azide) bridges the two copper ions, completing the
coordination sphere. The azide derivative is espe-
cially interesting since the two copper(II) ions are
antiferromagnetically coupled, and the singlet-tri-
plet splitting, 2J, is equal to —1800 cm -1 , rende-
ring the complex diamagnetic at room tempera-
ture. Other spectroscopic properties of this azido-
-bridged dimer are similar to those for the azido
derivative of hemocyanin, strengthening the pro-
posals for the structure of its active site. The cop-
per(I) derivative of bpeac represents one of only
two phenolato-bridged copper(I) dimers having no
other bridging group. However, the reaction of
this compound with 0 2 , even at low temperature,
results in irreversible oxidation of the copper(I)
ions and illustrates the possible importance for
isolation of the active site by the protein in he-
mocyanin in order to eliminate intermole-
cular interactions. Studies of the copper(I) deriva-
tives of more hindered analogs of bpeac will be
reported.
The unusual luminescence of the carbonyl deriva-
tive of hemocyanin has provided us with another
interesting lead to follow to understand the struc-
ture of the hemocyanin active site [4]. We have
prepared a number of mononuclear copper(I)
complexes and examined their absorption spectra
and luminescence properties both in the absence
and presence of carbon monoxide. The results of
these investigations will be reported, and their
implications discussed.
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COBALT THIOLATE COMPLEXES:
MODELS FOR THE ACTIVE SITES
OF METAL-CYSTEINE PROTEINS

Cobalt has been extensively substituted for native
metals in metalloproteins to serve as a spectral
probe. A series of cobalt thiolate complexes have
been prepared to serve as models for the cobalt-
cysteine coordination found in cobalt-substituted
proteins, including alcohol dehydrogenase, blue
copper proteins, and metallothionein. We have
used the steric capacity of the thiolate ligands
to control the coordination number and the
molecularity of the cobalt thiolate complexes. The
reaction of three equivalent of 2,3,5,6-
tetramethylbenzenethiolate with CoCl 2 gives
a monomeric, four-coordinate complex
[Co(S-2,3,5,6-Me 4 C6 H) 3 (CH 3 CN)] - (Fig. 1); with
less sterically encumbered thiolate ligands, the
[Co4 (SR) 10 ] 2- adamantane cluster is obtained. We
have found that Co(SR) 2 L2 :omplexes have a
strong tendency to become five-coordinate by
adding another ligand. For the case of
[Co(S-2,3,5,6-Me4 C6 H) 2 (bipy)], this is achieved
by dimerization to give a structure with an unsym-
metric jr-di-thiolate bridge (Fig. 2). In the case
where the thiolate is 2,4,6-triisopropylbenzene-
thiolate, the coordination shell is expanded by the
addition of an CH 3 CN to give the five coordinate
monomeric complex [Co(SR) 2 (L 2 )(CH 3 CN)]
(L2 = bipy, phen). The analogous zinc compound,
[Zn(S-2,4,6-i-Pr 3 C6 H2 )2 (bipy)], does not add an

CH 3 CN ligand and remains four coordinate. The
possible relevance of these findings to the ques-
tion of the occurence of five coordinate interme-
diates in alcohol dehydrogenase will be presented.
EXAFS and ESR studies of the newly discovered
nickel center in certain hydrogenase enzymes sug-
gest that this center contains Ni(III) in a tetrago-
nal ligand environment with four sulfur ligands.
We have been studying nickel and related cobalt
thiolate complexes to serve as models for this
novel biological active site. With these objectives
in mind, we have synthesized a quite interesting
Co(III) tetrathiolate anion (Fig. 3) which is a
rare example of a square planar Co(III) complex.

^II

•
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METAL COMPLEXES
OF SULFUR-CONTAINING LIGANDS
OF BIOLOGICAL INTEREST:
S-METHYL- L-CY STEI N E,
a-LIPOIC ACID AND GLUTATHIONE

S-methyl -L-cysteine (SMC) offers three possible
binding sites for metal atoms: The carboxylate
group, the amino nitrogen atom and the thioether
linkage. Since sulfur atoms are soft bases, they
are expected to interact most favorably with soft
acids as Hg(II), Pt(II), Ag(I) or Cu(I), but to a
less extent with borderline acids as e.g. Cu(II).
We have grown single crystals of a copper(II)
complex Cu(SMC) 2 from solution on the surface
of solid copper(II) hydroxy salts. The crystal
structure determination (R = 0.045, R w = 0.052)
confirms spectroscopic evidence that the thioether
sulfur is not coordinated to copper(II), even
though there is a potentially favorable five-mem-
bered chelate ring with sulfur and nitrogen as
coordinating atoms. Bridgeing of the copper cen-
ters by carboxylate groups leads to a two-dimen-
sional polymeric structure approximately isostruc-
tural with its cadmium analogue [1]. The
copper(II) atom exhibits a (4 + 2) tetragonally
elongated CuN 2 O, coordination octahedron.
a-Lipoic acid (LIP, DL-6,8-thiooctic acid) is a bio-
molecule widely distributed in animals and plants.
Obviously there are two binding sites for metal

Rev. Port. Quím. , 27 (1985)

atoms: The carboxylate group and the disulfide
moiety.
Single crystals of a zinc complex, Zn(LIP) 2.2H20,
were grown on the surface of solid zinc hydro-
xy salts. The crystal structure determination
(R =0.068, R=0.084) proofs the occurence of
isolated molecules [Zn(LIP) 2 (H 2 0)2 ] with the car-
boxylate groups acting as bidentate ligands. As
suggested [2] there is no interaction of the disulfi-
de moiety of a-lipoic acid with the metal atom.
The coordination geometry of the zinc(II) atom is
a ZnO 6 octahedron with pronounced distortion.
This is the first crystal structure reported of a me-
tal complex of lipoic acid.
Glutathione (GSH): A copper(II) complex with
the formula Cu(II) 2GSSG•6H2O could be isola-
ted. From the interpretation of UV- and EPR-
-spectra it seems plausible that this complex exhi-
bits a dimeric structure with the disulfide moiety
linking two copper(II) atoms as it is found in
Cu(II) 2 GSSGNa 4 6H 2 O [3].
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INTRAMOLECULAR HYDROPHOBIC
AND STACKING INTERACTIONS
IN BINARY AND TERNARY AMINO
ACID COMPLEXES

Selectivity is one of the outstanding features
of biological systems; it is often caused by non-
covalent interactions, like aromatic-ring stacking
or hydrophobic interactions [1]. After our recent
observations [2-4] that both these types of intra-
molecular ligand-ligand interactions in mixed li-
gand complexes may be promoted by the addition
of ethanol or dioxane to an aqueous solution of
these complexes, we screened the stability data
available in the literature for evidence of such in-
tramolecular interactions in binary and ternary
amino acid complexes.
The considered intramolecular equilibrium is sche-
matically represented in (1).

'„ 	 KI
A M 

(
B -

•/\

M(AXB)op(en)	 '''•

The position of this equilibrium is independent of
the concentration; it is quantified by the
dimensionless equilibrium constant K 1 (eq. (2)),

K 1 =  [M(A)(B) °I]/[M(A)(B) °p] (2)

and this constant may be calculated from the sta-
bility data obtained from potentiometric pH titra-
tions; the percentage of the «closed» isomer
follows from K I [1,5,6].

There are two careful studies available, which deal
with the effect of dioxane on the stability of ami-
no acid complexes: in one [7] the Cuz+/alaninate
(Ala - ) system is described and in the other [8] the
Cue+/leucinate (Leu - ) system. For both systems
complex stability increases with increasing
amounts of dioxane, but the Cu(Leu) 2 complex is
in the dioxane-water mixtures by 0.2 to 0.7 log
units more stable than expected [3]. This additio-
nal stability increase may be attributed to intra-
molecular hydrophobic interactions between the
isopropyl residues in Cu(Leu)2 ; the extent of this
interaction (eq. (1): A = B= Leu) changes in
dependence on the amount of dioxane added to
water: Cu(Leu) 2íc1 reaches 21% in water, 81% in
50% (v/v) dioxane-water, and 64% in 70% (v/v)
dioxane-water (I = 0.1; 25°C) [3]. This shows that
addition of some dioxane favors the intramolecu-
lar hydrophobic interaction in Cu(Leu)2 , while
high concentrations of the organic solvent
(>60%) destabilize it. This observation of an ini-
tial promotion of the interaction contrasts with
the common experience made at simple unbridged
adducts: they are always destabilized by the addi-
tion of dioxane or other organic solvents [4,9].
In several mixed ligand complexes [3,4], however,
intramolecular stacking is also promoted by the
addition of ethanol or dioxane.
The stability data of other binary and ternary me-
tal ion/amino acid systems are summarized in the
Table; they provide further evidence that hydro-
phobic and aromatic-ring stacking interactions in
complexes of amino acids with suitable side chains
are quite common.
It must be mentioned in this connection that the
increased stability in aqueous solution of the Cue'
bis-complexes of phenylalanine, tyrosine and simi-
lar amino acids has been repeatedly attributed to
Cue+/aromatic-ring interactions [10,11]. However,
the often used argument based on the so/id-state
structures is not conclusive, because even in the
solid state the interaction is weak, if it exists
at all; this follows from two different crystal
structure analyses of the bis(L-phenylalaninato)
copper(II) complex: in one case [12] the phenyl
ring is located below Cuz+, while in the other it is
not [13]. In addition, in a recent study [14]
of Pdz+ complexes it is shown that the decreasing
interaction energies in the complexes follow the
order phenyl-aromatic > phenyl-propyl (or

- /

M(AXB)cl(od)	 (1)se 
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Table

Evidence from Stability Data for Intramolecular Hydrophobic

and Aromatic-ring Stacking Interactions in Some Binary

(A = B) and Ternary Amino Acid Complexes in Aqueous Solu-

tion (25°C; 1=0.05-0.1)0

Complex

% M(A)(B)d for

Co 2 ' Nit' Cu2' Zn2'

binary:
M(Nva) 2 13 - 2 17

M(Phe) 2 46 38 61 53

M(Tyr) 2 66 38 67 67

M(Trp) 2

ternary:

87

M(Phe)(Nva) 21 - 5 11

M(Tyr)(Nva) 22 9 24

M(Phe)(Tyr) 50 25 36

a) These results are abstracted from the data given in Tables

VI and VII of references [3] and [5], respectively; where

available, the average of several calculations is listed.

Abbreviations: Nva, norvalinate; Phe, phenylalaninate;

Trp, tryptophanate; Tyr, tyrosinate.

larger alkyl residue) > ... > Pd 2+-aromatic » Pd 2 +-
-aliphatic — 0. This means, the Pd 2 '-aromatic inte-
ractions are already weaker than intramolecular
hydrophobic or stacking interactions, and a Cu 2*-
-aromatic interaction is expected to be even
weaker than the Pd 2+-aromatic one. Indeed, in
our studies [2-4] of phenylalkanecarboxylate-Cu 2 +
complexes we could not discover any hint for such
an interaction in solution.
The following points which are partly based on
the data of the Table argue also against a signifi-
cant Cu 2 +-aromatic interaction in solution but for
intramolecular ligand-ligand interactions in many
amino acid complexes: (i) Always the stability
constant for the bis-complex is larger than expec-
ted, which is convincingly explained by an intra-
molecular stack formation. (ii) The increased sta-
bility can not result from an influence of the
second ligand on Cu 2. , making it more suitable
for a Cu 2 '-aromatic interaction (as suggested
[10,11]), because, e.g., M(Phe)(Gly) or
M(Phe)(Ala) show no increased stability, while
M(Phe)(Nva) or M(Phe)(Tyr) do so (Table). (iii)
Thermodynamic results also support the postula-
tion of intramolecular ligand-ligand interactions:
zH, for the reaction between Cu 2+ and Trp -

or Ala - are very similar, while AH 2 for the addi-

tion of the second Trp - to Cu(Trp)' is about 5
kJ/mol more exothermic than for the reaction

Cu(Ala)' + Ala - — Cu(Ala) 2 [15]; this agrees with
other studies showing that formation of stacking
adducts is not solely entropy driven [16]. (iv) The
mentioned Cue+/leucinate results could not be
explained without a ligand-ligand interaction. (v)
The increased binding tendency of the second li-
gand is a general feature and occurs with many
other metal ions aside from Cu 2*: for the comple-
xes with Co 2 ', Nit' and Zn 2' the increased stability
can hardly be attributed to metal ion-aromatic or
metal ion-hydrophobic interactions. Indeed, the
data of the Table reveal that the situation is go-
verned by the ligands and not by the metal ions.
In conclusion: most of the indicated results, if
considered for themselves, would not provide very
convincing arguments. It is the wealth of data
pointing into the same direction which, if combi-
ned, provide strong evidence that hydrophobic
and aromatic-ring stacking interactions indeed
occur in binary and ternary complexes of amino
acids with suitable side chains.
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MODELS FOR METAL-PROTEIN
INTERACTION:
COPPER(II) COMPLEXES WITH A CYCLIC
PEPTIDE HAVING SIDE-CHAIN
IMIDAZOLYL AND CARBOXYL GROUPS

Considerable effort has been devoted to the study
of macrocyclic ligands and their metal complexes.
Thus, introduction of a metal ion into functionali-
zed cyclic peptides may be an appropriate model
for the studies of binding by metalloenzymes.
Such cyclic peptides can be designed to incorpora-
te amino acid side chains that are important for
the function of various enzymes. For example, the
imidazolyl and the carboxyl groups of histidine

and glutamic acid seem to play an important role
in the coordination of proteins or naturally occur-
ring peptides to metal ions. The investigation of
simple cyclic peptides having side-chain imidazolyl
and carboxyl groups as model might be of signifi-
cant value in elucidating the details of enzyme me-
chanisms, particularly in aqueous solution.
We chose to synthesize cyclo-(Gly-L-Glu-Gly-L-
-His-Gly-Gly-L-His-Gly) (hereinafter denoted
G5H2Gu). Complexation of G5H2Gu with the
transition metal ion Cu(II) in aqueous solution
over a wide pH range and with different
peptide/metal ratios, has been studied by using
carbon-13 and proton NMR, ESR and Visible
Spectroscopy.
The results obtained are discussed in terms of dif-
ferent complexes depending on the pH and are
compared with a cyclic peptide having different
side-chains and a different cavity size.
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THE ROLE OF THE TOSYL GROUP
ON THE COORDINATION ABILITY
OF N-PROTECTED AMINOACIDS.
SOLID STATE BEHAVIOR
OF N-TOSYLVALINATE COPPER(II)
COMPLEXES

Among N-protected aminoacids, as N-acetyl-,
N-benzoyl-, N-benzyloxycarbonyl and N-toluen-
sulfonyl-aminoacids, only the latter class of deri-
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vatives has been proved to coordinate in aqueous
and alcoholic solution to the copper(II) ion,
acting as carboxylate ligand, or, undergoing ami-
de nitrogen deprotonation at pH >5, as naturally
occurring L-a-aminoacids.
In this communication we report the results of an
investigation concerning the interactions between
N-tosylvaline and copper(II) ion. At pH lower
than 5 two solid simple complexes, one green and
one blue, having formula CuL 2 •3H 3 O and
CuL 2 •2H 2 O.2MeOH, respectively, have been
separated. For the blue complex the crystal struc-
ture was determined. It consists (Fig. 1) of mono-
meric units in which the copper atom, lying on
the symmetry centre, is surrounded by two car-
boxylic oxygens (Cu-01 = 1.954(4) A) and two
water molecules (Cu-02= 1.989(3) A) in a square
planar arrangement. Two long contacts with two
methanol molecules (Cu-03 = 2.492(4) A) comple-
te the coordination to elongated tetragonal bipy-
ramid. The second carboxylic oxygen is not invol-
ved in the coordination (Cu• • •O4 = 3.137(4) A).
These data reinforce the assignment of this type
of geometry, based on spectroscopic results, for
the Cu(tsgly) 2 •4H 2 O (tsgly =N-toluensulfonyl-
-glycine monoanion) [1].

Fig. 1
ORTEP view of the [Cu(tsval)2 .2H2 0.2Me0H1

The green compound shows physical properties
indicating a dimeric structure with strong antifer-
romagnetic interactions between the copper(II) wi-
thin the pairs.
By treating these two complexes in aqueous or
alcoholic solution with an equimolar amount of
2,2'-bipyridine, a deep blue compound of formula
Cu(tsval) 2 bipy (tsval = N-toluensulfonylvalinate
monoanion; bipy = 2,2'-bipyridine) was separated.
Since it presents unusual spectroscopic properties,
the crystal structure was determined. In the unit
cell, two crystallographycally independent and
chemically inequivalent copper(II) ions are pre-
sent. Each copper atom is surrounded by two car-
boxylic oxygen atoms, belonging to two different
aminoacids, and two bipyridine nitrogen atoms,
[(Cu-O) mean = 1.938(4) A, (Cu-N) mean = 2.001(4)
A]. The five coordination positions are occupied
for one copper atom by a carboxylic oxygen of an
adjacent aminoacid (Cu-O = 2.457(3) A) giving ri-
se to a dimeric unit with a monoatomic brigde,
and for the other copper atom by a sulphonic
oxygen (Cu-O = 2.407(3) A) of one of the two
aminoacids coordinated through one carboxylic
oxygen to the same copper atom giving rise to a
discrete molecule.
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THE CUPRIC INTERACTION
WITH OPIOID PEPTIDES

The role of peptides as classical hormones has
long been known. More recently it has been ap-
preciated a different role of some peptides acting
in the central nervous system (e.g. thyroliberin,
somatostatin, opiate related peptides, etc.). It is
thought that they act as local tissue regulators and
in some instances also as neurotransmitters [1].
Control of sleep, memory, perception are possible
functions for these peptides.
All these peptides may serve as special chelate
agents for trace elements, widely distributed in the
body, especially for copper present in brain. It
has been proved that some of the neuropeptides
retain their biological activity in the form comple-
xed by transition metal ions [2].
Since a few years we have been interested in metal
(especially Cu(II)) interaction with some neuro-
peptides [3,4] and their chemical analogs [5]. All
these peptides proved to be very specific ligands
for metal ions.
Recently we have been studying the cupric com-
plexation by some opiate related peptides i.e.
0-casomorphin-5 and its di-, tri- and tetra-peptide
fragments and enkephalin analogs.
13-casomorphin-5 is the opioid isolated from
0-casein with the following sequence: Tyr-Pro-
-Phe-Pro-Gly. For our studies besides the
0-casomorphin-5 itself, we have used a series of
peptides: Tyr-Pro-Phe-Pro, Tyr-Pro-Phe, Tyr-
-Pro, Pro-Phe-Pro-Gly, Pro-Phe-Pro. Spectrosco-

pic (CD, EPR) and potentiometric studies have
shown that the Cu(II) interaction with the 13-caso-
morphin fragments depends strongly on the N-ter-
minal amino acid. With Pro in this position typi-
cal peptide complexes containing the Cu-N"
bond are formed. With Tyr in this position a di-
meric species, Cu 2 L2 , becomes a major complex
at physiological pH values, with the copper(II)
bound to the -NH 2 , CO groups of one ligand and
to the phenolic oxygen of a second ligand.
The proline residue in the second and fourth posi-
tions in 0-casomorphin-5 acts as a «break-point»
to Cu(II) coordination and destroys completely
the coordination ability of amino acid residues
after the first Pro. In other systems with a proline
residue inside the peptide chain the N and C ter-
minals either interact separately [6] or form a ma-
cro-chelate with the peptide bent in a 13-conforma-
tion [7].

Similar to the 0-casomorphin, the enkephalin
peptides with opiate activity contain the L-tyrosi-
ne residue on the N-terminus. This position of
Tyr residue is a common feature to most endor-
phins and it is an important factor for their biolo-
gical activity. Only the 2nd and 5th positions of
enkephalin analogs can be safely manipulated to
give a peptide with potent activity. Enkephalins
and their structural analogs are of great interest to
physicians and pharmacologists, because their
properties might give the information on the me-
chanism of the development of drug addiction.
Besides the pharmacologists are looking for enke-
phalin analogs which elicit analgesia but are less
addicting with the hope to find the addiction-free
pain relievers.

The following peptides have been studied: Tyr-
-Gly-Gly-Phe-Met (Met-enkephalin), Tyr-D-Ala-
-Gly-Phe-Met-NH-CH 2 -CH 2 -NH 2 , Tyr-D-Ala-Gly-
-Phe-Met-N-(CH 3 ) 2 , Tyr-D-Ala-Gly-Phe-Leu-ol.
Spectroscopic and potentiometric data have indi-
cated that all peptides mentioned above form si-
milar four nitrogen complexes with cupric ions.
Only in some cases a weak interaction of the phe-
nolic oxygen with Cu(II) has been observed.
It is interesting to compare the role of a Tyr resi-
due placed in a different position of a peptide
chain. In 0-casomorphin-5 the Tyr residue plays
an important role in the formation of a major
dimeric complex, while in enkephalin analogs the
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[1]

[51

[7 1

N-terminal tyrosine interacts with cupric ion only
through the amino and carbonyl groups. In earlier
studies a Tyr residue plays a critical role in the
formation of a dimeric cupric complex of Gly-
-Pro-Tyr-Gly [6], while a similar dimeric complex
is only a minor species in the Tyr-Pro-Gly-Gly
system and it is undetectable in the Gly-Pro-Gly-
-Tyr case [6].
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MONONUCLEAR AND BINUCLEAR
COPPER(I) AND COPPER(II) COMPLEXES
DERIVED FROM L-HISTIDINE
AND L-NT-METHYLHISTIDINE

cularly those that function as oxygen carriers or
promote some kind of oxygen activation [1].
Recently some copper(I) complexes containing the
imidazole groups of histamine or histidine resi-
dues have been reported, also by us, to exhibit an
apparent partially reversible oxygenation behavior
in solution [2,3]. Though, in general, the oxygena-
ted species in these or other systems [4] do not
mimic the spectral features of the corresponding
protein derivatives.
We have synthesized a series of mononuclear and
binuclear copper(I) and copper(II) complexes of
the ligands derived from the condensation of
phthalic dicarboxaldehydes and two molecules of
histamine, L-histidine, or their NT-methylated
derivatives:

R=H,  COO- , COOCH 3

R' =H, CH 3

N
	

N^

R'
	

R'

The binuclear copper(I) complexes are formally
two-coordinate, while additional ligand molecules
are required to obtain the corresponding
copper(II) complexes. By changing the type of
substitution of the xylyl residues and the nature of
the additional ligands we expect to vary the dis-
tance between the metal ions in the binuclear
complexes, while the substituents R and R' affect
the donor properties and charge of the ligands.
The characterization of the complexes and the
reactivity to dioxygen and other molecules of the
copper(I) systems will be discussed.
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298( —0.78)N - -Cu(II) b]

264( + 0.58)NH 2 —Cu(II) b]

590( —0.26)B + E
298(-0.48)N - — Cu(II)
259( + 1.9)NH 2 — Cu(I I)
520( —1.8)B +E
300( + 0.84)N - — Cu(II)
272( — 0.4)NH 2 — Cu(II)

LH 8.332(NH 3')
LH 2 3.700(/3000H)
LH 3 2.510(«000H)
CuL 6.18
CuH_ 1 L 2.28 635(84)

CuH_2 L — 6.39 625(130)

CuH_ 3 L —16.2 510(180)
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CO-ORDINATION ABILITY
OF AN N-TERMINAL TETRAPEPTIDE
FRAGMENT OF FIBRINOPEPTIDE A

Spectroscopic and potentiometric studies of the
interaction of Cu(II) with an N-terminal fragment
of fibrinopeptide A have shown considerable spe-
cificity of an aspartic acid residue (Asp-2) in

metal ion binding. In the system Cu(II) — Ala-
-Asp-Ser(Bzl)-Gly four distinct species are formed
involving all together the NH 2 group (Ala) and
three amide nitrogens (see Fig. 1). Correlation
of the spectroscopic and potentiometric data
(Table I) allows assignment of the species CuL to
co-ordination between Cu and NH 2 (Ala) and the
neighbouring peptide oxygen, CuH_ 1 L to NN co-
-ordination (NH 2 , N- ), CuH_ 2 L to NNN co-ordi-

Fig. 1

The distribution of species as a function of pH for solutions

containing Copper(II) and Ala-Asp-Ser(Bzl)-Gly with 1:1 metal

to peptide molar ratio.

Table I

Formation constants and spectroscopic data of proton and Cu(II) complexes with Ala-Asp-Ser(Bzl)-Gly

a) d-d transitions. b) charge transfer transitions.

302
	

Rev. Port. Quím., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

nation (NH 2 , N -, N - ) and CuH_ 3 L to NNNN
co-ordination (NH 2 , N - , N - , N - ).
Comparison of the formation constants of
CuH_ 1 L and CuH_ 2 L complexes (Table I) with
those of the comparable species in the Cu(II) —
tetraglycine system shows the influence of Asp-2
in the system studied. For example the CuH_ 1 L
complex (log /3=2.28) is significantly more stable
than with tetraglycine (log 0= —0.4, ref. [1]).
This comparison indicates clearly the involvement
of COO- of the Asp-2 residue in metal ion bin-
ding. The formation of the additional chelate ring
when COO - is bound to the Cu(II) ion in this NN
species leads to the creation of a very stable com-
plex with a maximum concentration reaching
100% around pH 7 (see Fig. 1).
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that no free terminal amino and carboxylate
groups are present to bind to the cation. Thus,
cyclopeptide complexes of metal ions represent
simple model compounds for the study of metal
ion interaction with amido groups and side chains
in proteins and polypeptides.
We have investigated copper(II) and zinc(II) com-
plexation with cyclo-L-histidyl-L-histidyl (cyhis).
Our interest in this type of ligand is well justified
in light of work reported previously in the litera-
ture. LANGEBECK et al. [1] found that cyhis
catalyzes the oxidation of DOPA and that the ad-
dition of Cu(II) to the reaction system accelerates
the oxidation. HORI et al. [2] have obtained the
crystal structure of Cu(cyhis) 2 (C1O4 )2 . 4H 2 O by
X-ray crystallography. On this basis it was pro-
posed that cyhis may be a good model for eluci-
dating interactions between metal ions and the
imidazole group of the histidine residue of some
enzymes.
In light of the problems associated with extrapo-
lating solid state properties to solution species, we
began an investigation of the coordination che-
mistry of the title ligand in aqueous solution.
Specifically, we determined by potentiometric ti-
tration the stability constants of the species for-
med between the ligand and either copper(II) or
zinc(II). The species M(cyhis) 2 ' was present in the
pH range 4.0 to 5.5 and was the principal com-
plex species observed.
The ligand protonation constants determined
potentiometrically were 6.53 and 5.49, for log K 1

and log K2 respectively, at 25°C and I=0.1 mol
dm -3 (KNO 3 ).
Calorimetric measurements were also carried out
to determine OH and AS values for the formation
of the metal complexes. These data helped in
ascertaining whether or not the imidazole nitrogen
is involved in the complexation process.

THERMODYNAMIC AND SPECTROSCOPIC
STUDY OF METAL COMPLEX
FORMATION WITH CYCLOPEPTIDES:
Cu(II)- AND Zn(II)-CYCLO-L-HISTIDYL-
-L-HISTIDYL
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Cyclic peptides can be very useful models for the
study of protein-metal ion interactions. Cyclic
peptides have the advantage over linear peptides
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STRUCTURAL INVESTIGATIONS
OF MAGNESIUM- AND COPPER(II)-
-HYDROGENURATES

Uric acid, uric acid dihydrate, sodium hydrogenu-
rate monohydrate and ammonium hydrogenurate
occur as crystalline solids in human urinary calcu-
li. Sodium hydrogenurate monohydrate microcrys-
tals in addition are the cause (or a consequence?)
of gouty arthritis. Beside these well known facts
some chemical but no structural information is
available about the interaction of uric acid with
bio-metals, e.g. Ca, Mg, Fe, Co, Cu or Zn.
We have grown single crystals of two different
phases of Mg(hydrogenurate) 2 .8H 2 0 and of
Cu(hydrogenurate) 2 .6H 2 0, determined their
crystal structures and investigated the thermal
decomposition of the compounds with different
methods of thermal analysis. Relevant crystal
data are: Mg(C SH 3N 4 O 3) 2 8H 2 O phase I,
a=9.573(2),  b=14.627(3), c=7.170(1)  A ,
0= 101.91(1)°,	 space	 group	 P 2 1 /c;
Mg(C 5H3N4O 3) 2.8H2O phase II, a =10.397(2),
b= 14.306(3), c=6.732(1) A, 0=104.64(2)°, space
group	 P 2 1 /c;	 Cu(C 5 H 3 N 4 0 3 ) 2 .6H 2 0,
a =6.929(4), b = 18.229(4), c = 14.559(5) A,
(3=102.70(3)°, space group P 2 1 /n.
The	 structures	 of	 both	 phases	 of
Mg(C 5 H3N403)2 . 8H20 contain isolated, slightly
distorted octahedral [Mg(H 2 0) 6 ] 2+ cations, hydro-
genurate anions and two molecules of water of
crystallization per formula unit. A structural for-
mula representing these facts is

[Mg(H 2 0) 6 ] (hydrogenurate) 2 .2H2 0. No bonding
interaction between magnesium and hydrogenura-
te is observed. According to literature data the
first deprotonation site of uric acid in solution
should be N(9). The hydrogenurate phases descri-
bed here however are deprotonated at N(3) (the
positions of the hydrogen atoms could be located
in difference fourier maps). Differences in details
of the geometry between the hydrogenurate anion
and uric acid may be described in terms of three
additional resonance structures distributing the
formal negative charge at N(3) within the pyrimi-
dine (but not the imidazole) ring of uric acid. In
both phases pairs of hydrogen-bonding of the
type N(1)-H(1)...0(8) and 0(6)...H(9)-N(9) result
in infinite chains of hydrogenurate molecules
along the b-axis of the cell.
Cu(hydrogenurate) 2.6H20 represents the first
example of a hydrogenurate d-metal complex as
evidenced by its crystal structure analysis. Depro-
tonation of uric acid has occured at N(9), and
copper exhibits a distorted square-pyramidal coor-
dination by two N(9) atoms of hydrogenurate and
three water molecules. There are three additional
molecules of water of crystallization per formula
unit. The hydrogen-bonding scheme is different
from that of the magnesium salts and is domina-
ted by pairs of the type N(1)-H(1)...0(8) and
0(2)...H(7)-N(7).
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MOLYBDENUM(VI) COMPLEXES
OF (R)-CYSTEINE IN AQUEOUS
SOLUTION

Complex formation between molybdate ions and (R)-cysteine

has been studied, in aqueous solution, over a range of concen-

trations and pH, at 298K and I=1 mol dm -3 (NaCI), using

UV, CD and NMR techniques. One main species is evident for

pH>6.5, in which cysteine is bonded as a tridentate ligand to

Mo(VI), forming a 1:1 complex. This compound has a forma-

tion constant log Kf = 18.23 +0.12, determined by CD measu-

rements. In solutions with pH values between 4.5 and 6.5,

apart from this complex, there is evidence for at least three

other species.

INTRODUCTION

Complexes of molybdenum(VI) with (R)-cysteine
have been studied by a number of authors [1-5],
as possible models for molybdenum-containing
enzymes.
An early report [1], based on spectrophotometric
studies, claimed the formation of complexes whe-
re ligand:Mo(VI) ratio varies from 3:1 to 1:1, in
aqueous solutions, at pH values between 4.6 and
6.5. Conflicting results about the nature of the
species formed and the pH region adequate for
their study, have been subsequently reported [4,5].
Circular dichroism proved to be a very informative
technique and was used over a wide pH range
(4.5-9.5), with varying metal and ligand concen-
trations. A number of UV and NMR experiments
linked our work with previous studies. We found
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that redox chemistry, although being important in
all conditions in which this and previous work
have been carried out, has not been properly con-
sidered in previous studies.
At pH values higher than 6.5, a single complex,
with Mo(VI):cysteine ratio equal to 1:1, has been
identified and its formation constant determined.
This species, and at least a second complex of
Mo(VI), is present at lower pH values. However,
in more acidic solutions (pH between 4.5 and
6.5) reduction of Mo(VI) is much faster, result-
ing in the formation of the known compound
[MoZ O 4 (cys) 2 ] 2- .

RESULTS AND DISCUSSION

SPENCE and CHANG [1] have studied the comple-
xes formed over a pH range from 4 to 6. Using
Job's method of continuous variation they have
suggested the formation of species where ligand:
metal ratio varies from 3:1 to 1:1 and have esti-
mated the formation constant for the first com-
plex. We have used the same method for studying
the species present in solutions with pH varying
from 6.4 to 8.5 and concentrations of Mo(VI) and
cysteine similar to those used by Spence and
Chang. Some of the results are shown in Fig. 1.
The molar ratios corresponding to the maxima of
the curves vary with pH, total concentration and
wavelength choosen. These results could be inter-

Fig. I

Job's plots of absorbances for solutions of sodium molybdate

and (R)-cysteine where

— Cmo +CCy0 =0.04 mol dm -3, pH= 8.5, 1=10 mm, and

(a) X=370  nm, (b) X=360  nm, (c) X=340  nm;

— CMo +Ceys =0.04 mol dm - 3 , pH= 6.4, 1=5 mm, and

(d) A=380 nm, (e) X=360 nm;

— Cmo + CO35 = 0.016 mot dm 3, pH = 6.4, 1= 5 mm,

(f) X=360  nm, (g) X=340  nm
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preted as meaning that complexes with ligand:me-
tal ratios varying from 1:1 to 3.5:1 have been for-
med. However we have other evidence for the
occurrence of fast redox processes in these solu-
tions, with formation of Mo(V) complexes of
cysteine, namely the well known [Mo 2 04 (cys) 2 ] 2-

compound. This complex absorbs strongly in the
region of our measurements, and at higher wave-
lengths than the Mo(VI) species. It has also been
found that the reduction is faster for higher total
concentrations, higher ligand:metal ratios and
lower pH values. All these results explain the de-
viation of the Job's plot maximum from a molar
ratio close to 1:1, when we increase total concen-
tration and/or decrease pH. This means that these
results should not be used by themselves to sup-
port the presence of species with Cys:Mo(VI) ratio
higher than 1:1.

CALLIS and WENTWORTH [5] studied this system
using 1 H NMR and found that reduction of
Mo(VI) occured for pH <8.5. Using solutions
with pH = 9.40, they have claimed evidence for
the formation of a 1:1 and a 3:1 complex. Having
studied the first species in detail, they have found
that the ligand should be tridentate and calculated
a formation constant, log Kf=  19.88 ± 0.06, for
the complex [Mo0 3 (cys)] 2- . Using analogous con-
ditions, we have obtained NMR spectra similar to
those described by Callis et al. However, other
signals were always present which could be assig-
ned for cysteine and [Mo 2 04 (cys) 2 ] 2- .
Solutions of (R)-cysteine and Mo(VI), with pH
values between 6.5 and 9.2 give CD spectra which
can be assigned to a single species. The spectra re-
corded for solutions where C M = 10 -2 mol dm -3 ,
C L :M Mo varied from 0.4 to 6 and 1=1  mol dm -3

(NaCl) were used to calculate a formation cons-
tant value, log K f = 18.23±0.12, for a complex
1:1. This compound had the stoichiometry confir-
med by applying ASMus's method [6] in the treat-
ment of these results, and we believe that it is the
species [Mo0 3 (cys)] 2- described by other authors
[1,5].
In solutions where pH varies from 4.5 to 6.5, qui-
te distinct CD spectra (X>250 nm) are observed.
These spectra were resolved into four compo-
nents: One, made of one negative ('max = 277 nm)
and one positive (X max =325 nm) band, is the
spectrum of the species 1:1 observed at pH >6.5.

A second component is a new positive band

(>max = 412 nm) and is tentatively assigned to a di-
meric complex of Mo(VI), [Mo 2 0 5 (cys) 2 ] 2- . Two
negative bands, centred at 357 and 385 nm, res-
pectively, are associated with Mo(V) complexes of
(R)-cysteine. This last assignment is further sup-
ported by the developments in the spectrum with
time, which eventually turn it into that of

[Moz 04(cYs)2] 2 .
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NEW NICKEL(II) COMPLEXES
WITH DITHIOCARBAMATE-DERIVATIVES
OF a-AMINOACIDS

Although little is known about the role of nickel
in vivo, it has been recognized that it is essential
in the growth of experimentation animals [1] and
its deficiency impairs iron absorption, reducing
the haemoglobin level; on the other hand, its abi-
lity in changing its coordination geometry (D4h,

Td, Oh) may make it important in a fine control
over metabolic activity, and is also useful as a
substituent for Mgt' because of their close
radii [2,3].
In an attempt to fathom its biochemistry, comple-
xes formed by Ni(II) and dithiocarbamate deri-
vatives of a-aminoacids have been synthetized
according to:

H2 
	2) C

z
S2 > Ba[S 2 C-NH-CH(R)-000] 2- A

A+Ni 2' I) Et 2 0 > Ni[S 2 C-NH-CH(R)-000H] 2 B
2) HCI

(R = H,Me,Et)

All reagents were from Fluka (p.a.) and were used
without any further purification.
Synthesis of compounds A has been described
elsewhere [4,5]. To obtain compounds B, an
aqueous solution of NiC1 2 .6H 2 O is dropwise
added on A dissolved in H 2 O (Ni:Ba= 1:2 molar
ratio). Addition of Et 20 and then HCl 0.1 M
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(stoichiometrically to yield BaC1 2 formation) leads
to extraction of compounds B in the organic pha-
se. A fine olive-green powder is obtained after
room temperature evaporation of Et 2 0. The pro-
duct is purified by recrystallyzation in Et 2 0
and acetone (final yield 70%). However, when
glycine is used, if addition of HCI and Et 2 0
is not carried out, evaporation of water yields
Ba[Ni(S 2 C-NH-C1-1 2 -COO) 2 ], while decomposition
products are obtained with alanine and
2-aminobutyric acid (R = Me,Et).
Chemical analysis (C,H,N,S,Ni) data agree with
the expected formula. Characterization of the
complexes has been carried out by IR spectros-
copy (KBr pellets, Beckman Acculab-10), UV-Vis
spectroscopy (in H 2 O or Et 2 0, Shidmazu
UV-240), 'H NMR (Hitachi Perkin-Elmer R-24B)
and magnetic measurements (at room temperatu-
re, Stanton MC-5 Gouy-type balance).
Nickel(II) (d 8 ) complexes may exhibit three diffe-
rent geometries: square planar (D 4h), octahedral
(O h) and tetrahedral (T d), the former being dia-
magnetic.
Compounds B are diamagnetic, and our IR results
(see below) indicate the presence of free -COOH
groups. With these results, the structure below
can be suggested.

HOOC-CH(R)- NH-C;_ 	 Ni ^S :C-NH-CH(R)-000H
`s/ Xs-/

The main features of the IR spectra have been
collected in the Table.

Table

Compound vCOOH PCOO - VCS vNiS

va vs

Ba(gly dtc) 1620(s) 1410(s) 620(m) —

Ni(gly dtc) 2 1700(s) — — 615(m) 380(w)

Ba[Ni(gly dtc): 1 1580(s) 1410(s) 645(m) 380(w)

Ba(DL -ala dtc) 1615(s) 1405(s) 620(m) —

Ni(DL -ala dtc)2 1700(s) — — 625(m) 370(w)

Ba(DL -2-am.but dtc) 1625(s) 1400(s) 635(m) —

Ni(DL -2-am.but dtc) 2 1695(s) — — 655(m) 370(w)

s = strong; m = medium; w = weak.

The v a and v S bands of the COO - groups in the li-
gands (compounds A) have been recorded at 1625-
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-1615 cm - ' and 1410-1400 cm -1 , respectively, while
for compounds B only one band at 1700-1695
cm - ', due to v co in COOH groups, is recorded.

v NH and PCN bands are recorded in both series of
compounds A and B at the expected positions
3330-3270 and 1545-1500 cm - ' and do not change
significantly between each pair of compounds A
and B, while the ', Nis  band is recorded at 380-370
cm - '.
The position of the band corresponding to the vcs
vibration in dithiocarbamates has been a matter
of controversy, and largely depends on the bond
order in such a moiety. Taking into account the
feasibility of a resonance of the type

S^	 -S +
^C-NH-CH(R)-COOH -- sg= NH - CH(R) -000H

S^	 -S

(i.e., lowering the C-S bond order), BECK et al.
[4] have ascribed to this vibration a band at ca.

630 cm - ' in compounds similar to those studied
here, although other authors argue that it is recor-
ded around 1000 cm - ' [6].

Finally, 'H NMR spectra coincide with those
expected for the formula above depicted.
A structural (X-ray diffraction) determination of
glycine-compounds A and B is under progress.
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Electronic spectra of compounds A show three
very intense bands at 205, 250 and 275 nm. For
compounds B, bands are recorded at v, = 230 nm
(broad, sometimes splitted) and v2 = 320 nm
(E= 8000 dm 3 mol - ' cm - ' in both cases), with lower
intensity bands at v 3 =390 nm (E = 1800), v 4 =480-
-475  nm (E= 20) and v 5 = 640-630 nm (e = 30).
Bands v, and v 2 should be originated by intra-
-ligand transitions, and the shift observed if com-
pared with those of the free ligands may be origi-
nated by electronic effects. Bands v4 and P5 are
due to d-d transitions (Laporte-forbidden), while
band v3 is M-L charge transfer in origin [7].
For d 8 systems in Doh geometry three spin allo-
wed, Laporte forbidden bands are expected, cor-
responding to transitions E g(xz,yz) B ig(x2 -y2 ),

A ig(z2 ) — B ig(x2 -y2 ) and B 2g(xy) BIg(x2-y2).
Taking into account that the ligands are bidenta-
te, the symmetry would be D2h and band splitting
is expected, although usually a mere broadening
of the band is observed.
The lowest energy d-d transition is usually recor-
ded above 1000 nm, and so, bands v 4 and v 5 at
480-475 and 640-630 nm may be ascribed to tran-
sitions A Ig  B ig and E g - B ig , respectively.
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PREFERENTIAL CATALYSIS OF MODEL
REACTIONS IN THE COBALT(III) COMPLEX
OF THE VITAMIN B-6
SCHIFF BASE OF GLYCINE

Vitamin B-6 is an essential cofactor to a large
number of enzymes which catalyze many diverse
reactions of amino acids. The heterocyclic aldehy-
de, pyridoxal is one of the forms of the cofactor.
It has been recognized for many years that pyri-
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doxal can catalyze non-enzymic reactions of ami-
no acids and that these reactions are often subject
to strong additional catalysis by metal ions [1].
Such model reactions have provided a wealth of
mechanistic information which has been of great
assistance in determining the mechanism of the
enzymic reactions.
The vitamin B-6 catalyzed reactions are based
on transformations of a schiff base formed from
the amino acid and pyridoxal. They occur through
electron shifts cleaving a substituent to the
amino acid a-carbon atom as illustrated in I.

Dunathan has suggested that selective catalysis of
bond breaking at the amino acid will occur when
the bond to be broken is oriented so that it best
overlaps with the it orbital terminating at the azo-
methine nitrogen [2].
Using amino acid glycine, it is possible to synthe-
size cobalt(III) complexes of vitamin B-6 schiff
bases which can be used to test Dunathan's hypo-
thesis and determine the magnitude of catalysis re-
sulting from the proper orientation of the bond to
be broken [3]. The complex tetramethylammo-
nium bis(pyridoxylideneglycinato)cobaltate(III)
has been synthesized and its structure determined
by X-ray crystallographic methods. The complex
crystallizes in a triclinic unit cell and belongs to
the space group PT. 3,007 reflections were collec-
ted. The position of the cobalt ion was revealed
by a Patterson synthesis and the positions of all
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non-hydrogen atoms were determined by least
squares refinement. With anisotropic thermal pa-
rameters for all non-hydrogen atoms, the structu-
re refined to an R value of 0.117. The magnitude
of the R values is a consequence of disorder asso-
ciated with the tetramethylammonium cation and
from hydrogen bonding involving the waters of
crystallization. The standard deviations of the
bond lengths and angles are quite satisfactory and
agree closely for the two independent but identical
ligands. Formula I illustrates the coordination of
the cobalt ion by one of two ligands. Complete
crystallographic data are available upon request
from the author.
The structure reveals a distortion of the chelate
rings which renders the glycine protons strongly
non-equivalent and places them at different dihe-
dral angles with respect to the azomethine it
system. The distortion is illustrated in fig. 1.

Fig. I
Location of ligand atoms with respect to the plane determined
by the cobalt ion and the atoms coordinated to it. Distances
are in angstroms. C-9 is the a-carbon atom of the amino acid.

This is a partial structure

Different dihedral angles for the two methylene
protons is supported by their different four-bond,
pseudoallylic NMR coupling to the proton on the
azomethine carbon atom. Values of 1.95 Hz and
1.17 Hz are observed.
Chemically, there is an important consequence of
the non-equivalence of the methylene protons on
the amino acid a-carbon atom. The rates of deu-
teration were measured for these two protons as a
mean for evaluating the kinetic differences in
breaking each bond. The carbon-hydrogen bond
which best overlaps the 7r orbital of the azomethi-
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ne nitrogen is the one most easily broken. For the
fast proton H f = 9.9 Kcal/M and z S ±= —28
eu. For the slower reacting proton zH t = 14.5
Kcal/M and z S } = —17 eu. This shows that the
stereochemistry of the Schiff base plays an impor-
tant role in the reactivity of the amino acid substi-
tuents and that proper orientation of the bond to
be broken results in a lower barrier for the reac-
tion and shows how the enzyme might bring
about its rapid rates of reaction.
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EXAFS STUDIES OF GEL
AND SOLID FORMS
OF Ca 2 + -a-D-POLYGALACTURONATE

Knowledge of the structural assemblies involved in
the biologically important Caz+ polysaccharides is
still fragmentary. We have measured the EXAFS
spectra of the gel and solid forms of Caz+-a-D-
-polygalacturonate, the major intercellular compo-
nent of deacetylated pectin [1]. Calcium ascorbate

dihydrate and the 2-keto-D-gluconate were used as
model compounds [2]. Filtered Fourier transforms
of the extracted EXAFS (widest common k range
possible; k 3 -weighted; not phase-shift corrected)
are shown in the figure.

The first shell peak is clearly different in the two
materials, i.e. the Ca-0 bond distance distribu-
tions differ. The gel gives a well-defined peak,
whereas the solid has a shoulder at higher Ca-0
distance. (EXAFS of the models confirm that an
asymmetry can be identified when the spread of
Ca-0 bond distances is at least 0.2 A, as in the
2-keto-D-gluconate).
Further structure is visible out to 3.5 Á, and is
again different in the two forms. Full parameter
fits are in course and should provide information
on the possible 2 1 and 3 1 configurations put
forward in the literature [3].
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MODES OF COMPLEXATION OF CYCLIC
PEPTIDES WITH LIGHT METAL IONS

The structures and conformations of a number of
free cyclic peptides and the same peptides comple-
xed with Li', Na', K' or Mgt" ions have been esta-
blished by X-ray diffraction analyses of single
crystals. The different modes of complexation
that have been found are: 1) an infinite sandwich
in which the metal ion and the cyclic peptide
alternate [1]; 2) a discrete sandwich in which the
metal ion is between two cyclic peptide molecules
[2-4]; 3) incomplete encapsulation of the metal ion
by one peptide molecule [5,6]; 4) complete encap-
sulation by one peptide molecule [7,8]; and 5) the
metal ion partially exo to the polar cavity formed
by the peptide [9]. Modes 1)-4) appear to be a
function of the size of the cyclic peptide, begin-
ning with a pentapeptide for 1) and progressing to
a dodecapeptide for 4). Mode 5) can occur when
the size of the metal ion is mismatched with the
size of the cyclic peptide.
The complexation of cyclic oligopeptides with me-
tal ions requires the formation of ligands between
the metal ion and carbonyl oxygens. If the peptide
is too small, even acting in pairs, then the incom-
plete coordination sphere about the metal ion is
completed by ligands to the oxygens of water mo-
lecules [1] or to O or N atoms of solvent molecu-
les [5,6] such as CH 3 CN, C 2 H 5 OH, (CH 3 ) 2 C0 or
to counterions [1] such as SCN - . The Mgt" ion
has shown an almost exclusive preference for oc-
tahedral coordination [1,2], with all O-Mgt'-X
angles (X = O or N) very near to 90°. The Li' and
Na' ions adjust their coordination to the local
geometry, as for example, in the complexes with
antamanide and antamanide analogs, the Li' and
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Na' ions have pentacoordination with ligands to
four carbonyl O atoms in a square array and the
fifth ligand to a polar atom of a solvent molecule
at the apex of the coordination pyramid [5,6]. In
every case, the ligands to O or N atoms radiate
from the metal ion in all directions and a polar
envelope about the metal ion is provided that
separates it from the lipophilic regions of the
peptide.
The free cyclic peptide is not in a conformation
ready to accept and encapsulate a metal ion. Seve-
re conformational changes occur upon complexa-
tion. To demonstrate that complexation is respon-
sible for the conformational changes rather than
other changes in the crystal environment such as
packing, intermolecular interactions, and/or sol-
vent inclusion, a number of crystal structure
analyses were performed on the uncomplexed pep-
tides, or closely related analogs of the peptide.
To illustrate, the cyclic decapeptide antamanide

Pro 3 -Ala4 -Phes-Phe 6 -Pro 7

Pro 2 -Val 1 -Phe 10 -Phe 9 -Pro 8

and the biologically active analog [Phe 4 ,Va1 6 ]
antamanide were crystallized from solutions con-
taining water and common organic solvents such
as C2 H 5 OH, CH 3 CN, acetone, DMFA, etc., and
from completely nonpolar solvents such as n-he-
xane. The resulting crystals had different packing
arrangements of the peptides, different solvent
inclusions (both polar and nonpolar) and several
different side chains on the peptides. Nevertheless,
the folding of the backbone and the twisting of
the side chains are almost identical in all the
crystals [10-12]. Similarly, the conformations of
the cyclic pentapeptides (Gly-Pro-Gly-D-Ala-Pro)
and (D-Phe-Pro-Gly-D-Ala-Pro) are superimposa-
ble despite a different side chain and different
packing in the respective crystals [13,14]. Simi-
larly, uncomplexed valinomycin crystallized from
different solvents and occurring in different
crystalline packing arrangements has a unique
elongated conformation [15-17].
The process of forming complexes with Li', Na'
and Mgt' with each of the cyclic peptides involves
major changes such as the rotation of one or
more peptide units by as much as 180°. On com-
plexation in antamanide, not only does the flatte-
ned elongated cyclic backbone become folded, but
sequences 4,5,6 and 9,10,1 turn inside out so that
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the exo carbonyl groups turn into the cavity to
form ligands with the metal ion [5,6,10-12]. In ad-
dition, cis/trans isomerism of amide bonds may
occur [2,18], intramolecular hydrogen bonds are
broken [1,2,18], and elongated peptide ring back-
bones become folded. Examples will be presented.
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THE EFFECT OF SODIUM ION
INTERFERENCE ON BIOINORGANIC
FORMATION CONSTANTS
DETERMINED BY GLASS
ELECTRODE POTENTIOMETRY

Recently, a library of computer programs for the
determination of metal-ligand formation cons-
tants, called ESTA (Equilibrium Simulation for
Titration Analysis), has been developed [1]. These
programs permit various corrections which are
important in the measurement of thermodynamic
parameters required by those modelling metal-ion
interactions in biological fluids (e.g. blood plas-
ma, intestinal juice and saliva [2]). Changes in
ionic activities, liquid junction potentials and ion-
-selectivity of the electrodes used for potentiome-
tric titrations can be calculated [3].
Such corrections become necessary when the back-
ground ionic strength of a titration is not high
enough to remain reasonably constant. This is
often the case in work of biological relevance,
where ionic strengths less than 200 mmol dm -3 are
commonplace. Moreover, the formation constants
of many bioinorganic systems are such that pH
measurements need to be made in relatively alkali-
ne solutions where sodium ion interference with
the glass electrode response is most pronounced.
The object of the present work was to quantify
the effect of this interference and to assess the
seriousness of neglecting it in a typical study
of a metal-ligand interaction with bioinorganic
interest.
In the first stage, potential differences arising
from the presence of sodium ions in the titration
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solutions were characterised in terms of two para-
meters, K and a. K is the selectivity coefficient
in the NICOLsKI equation [4] when a= 1. Data
were collected experimentally and from the lite-
rature [5].
In the second stage, experimental titration data
for the binding between zinc(II) and the amino
acid, cysteine [6,7] were analysed using the ESTA
program. Sodium ion interference was found to
introduce a systematic error, rising to several mil-
livolts towards the end of each titration. As a
result, the first protonation constant of cysteine
(log 0101 = 10.01) was lowered by 0.03 log units by
omitting from the numerical analysis the effects
of sodium ion in the background electrolyte. Lar-
ger differences were found for the metal-ligand
formation constants (e.g. 0 log Ono = 0.06;
O log 0330 = 0.1). Generally, the errors were about
ten times larger than the calculated standard de-
viations for the corresponding formation cons-
tants.
It may be concluded that significant systematic
errors have affected many bioinorganic formation
constants determined in sodium ion background
electrolyte solutions. However, with modern glass
electrodes, the magnitude of these errors is pro-
bably about the same as other systematic effects
(such as those arising from errors in the analytical
concentrations of the solutions being titrated). Ne-
vertheless, they are sufficiently serious to warrant
attention in any precise determination of forma-
tion constants for bioinorganic purposes.
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SYNTHESIS AND CHARACTERIZATION
OF d-BLOCK COMPLEXES
WITH BROMAZEPAM AS LIGAND

Working in the field of 1,4-benzodiazepines of
biological and pharmacological interest as ligands,
we report the complexes of ruthenium(III),
osmium(III), rhodium(111), iridium(III), palla-
dium(II) and platinum(II) halides with
7-bromo-1,3-dihydro-5-(2-pyridil)-2H-1,4-ben-
zodiazepin-2-one (bromazepam).

N

These new derivatives, of the ML 3 X3 and MLX2

type, have been characterized on the basis of ele-
mental analyses, IR and electronic spectra, multi-
nuclear NMR studies, conductivity measurements,
magnetic susceptibility data and thermal analyses.
These studies suggest a pseudo-octahedral struc-
ture for rhodium and iridium derivatives and a
square planar geometry for the palladium and pla-
tinum ones. The ligand behaves always as biden-
tate through the nitrogen in 4-position of the
diazepine ring and the nitrogen of the pyridine
ring.
Assignments for the metal-ligand and metal-halide
bands have been made.
The results will be compared with those obtained
with other 1,4-benzodiazepines.
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DYNAMICAL PROPERTIES OF ATP/CdCl 2

AND ATP/Cd(C10 4) 2 COMPLEXES:
A COMBINED 13C AND 113Cd
RELAXATION STUDY

In the past and recent years a great deal of inves-
tigations were undertaken on the binding mode
between ATP and divalent metal ions, especially
because of the intrinsic relevant biological impor-
tance.

NH2
^.

i^	 5

3_.^

H

Nuclear Magnetic Resonance has been throughly
applied in most of these works; however, despite
the overall NMR parameters employed, a number
of questions on the binding sites on the nucleotide
and on the metal ion coordination sphere has still to
be answered [1]. Here we present the results of 13C
and 113 Cd spin-lattice relaxation and 13 C-1'H1 and
113 Cd-'H 1 nuclear overhauser studies of ATP in
presence of the diamagnetic salts CdCl 2 and
Cd(C10 4 ) 2 (Table 1).
The pertinent data were obtained by means of the
following formulas:

where

n H 	= number of relaxators (protons)

'Yx,Wx
 = gyromagnetic ratio and angular fre-

quency of the pertinent nucleus ( 13C,
113Cd) at 1.88 T

= distance of the relaxator from the perti-
nent nucleus;

Table 1

13C Spin-lattice relaxation data and viscosity 6J measurements
of ATP/CdCl2 and ATP/Cd(C104)2 systems in aqueous

solution

ATP	 ATP/CdCl2 ATP/Cd(CIO4) 2

C2	 C8 C2	 C8 C2	 C8

2	 T 1 (sec) 0.223	 0.207 0.095	 0.082 0.071	 0.067

tlobs 2.06	 1.97 1.26	 1.37 1.22	 1.23

tlmax 1.99 1.99 1.99

T1 DD (sec) 0.223	 0.207 0.150	 0.121 0.120	 0.108

Tc (sec)al 1.9.10 -10 3.5.10-10 4.2.10-10

71(cP) 1.47 1.58 1.49

6.5 T 1 (sec) 0.203	 0.171 0.070	 0.058

tlobs 2.06	 1.96 1.07	 1.13

tlmax 1.99 1.99
Ti DD(sec) 0.203	 0.171 0.130	 0.103
Te (sec)al 2.3.10 -10 4.1.10- lo

7/(CP) 1.57 1.70

a) Arithmetic averages over the two carbon atoms.

On these basis information was obtained on the
dynamics of the complexes and on the number of
water molecules coordinated to the metal ion [2,3]
(Table 2).

8

rxH

pH
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Table 2

113Cd Spin-lattice relaxation data for ATP/CdCl2 and
ATP/Cd(C104)2 in aqueous solution

pH=2
ATP/Cd(C10 4)2

pH=2
ATP/CdC1 2

pH = 6.5
ATP/CdCl 2

T I (sec) 1.26 2.37 3.20

nobs —0.45 —0.54 —0.35

nmax —2.19 —2.21 —2.19

T1 DD(sec)
n	 a)

H

6.13
10.2

9.68
7.6

20.03
3.2

a) Values calculated from eq. (3) with rCd-H = 2.98 A

It was found that the number of coordinated
water molecules strongly depends on the metal ion
accompanying counterion (C1 - or C1O:1), while the
dynamics' data are discussed in terms of increased
nucleotide self-association induced by the presence
of the metal ion.
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CHIRAL DISCRIMINATION IN ELECTRON
TRANSFER REACTIONS
BETWEEN ASYMMETRIC SPECIES

A simple, though realistic, synthetic model of
enzymic material for stereoselective oxidation
reactions has been prepared by us anchoring he-
min-like [Fe(tetpy)(OH) 2 ]* ions to poly(L-glutama-
te) (FeTL) or poly(D-glutamate) (FeTD)
(tetpy = 2,2',2",2"'-tetrapyridyl) [ 1,2]. The struc-
tural features of FeTL system, under conditions
where it exhibits stereoselective activity, are
illustrated in Figure. The molecular model was
obtained by conformational energy calculations,
partially based on available X-ray data, and is
fully consistent with a number of experimental
findings [3].

Oxidation of chiral catecholamines, such as
L-dopa and L-adrenaline, by FeTL and FeTD
enantiomeric systems was found to proceed ste-
reoselectively [2], as shown in Table, were ther-
modynamic data for the formation of the diaste-
reomeric precursor complexes are also reported.
From the results, it appears that: i) stereoselecti-
vity is largely controlled by kinetic effects,
A(OG *) being definitely higher than A(OG°), and
ii) the energetics of chiral discrimination, z(OH),
is of the order of magnitude that one would have
been expected on the basis of 0(OG°) values, on

the reasonable assumption that the entropies of
association of the diastereomeric pairs are nearly
identical.

We have also investigated the geometric and steric
constraints which control the formation of the
diastereomeric adducts by conformational energy
calculations, based on nonbonding, electrostatic
and hydrogen bonding energy terms [3]. The most
relevant molecular parameters of the hypothetical
models of the diastereomeric noncovalent elec-
tron-transfer complexes, corresponding to the
deepest minimum in the total interaction energy,
are reported in the same Table. Inspection of the
Table indicates that: i) the redox centers in the
diastereoisomers experience a different separation
distance (and mutual orientation), as one would
predict for kinetically-controlled stereoselectivity,
ii) the difference in the total energy between LL

and DL pairs agrees surprisingly well (both in
magnitude and sign) with the experimentally de-
termined 0(OH) values, and iii) stereoselectivity
calculated [3] by the molecular parameters of the
models is in satisfactory agreement with that ob-
served.

These findings, and the indirect tests carried out
in searching vainly an agreement between calcula-
ted and experimental stereoselectivity using mole-
cular parameters corresponding to other relative
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Table

Kinetic, Calorimetric and Molecular Parameters of the Diastereomeric Electron-Transfer Complexes

Reductant	 Diaster. G¿L -
GpLa.b) 

GLL -GDL 
c.b) 
	 d) Re.Q	 R+B.f7

ULL -UDLh,f) Stereoselectivity

cld'• l ) 	cld'•m)	 exp°)

L-dopa

DL

LL

DL

LL

	7.0+0.1 	7.1+0.1

568+110	 253+120	 130+50	 60+90	 4.2+0.8 2.6+0.5 3.9+0.8

	

5.8+0.1	 7.5+0.1

L-adrenaline

	7.0+0.1 	7.5 +0.1

711+100	 161+110	 250+100	 245+185	 4.3+0.8 4.6+0.7 4.5+1.1

	

7.5+0.1	 7.8+0.1

a) Difference (cal/mol) in the standard free energies of the diastereomeric transition states of the electron-transfer step;

b) from kinetic data in the steady-state approximation (25.9°C);
c) difference (cal/mol) between the standard free energies of the diastereomeric precursor complexes;
d) difference (cal/mol) between the enthalpies of formation of the diastereomeric pairs, from differential calorimetric measurements at

25°C, under conditions where the association of substrates is virtually complete;
e) closest catecholic- -	 Fe separation distance (A);
f) from conformational energy calculations in the deepest minimum of total interaction energy, given as a sum of all pairwise non-

bonded, electrostatic and hydrogen bonding interactions (average values as obtained using two types of nonbonded potential fun-
ctions and four different sets of values for the interatomic interaction parameters);

g) closest catecholic-O- ••••Fe separation distance (A) via tetrapyridyl ring, estimated from the molecular geometry of the models;

h) difference (cal/mol) in the total potential energy between LL and DL diastereoisomers in the deepest minimum of total energy;

i) overall stereoselectivity calctylated by (RDL/RLL)2 exp [(ULL-UDL)/RT](keLDL/keiLL),  where RDL(LL) refers to R or R' and ket is the
specific rate for the intramolecular electron-transfer process, as obtained by kinetic data in the steady-state conditions;

I) using R values;

m) using R' values;

n) 25.9°C, pH 7, 0.05 M Tris buffer, [C]/[P]=0.20, a-helical fraction in the polypeptide matrices =0.70, as determined by

chiroptical measurements.

minima of the total energy as well, lead us to con-
sider the present hypothetical models as a good
representation of the actual diastereomeric elec-
tron-transfer complexes. They confirm the idea
that chiral discrimination in the reactions investi-
gated is coupled with a remote attack mechanism
on the central metal ion via the peripheral tetrapy-
ridyl ligand of the active site [2,3]. In the sense
that FeTL (or FeTD) system contains both bin-
ding and catalytic sites, it may be considered as
an enzymic model.

REFERENCES

[1] M. BRANCA, M.E. MARINI, B. PISPISA, Biopolymers,

15, 2219 (1976);
M. BRANCA, B. PISPISA, J. Chem. Soc., Faraday Trans. I,

73, 213 (1977).
[2] M. BARTERI, B. PISPISA, J. Chem. Soc., Faraday Trans. 1,

78, 2073, 2085 (1982);
B. PISPISA, M. BARTERI, M. FARINELLA, Inorg. Chem., 22,
3166 (1983);
B. PISPISA, M. FARINELLA, Biopolymers, 23, 1465 (1984).

[3] B. PISPISA, A. PALLESCHI, M. BARTERI, S. NARDINI, J.
Phys. Chem., in press.

Rev. Port. Quím., 27 (1985)	 317



POSTER SESSIONS: 5. COMPLEXES OF BIOCHEMICAL INTEREST

PS5.19 — TU

L.L. FISH
A.L. CRUMBLISS
Chemistry Department

Duke University

Durham, N.C. 27706

U.S.A.

AN INVESTIGATION OF THE KINETICS
AND MECHANISM OF IRON(III)
RELEASE FROM N,N'-DI(2-HYDROXY-
BENZYL)ETHYLENEDIAMINE-N,N'-
-DIACETIC ACID AS A MODEL FOR IRON
EXCHANGE FROM TRANSFERRIN

The kinetics and mechanism of the release of
iron(III) from N,N'-di(2-hydroxybenzyl)ethylene-
diamine-N,N'-diacetic acid (HBED) [1] has been
investigated. Because the donor groups of HBED
(phenol, carboxylate, amine) provide a hexaden-
tate binding site which has a high affinity for
iron(III) and which has certain similarities to
transferrin [2], this reaction may serve to mimic
iron dissociation reactions from transferrin.
Our initial study of this complex was made by
investigating the following iron(III) exchange
reaction,

FeHBED - + H xEDTAx-4 + (z-x)H' — FeEDTA - + H 2 HBED" (1)

The rate law for this exchange reaction over the
pH range from 2.5 to 6.0 expressed in terms of
EDTA4- is as follows.

Rate = (k 2 [H' ] 2 + k 3 [H1 3 +1( 4 [141 4  +

+ k 3 11-11 5 )[FeHBED - 1[EDTA4-](2)

These observations are consistent with five paral-
lel paths to products as shown in the Reaction
Scheme.
The values for the microscopic rate constants and
pH range where each path contributes signifi-
cantly to product formation are as follows: (3) pH
6.0-4.5, k 11 = 1.4 M-2 s -1 ; (4) pH 6.0-2.5, k21 =
= 1.0 tvr 2s -1 ; (5) pH 4.5-2.5, k 22 <_ 7.5 x 10 2 tvr 3s -1 ;

(6) pH 3.8-2.5, k 31 = 1.6 tvr 2 s -1 ; (7) pH 3.8-2.5,
k 32 <_ 2.5 x 10 3 ]vr 3 0. Apparently the microscopic
rate constants are not influenced by the degree of
protonation of EDTA. This is consistent with a
carboxylate group, unprotonated over the entire
pH range, being the site of primary attack by the
EDTA leading to ternary complex formation.
Protonation of one or both of the phenolate
groups of HBED further assists the iron ex-
change.
The influence of acetohydroxamic acid as a
catalyst for reaction (1) was investigated. A signi-
ficant rate enhancement was observed at physiolo-
gical pH. Possible mechanisms for this catalytic
effect will be discussed.

Reaction Scheme

FeHBED - + HEDTA 3- + H' k 11 	(3)

FeHBED - + H z EDTA2- + H' kẐ \ (4)

FeHBED-+HzEDfiA2-+2H'k2^fFeÈDTA + H 3 (HBED) (5)

FeHBED - + H 3 EDTA - + H'  1(11 / (6)
r

FeHBED- + H3EDTA - +2H'  k32 	(7)

In order to determine the usefulness of HBED as
a kinetic model for transferrin, certain experi-
ments previously reported for transferrin [3,4]
were duplicated using FeHBED - . Initial rate stu-
dies for iron(III) exchange between FeHBED - and
EDTA, thioglycolate, and pyrophosphate were
carried out at physiological pH. These results are
compared with results from the corresponding
transferrin reactions in the Table. Also included
in the Table are redox reactions using dithionite
and thioglycolate reductants and bathophenanth-
roline-disulfonic acid (BPS) as a trap for the dis-
sociated iron(II). The transferrin system reacts 10 2

to 10 5 times faster than FeHBED - toward compet-
ing chelating agents. In the reduction reactions,
however, the thioglycolate reaction proceeds at
comparable rates and the dithionite reaction is 10 2

faster for FeHBED - than transferrin. Furthermo-
re, the FeHBED - system exhibits a wider reacti-
vity range than does transferrin (variation in k by
10 6 for FeHBED - and 40 for transferrin). Appa-
rently HBED is not a good kinetic model for
transferrin, despite the binding site similarities.
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Table

Comparison of ligand exchange kinetics for FeHBED and Fe-Transferrin at pH 7.4°t

X = HBED	 X = Transferrin

kHBED, S-1 kTf	 s
_1

kTfikHBED

FeX +L--> FeL +X
2.7 x 10-' 4.1x10_4 b) 1.5 x 105L=0.05 M EDTA

L=0.1  M Thioglycolate 3.5 x 10-6 3.6x10 -'`1 1.0x 102

1 =0.06 M Pyrophosphate 1.3 x 10- ' 1.9 x 10-3 `) 1.5 x 10*

Fell ' X + BPS	 R 	> Fe ll (BPS)3 + X
R=0.03 M Dithionite 5.7 x 10-3 4.3x10 -5 `) 7.5 x 10 -3

R=0.1 M Thioglycolate 4.2 x 10-5 3.6x 10-4 `) 8.6

a) All data 25°C, 1=0.1 M KNO 3 . b) [3]. c) [4].

The implications of this observation in terms of
the role of the protein and/or HCO3/CO3 in
influencing the lability of the iron in transferrin
will be discussed.
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NET ELECTRON ACCEPTOR/DONOR
CHARACTER OF ISOCYANIDES
AND DINITROGEN AT THE IRON(II)
CENTRE IFeH(Ph 2PCH 2CH 2PPh 2)2) + :
AN ELECTROCHEMICAL STUDY

1 - INTRODUCTION AND RESULTS

Isocyanides (C = NR) have been used as probes
for the study of the electronic and chemical pro-
perties of dinitrogen activated by a transition
metal centre [1].
Hence, e.g., an analogy of chemical behaviour
between N2 and CNR was detected when they
bind a d 6 Mo or W phosphinic centre, both subs-
trates being activated towards ready electrophilic
attack. The net electron donor/acceptor character
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of N2 and CNR and their chemical reactivities
were also compared [2,5] when they ligate
[ReCl(dppe) 2 } and in the present work we extend
to a group VIII centre, [FeH(dppe) 2 }', the compa-
rison between these two substrates.
Complexes trans-[FeH(L)(dppe) 2 ]A (L = N 2 or
CNR with R = C 6 H4 NO 2 -4, C 6 H 4 Me-4, C 6 1-1 5 ,
C6 H4 OMe-4, Me, Et or Bu `; A - = BF4- or PF6 - ),
which were prepared according to reaction (1) [3],

[FeHCI(dppe) 2 ] +TIA +L — [FeH(L)(dppe)2 ]A+TICI (I)

undergo a partial reversible or an irreversible elec-
trochemical oxidation at a Pt electrode, in thf (or
NCMe)/[Bu 4 N][BF4 ] or in thf/LiC1O 4 , and the
values of EP¡2 were compared with those obtained
by other authors [4] for the analogous carbonyl,
nitrile and thiocyanate compounds trans-[FeH(L')
(dppe) 2 ] " (n = + 1; L' =CO, NCMe or NCPh.
n=0;  L' =SCN - or Cl - ). The following order of
E P¡2 is then observed: CO > aryl isocyanides> alkyl
isocyanides > NCPh > NCMe - N2 > SCN - >C1 --
which  corresponds to the order of decreasing net
electron it acceptor — a donor character of these
ligands.

2 — DISCUSSION

2.1 — Isocyanide and dinitrogen ligand PL

parameter at the (FeH(dppe) 21 + centre

A linear relationship between E ¡¡2 of complexes
[FeH(L')(dppe) 2 ]" (see above) and the P L ligand
parameter for L'— defined [4] as P L = E ¡2
[Cr(CO) 5 L] - E7¡2 [Cr(CO) 6 ]—was previously
reported by other authors [4]. In the present
study, this relationship is expressed for EP¡2 by
equation (2) which allows to estimate the P L va-
lues for the isocyanide and the dinitrogen ligands

E°1±, 2 = 1 + P L (volt)	 (2)

at the (FeH(dppe) 2 1' centre (from the knowledge
of the corresponding E P¡2 which were obtained
experimentally in this work): P L(CNR) falls in the
range —0.1 to —0.2 V (depending on R) and

PL(N2)=-- —0.5 V.

2.2 — Dependence of the net electron
acceptor/donor character of isocyanides
and dinitrogen on the electron-richness
of the binding metal centre

The electron-richness, E s , of a metal centre [M S },
defined [4] as E S = E ¡¡2 [M S(CO)] (a higher elec-
tron-richness corresponds to a lower E S value),
constitutes a relevant electrochemical parameter
for the study of the electronic releasing ability of
the metal centre. Isocyanide and dinitrogen ligand
P L values at the (FeH}' centre (Fe=Fe(dppe)2 )
were compared with those estimated for metal
centres with clearly distinct electron-rich charac-
ters, such as [Mo(N 2 )} and (Cr(CO) 5 1 (Table) and
a few observations may be presented:
— For both N2 and CNR, the net electron
acceptor/donor character (E L) appears to be de-
pendent on the electron-richness (E 5) of the metal
centre: a decrease in the former may result from
lowering the latter.
— A higher P L dependence on E s is observed for
N2 rather than for CNR: for the very high elec-
tron-rich (Mo(N 2 )} centre, N2 is a strong net
acceptor ligand (even better than isocyanide),
whereas at {FeH}' the former presents a much lo-
wer electron acceptor character (weaker than isoc-
yanide) and binds only weakly to the metal site;

Table

PL ligand parameter for CNR and N2 at metal centres with

different electron-richness (E5)

Metal centre s) Es /V PL(CNR)/V PL(N2)/V

(Mo(N 2 )) —0.13b) —0.23(CNBu`)`) —0.07b)

(FeH]' +1.04b) ca. —0.1 to —0.2 ca.-0.5c)

(e.g.,— 0.2 for CNBu`)e)

( Cr(CO) 5 +1.53 w ca. —0.33 to —0.44 e)

(e.g.,-0.44 for CNBu`)b,d)

a) M=M(dppe)2 . b) Ref. [4]. c) Estimated in the present
study. d) Ref. [5]. e) Does not bind N2.

the least electron-rich centre, (Cr(CO) 5 1, is even
unable to bind N2 (the isocyanides present then a
considerably lower net electron-acceptance than
when ligating the other more electron-rich centres
which can bind N 2 ).
— Isocyanides appear to present a nearly constant
(at least compared to the carbonyl reference li-
gand) net electron acceptor character when bound
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to the centres which can ligate N2, (Mo(N2)) and
(FeHr, in spite of their so different E S values
which may perhaps be accounted for by the elec-
tronic effects of the trans ligand.
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plete cleavage of the unsaturated bond to afford
amines and methane, e.g., according to reaction
(1) (C2 and C3 hydrocarbons are also formed in
lower yields).

C=NMe+6H' +6e - — CH 4 + H2NMe (1)

The mechanism of the C = N bond cleavage is yet
unknown, but the study of the activation of isoc-
yanides by transition-metal centres in well defined
coordination compounds may provide some useful
information for the understanding of the process.
When bound to a transition metal centre with a
low 7r-electron releasing ability, isocyanides can
undergo attack by a nucleophile at the ligating
carbon; however, the isocyanide ligand can be ac-
tivated towards electrophilic attack (which occurs
at the N atom) by a metal centre with a high elec-
tron-richness (high 7r-electron donor character).
The latter type of reaction occurs typically for d 6

Mo(0) or Re(I) centres of the types (Mo(dppe) 2 ) or
(ReCI(dppe) 2 J (where dppe = Ph 2 PCH2 CH2 PPh 2 ),
e.g., in complexes trans-[Mo(CNMe) 2 (dppe) 2 ] and
trans-[ReCI(CNMe)(dppe) 2 ], respectively, and
carbyne-type ligands are formed by protonation
of isocyanide ligand according to the following
general VB scheme [1]:  

M — CENR— ^

M=C=N
R

M =C=N^H
+ 	 R

H

+	 -
M E C — N ' H

R
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ELECTRON-RICH RHENIUM
AND MOLYBDENUM METAL CENTRES
AS POTENTIAL INORGANIC MODELS
IN THE BIO-REDUCTION
OF ISOCYANIDES ?

Isocyanides (C =NR) are organic species which
are isoelectronic with dinitrogen (N 2 ) and can also
be reduced by the enzyme nitrogenase with com-

where the weakening of the unsaturated CN bond
is evident, although without occurrence of the
complete rupture of this bond. However, protona-
tion of the isocyanide may proceed until CN bond
cleavage, at a related electron-rich metal centre
with labile co-ligands such as monophosphines or
phosphites. Hence, in complexes [M(CNMe)nL6-n]
(M = Mo or W; n = 2 or 3; L = PMe 2 Ph) [2] and
[ReCl(N 2 )(CNR)[P(OMe) 3 J 3 ] (R= Me, Et, t-Bu,
C 6 H 4Me-4 or C 6 H 4C1-4) [3], the isocyanide ligand
undergoes protic attack (by HA acid) to afford
the corresponding primary ammonium salt. The
presence of labile ligands plays a fundamental role
due to their facile replacement by a stronger elec-
tron donor anion, A - , which promotes further
protonation at CNR to give complete reduction to
amine.
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Hydrocarbons are also detected in some of these
systems, although in minor yields; hence, it is yet
unknown the fate of most of the terminal CNR
carbon atom, although species with carbon hydri-
des or CA ligating the metal atom seem likely
intermediates.
The protonation of the isocyanide ligand occurs
with concomitant oxidation of the metal (which
behaves as the reducing agent), and the systems
are not catalytic (the maximum yield for the re-
ductive cleavage of the isocyanide corresponds to
the consumption of nearly all the available metal
six d electrons).
Hence, electron-richness of the metal centre and
the presence of a labile co-ligand appear to play a
fundamental role in the activation of isocyanides
towards reductive cleavage to primary amines
upon protonation which occurs in a stepwise way.
However, these systems fail to mimic the forma-
tion (in a considerable amount) of the other pro-
ducts (hydrocarbons) of the enzymatic reduction.
The poisoning of the ligating carbon atom (which
possibly exhibits an electrophilic character) by the
anion of the acid may conceivably occur, and the
use of an auxiliary reducing agent (or the imposi-
tion, by electrochemical techniques, of a suitable
cathodic potential) would be required to reduce
the oxidized central metal and, hence, activate the
ligating carbon atom towards protonation and
also regenerate an active electron-rich metal cen-
tre, although in a discontinuous process — Fig. 1
where L is a labile ligand (may be more than one)
such as phosphine or phosphite and A - is a stron-
ger net electron donor species such as OR - or an
halide.

Fig. 1

Hypothetical catalytic cycle for the protic reduction of isocya-

nide to amine and methane at an electron-rich metal centre

The metal centre M may be a poly-hydridic
moiety which would account for H2 evolution by
protic reduction. It may also bind other substrates
such as dinitrogen which may be activated to re-
duction affording ammonia by protonation (as it
is observed [4] for the Mo or W monophosphine
centres). In the natural systems, water may behave
as the protic source.

We are pursuing this work namely by attempting
to isolate metallic intermediates, to increase the
yield of hydrocarbon formation and by extending
this type of study to other activating centres (e.g.,
with a group VIII transition metal site) and to
other substrates (such as nitriles).
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A PROTON-NMR STUDY OF THE KINETICS
OF FORMATION OF THE GENERAL
INTERMEDIATE
IN VITAMIN B-6-CATALYZED
TRANSAMINATION

The rates of the transamination reactions of
a-amino acids and a-keto acids have been deter-
mined by measurement of the 200 MHz proton
NMR spectra of the functional groups of the
Al(III) complexes of the Schiff bases 2, 4 formed
with pyridoxal 1 and pyridoxamine 5 respectively.
Reaction systems measured in D 2 0 at 10°C con-
sisted of 1:1:1 molar ratios of pyridoxal: a-amino
acid:Al(III) or pyridoxamine:a-keto acid:Al(III).
Amino and keto acids employed are alanine,
a-aminoisobutyric acid, valine, phenylglycine,
pyruvic acid, and a-ketobutyric acid. A negative
deprotonated intermediate 3 was detected in all
systems that undergo transamination (i.e., except
a-aminoisobutyric acid). The intermediate resem-
bles the aldimine with NMR resonances shifted
upfield in accordance with its greater negative
charge. With Al(III) and pyridoxal as catalysts the
equilibrium concentrations of the intermediate
formed from a-amino acids are reached in the
time required to reach transamination equilibrium
and is maintained in solution at a fraction
(±10-20%) of the aldimine Schiff base concentra-
tion. In the reverse reaction with Al(III) and pyri-
doxamine as catalysts, a-keto acids produce the
intermediate initially at higher concentrations than
those of the aldimine reaction product. The
ratios of these species change as equilibrium is
reached, to give the same fraction of Al(III)-stabi-

lized intermediate as that obtained in the forward
reaction. The relative changes in concentration of
the a-deprotonated carbanion 3 and reaction pro-
ducts (the Schiff base chelates 2 and 4) with time
clearly demonstrate it to be the common manda-
tory intermediate in both the forward and reverse
metal ion-catalyzed transamination reactions.

For the metal-free enzyme systems it is suggested
that the active intermediate is an analogous depro-
tonated intermediate with a proton coordinated to
the azomethine nitrogen in place of the metal ion
in 3. This type of intermediate, first suggested by
ABBOTT and MARTELL [1], is suggested as the
transamination intermediate in place of the quino-
noid-type Schiff base tautomer previously sug-
gested [2,3].
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The metal complex formation constants and the
oxygenation constants of the cobalt(II) complexes
of diethylenetriamine (DIEN) and 2-aminomethyl-
pyridine (AMP) have been determined by poten-
tiometric measurements under N2 and 0 2 . In the
mixed ligand system three cobalt complexes are
formed which are capable of combining with
dioxygen: the 2:1 AMP complex, 1, the 1:1 DIEN
complex, 2 and the 1:1:1 mixed ligand DIEN,
AMP complex, 3. The corresponding dioxygen
complexes are indicated by formulas 4, 5, and 6.
The equilibrium constants for the mixed ligand
system have been employed to determine the con-
ditions under which the concentration of 3 has
its maximum value, and the conditions that favor
the formation of the mixed ligand dioxygen com-
plex 6.

/NH Z 	NHZ`

Co
 z+

N --NHz
,Co z+

2

^	 )I
;o— o -

(AMP) 2Co 3 	^Co 3* (M1P) Z

ò
H

4

;0— 0 -

DIENCo3+ , Co3+DIEN
, b..

H

5

(DIEN)(AMP)Co 3:-- 0-0 ---Co 3+ (AMP)(-0IEN)

6
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REACTIONS OF DIOXYGEN COMPLEXES.
AUTOXIDATION OF 2-AMINOMETHYL-
PYRIDINE THROUGH COBALT
DIOXYGEN COMPLEX FORMATION

The kinetics of oxidative dehydrogenation of 3
through the formation and degradation of 6 have
been measured spectrophotometrically and rate
constants are reported. The reaction has been
found to be second order, first order in the con-
centration of the dioxygen complex and first order
in the concentration of hydroxide ion. The reac-
tion product in the two-electron oxidation of
AMP is the corresponding imine, which under the
reaction conditions employed is converted to
pyridine-2-carboxaldehyde, determined quantitati-
vely as the 2,4-dinitrophenylhydrazone. The pro-
posed reaction mechanism involves deprotonation
of the amino group, through the influence of the
Co 3+ center, as a pre-equilibrium step. This is fol-
lowed by a concerted process involving homolytic
fission of dioxygen, shift of an electron through
the metal ion to the coordinated oxygen, and
transfer of the a-proton to the oxygen atom. The
two-electron oxidation of each AMP ligand is
thus balanced by conversion of half of the dioxy-
gen to water, with regeneration of cobalt(II). The
proximity of the dioxygen to the a-CH 2 of the
ligand is considered an important requirement for
this concerted mechanism.
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COORDINATION ABILITIES
OF SUBSTITUTED PHENOLATES
— A SPECTROPHOTOMETRIC
AND CONDUCTOMETRIC STUDY

The copper(II) — phenolate oxygen interaction in several mi-

xed-ligand complexes of copper(II) containing a heterocyclic

amine and a phenol has been studied by electronic spectral,
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conductometric and EPR spectral measurements. Electronic

spectral results demonstrate the dependence of such interaction

on the nature of the phenolic substituents as well as the sol-

vents. Partial dissociation of the phenolate from the complex

was detected in methanol at low concentrations (<_ I x I0
- 4

 M).

In DMSO the complexes remain intact. The X-band EPR spec-

tral data obtained at ambient temperature and at 77 K are con-

sistent with the results from the electronic spectral and conduc-

tometric study.

INTRODUCTION

Metal-phenolate oxygen interaction has been
known to exist in Fe(III), Cu(II) and several triva-
lent metal transferrers [1]. An investigation of
model compounds of Cu(II) containing a phenola-
te ligand could be useful in providing an insight
into the geometry of the naturally occurring metal
enzymes. Several studies [2-4] have reported the
binding of phenolate oxygen to Cu(II) in solution.
This present study reports some characteristic
features of the Cu(II) — phenolate oxygen in-
teraction in several mixed-ligand complexes
[Cu(terpy)(RArO)C1] (terpy = 2,2',2'-terpyridine;
RArO = phenolate with substituent R).

RESULTS AND DISCUSSION

The complexes of this study display in both me-
thanol and DMSO, broad d-d absorption bands at
680-720 nm, indicative of tetragonal geometry
around Cu(II). An intense band/shoulder is found
in the 380-450 nm region (E= 400-600 dm 3 mol -1

cm -1 ) (Table I). This is characteristic of the Cu(II)
— phenolate oxygen coordination [3,4,6]. Unlike
the d-d transitions, this band is solvent dependent,
shifting to lower energy in going from methanol
to DMSO. Moreover among the complexes contai-

ning the p-methoxy-, p-chloro-, p-bromo-, p-fluo-
ro-, o-NO2 - and m-NO 2 -phenolate, the position
of this band points to varied phenolate-Cu(II) in-
teraction as one goes from the electron-donating
to the increasingly stronger electron-withdrawing
phenolic substituents. Among the complexes con-
taining the p-NO 2 -, 2,4-dinitro- and 2,5-dinitro-
-phenolate, the absorption in the 380-450 nm
region appears as an exceedingly strong and well-
-defined band (E= 1 x 10 3 -1 x 104 dm 3 mo1 -1 cm -1 )
in both methanol and DMSO. Although a similar
band of lower intensity is found in the corres-
ponding phenol (E= 1 x 102 -1 x 10 3 dm 3 mol - '
cm -1 ), the observed band in the complex is cha-
racteristic of the complex as the molar absorpti-
vity remains, in each case, as a constant over
a concentration range of 1 x 10 -3 -1 x 10-4 M. This
contrasts with the decreasing values of the «appa-
rent» E evaluated for the uncoordinated phenol as
concentration increases. This would be expected if
the strong band in the 380-450 nm is due to the
phenolate ion. Thus the strong absorption band in
each of the three nitrophenolate complexes is ten-
tatively assigned to a u — 7r* transition of the
coordinated phenolate which is most probably
nonbridging. Values of the molar conductance of
all the complexes at concentration >_ 1 x 10 -4 M,
fall in the range of 90-110 SI -1 cm -1 mo1 -1 in me-
thanol and of 20-40 S2 -1 cm -1 mol - ' in DMSO, sug-
gesting that these complexes behave as 1:1 elec-
trolytes in both solvents. However as the concen-
tration is lowered further (<1 x 10-4 M) the molar
conductance of the complexes in methanol rises
sharply to 400-450 fl-1 cm -1 mol -1 , accompanied
by significant increases in intensities of the pheno-
late band. These changes indicate partial dissocia-

Table I

EPR Parameters and Electronic Spectra (380-450 nm) for Selected Copper(II) Complexes

Complex

(L = Ar0)

g l g0 A // cm - ' Pmax, nm(e)

CH 3 OH	 DMSO

[Cu(terpy)(o-NO 2 L)CI] 2.09 2.22 0.0162 410(Sh) 450(500)

[Cu(terpy)(m-NO 2 L)Cl] 2.11 2.23 0.0164 430(Sh) 460(200)

[Cu(terpy)(p-NO2 L)CI] 2.12 2.22 0.0166 390(1 x 104 ) 434(1.5 x 10 4 )

[Cu(terpy)(p-FL)C1] 2.11 2.23 0.0163 405(Sh) 460(600)

[Cu(terpy)(p-CI L)CI] 2.09 2.22 0.0165 405(Sh) 455(200)

[Cu(terpy)(p-BrL)CI] 2.08 2.21 0.0165 400(Sh) 455(150)

[Cu(terpy)(p-OCH 3 L)CI] 2.08 2.23 0.0163 400(Sh) 405(200)

[Cu(terpy)(2,4-di-NO2 L)CI] 2.12 2.22 0.0166 380(Sh) 432(1.2 x 10 4 )

[Cu(terpy)(2,5-di-NO2 L)CI] 2.13 2.23 0.0167 433(3 x 102 ) 494(3 x 10 3 )
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tion of the complexes in methanol, probably yiel-
ding Cu(terpy) 2+ and phenolate at low concentra-
tions. In DMSO, however, both the molar con-
ductance and absorptivity remain nearly constant
even at low concentration. For the five complexes
containing p-methoxy, p-Cl, p-Br, p-F, o-NO 2 or
m-NO2 -phenolate, no distinct phenolate absorp-
tion appears in the visible region, rendering it
impractical to monitor the behaviour of these
complexes at low concentration. However the mo-
lar conductivities display sharp increases at low
concentrations (<1 x 10 .4 M) in methanol, indica-
tive of similar behaviour as for the nitrophenola-
tes.
The solution and frozen-glass EPR spectra of
these complexes in 5:1 methanol:water at low con-
centrations lend further support to the presence of
non-bridging phenolate in these complexes as well
as to the partial dissociation. Thus at 77 K the
spectra are well-resolved, indicating that these
complexes are monomeric (Table I). Furthermore
the spin-Hamiltonian parameters [g 8 , g 1 , A 88
(63 65 Cu)] are typical of tetragonal Cu(II) comple-
xes. Substantial covalency of the Cu-N bond is
evidenced by the seven well-defined N-14-
-superhyperfine structure on the g 1 component,
demonstrating the equivalence of the three pyridyl
N. At ambient temperature, however the spectra
are poorly resolved, displaying striking resemblan-
ce to that reported recently for [Cu(tery)] 2+ [6].
In the latter the poorly resolved spectrum has
been attributed to dynamic Jahn-Teller effect.
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COMPLEX FORMATION IN THE SYSTEM
Ni(II) — a-MERCAPTOPHENYLACETIC
ACID

INTRODUCTION

The complex chemical significance of biologically
active ligands like L-cysteine and D-penicilla-
mine is determined by the mercaptosulphur donor
atom, which is quite soft in character. The ability
of these ligands to act as chelating agents of metal
ions is due to the presence of other electron donor
groups in their molecule. A deeper understanding
of this type of chelate formation requires exten-
sion of research into studies of the effect of diffe-
rent substituents in the chelation properties of a
ligand. The aim of the present work is to study
the influence of the presence of a phenyl group in
the Ni(II) complexing activity of aliphatic
a-mercaptoacids.
It has been reported that a-mercaptoacetic acid (1)
forms polynuclear — Ni 3 L4 , Ni4 L6 — and mono-
nuclear — NiL 2 — complexes [1-3]. The same spe-
cies excluding the Ni4 L 6 have been considered
for a-mercaptopropionic acid (II) [4]. In this
study formation constants for the Ni(II) comple-
xes of a-mercaptophenylacetic acid (III) have been
determined.

H—CH—COOH CH3—CH—COOH

SH (I)	 SH (II)

—CH-000H

SH (III)
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EXPERIMENTAL

The protonation constants of the ligand and the
formation constants of the metal complexes have
been determined at 25°C and 1 M C10ã in 50%
ethanol/water (v/v) using glass electrode potentio-
metry. The study has been carried out in an etha-
nol-water mixture because of the insolubility of
the ligand in water.
The following cell, which includes a Wilhelm brid-
ge [5], was used:

rent total ligand and metal concentrations. Experi-
mental data was treated using the ESTA library
[7] as described previously [8]. All calculations
were performed on a VAX 11/780 computer
(UWIST, Cardiff).

RESULTS AND DISCUSSION

Formation constants obtained in the present work
are listed in Table 1. The finding of the Ni 3 L4 ,

Ni2 L3 and NiL2 complexes confirms that ligands     

Ag,AgCI(s)
0.010 M NaCI

0.990 M NaCIO,
(50 07o eth./w.)

1 M NaCIO,
(50 010 eth./w.)

TS Glass electrode     

The electrode system was calibrated in terms of
hydrogen ion concentration by performing strong
acid versus strong base titrations [6].
In the determination of the protonation constants
the hydrogen ion concentration was varied by
addition of a TI solution to a TS solution:

TI: —H 1 M W;1MCIO4
(50% ethanol/water (v/v))

TS: A ° M H 2 L; Ho M H`; 1 M CIOã
(50% ethanol/water(v/v))

In the study of the metal complexation, the total
metal concentration was kept constant by adding
equal volumes of Ti and T2 to a new TS solu-
tion:

T2: 2B ° M Nit'; H2 M H'; 1 M CIO¡
(50% ethanol/water (v/v))

TS: B ° M Ni 2'; A o M H 2 L; H ° M H'; 1 M CIO¡
(50% ethanol/water (v/v))

Protonation curves for the ligand were obtained
at a variety of different total ligand concentra-
tions. Metal complex formation curves were obtai-
ned at different ligand:metal ratios and for diffe-

containing a mercapto group tend to form com-
plexes where sulphur bridges link two or more
metal ions. The lack of formation of the Ni, L 6

complex, reported for a-mercaptoacetic acid, can
be caused by steric hindrance due to the presence
of a phenyl group in the molecule. It also may be
noted that this presence gives the complexes grea-
ter stability.
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Table 1

p	 q	 r Ig /3pgr U S.S.R. Points Titrations

H`

N i 2 '

O 	1	 1
0	 1	 2

3	 4	 0
2	 3	 0
1	 2	 0

10.366+0.001
14.420+0.002

40.437+0.013
28.819+0.008
16.717+0.003

521.5

131.7

2.180 E-06

3.894 E-06

498

615

9

15
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KINETICS OF LIGAND SUBSTITUTION
IN CHELATE COMPLEXES
OF DIVALENT TRANSITION METALS
OF BIOLOGICAL IMPORTANCE

The bis chelate complexes M(sal-R) 2 of divalent
transition metals M 2+ (M= Co,Ni,Cu,Zn) with
various N-alkyl salicylaldimines Hsal-R (R = Et,n-
-Pr,i-Pr,t-Bu,neo-Pe,Ph) have been prepared by
standard procedures and characterized.

Stopped-flow spectrophotometry has been used to
study the reactivity of these complexes towards
ligand substitution with acetylacetone (Hacac) in
methanol under pseudo first-order conditions
([Hacac] 0 » [M(sal-R) 2 ] 0 ) according to (1):

M(sal-R) 2 + 2 Hacac — M(acac) 2 + 2 Hsal-R	 (1)

The experimental rate law is a two-term rate law:

rate = (k s + k Hacac[Hacac])[M(sal-R) 2 ]	 (2)

The substitution of the first ligand in M(sal-R) 2 is
rate determining, i.e., the conversion

M(sal-R)(acac)—M(acac) 2 is a fast consecutive
step.
The relative contributions of the terms k  and
k Hacac [Hacac] in (2) to the overall rate are mainly
controlled by two factors, namely, (i) by the type
of the N-alkyl group R for a given metal M, and,
(ii) by the type of metal M for a given N-alkyl
group R.
The data obtained for k s and k Hacac at 25°C
for the 24 reactions studied are presented. The
rate constants range from k s O (M Ni;
R = Et,i-Pr,neo-Pe) to k s = 18.5 s -1 (M = Zn;
R= Ph) and from k Hacac O (M = Cu,Zn;
R= t-13u) to k Hacac = 2070 M-1 s-1 (M = Ni; R =Et).
The trends observed for the reactivity of the
various complexes are correlated with their coor-
dination geometry (as controlled by the N-alkyl
group R) and with the intimate mechanism of
both the solvent-induced pathway k  and the
ligand-dependent pathway kHacac[Hacac].
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COORDINATING PROPERTIES
OF PYRIDOXAL THIOSEMICARBAZONE
IN METAL COMPLEXES

The study of transition metal complexes of thiose-
micarbazones is of great interest because of their
pharmacological properties [1-3]. As part of a
continuing interest in the chelating behaviour of
ligands which have biological activities and the
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coordinating properties of S,N-containing ligands
[4], chemical and structural investigations of
metal complexes of thiosemicarbazones are now in
progress in our laboratory.
The present communication deals with the synthe-
sis and the spectroscopic characterization of a
series of Mn, Co, Ni, Cu, and Zn complexes
with pyridoxal thiosemicarbazone (H 2 L) and the
X-ray crystal structure of the complex
[Mn(H2L)(OH2)Cl]Cl. CH

3

S
	 HO

II
H2L
	

H2N	 'N/N
2  

H	 H
CH2OH

The combination of the pyridoxal moiety, which
shows biological activity in several enzymatic reac-
tions, with the thiosemicarbazone system confers
to the final product interesting chelating pro-
perties.
H 2 L was synthesised by the reaction of thiosemi-
carbazide with pyridoxal in alcoholic medium.
Characterization of the ligand was made by IR
and 1H NMR spectroscopies and mass spectro-
metry.
Metal complexes were obtained by reacting H 2 L
with the equimolar amount of the metal salt (ni-
trate, chloride or acetate) in ethanol solution.
Analytical and spectroscopic data revealed dif-
ferent formulae in connection with the nature of
the metal and the inorganic anion. In particular,
three types of complexes of formula M(H 2 L)X2

(M = Mn,Zn; X = C1,NO 3 ), M(HL)X (M = Co,Zn;
X = CH 3 OOO; M= Ni; X = NO 3 ), and ML
(M = Cu,Ni) were isolated. Identification of the
complexes was mainly made on the basis of the
IR spectra, which show bands characteristic of
v(NH), v(OH), v(C = N), v(C = S). Conspicuous
changes were found in the vibrational absorptions
of the ligand upon coordination effect. Although
definitive assignments for v(C = S) vibrations are
difficult, the band in the region between 950 and
1050 cm - ' is attributable to the stretching vibra-
tion of the C=S  bond.
In order to gain more information about the
structure and stereochemistry of such type
of complexes the X-ray crystal structure of

Rev. Port. Quím., 27 (1985)

[Mn(H2L)(OH2)Cl]Cl was carried out. The
crystals are monoclinic, space group P2 1 /n with
unit-cell dimensions a = 13.902(4), b= 9.316(1),
c= 11.982(3) A, /3 = 107.61(2)° and Z =4. The
structure consists of [Mn(H 2 L)(OH 2 )Cl]' cations
and Cl - anions. The ligand behaves as terdentate
and the manganese atom is uncommonly five-
-coordinated.

CI 	OH2
• •	 CH3

'

CH2OH

The cation has a pyramidal tetragonal geometry
with a chlorine atom in apical position, the phe-
nolic oxygen atom, a nitrogen atom, the sulphur
atom of the organic ligand and the water molecule
in the basal plane. This plane shows slight tetrahe-
dral distortion, the manganese atom being 0.59 A
out of the mean basal plane towards the chlorine
atom at the apex of the pyramid. The pyridoxal
ring corresponds to a dipolar ion, owing to the
shift of the proton from the phenolic oxygen
atom to the pyridinic nitrogen atom. Bond distan-
ces and angles in thiosemicarbazide side chain
agree well with those found in various aryl thiose-
micarbazones which can be treated as extensively
delocalized systems [5]. Packing consists of pa-
rallel layers of complex molecules linked by
NH 2 ... Cl, NH ...CI, O W ... C1, O w ... OH hydrogen
bonds. These layers are joined together by other
hydrogen bonds of the type N vy .. . CI, OH ...CI to
form an intricate network.
Bearing in mind that the nature terdentate of the
thiosemicarbazones appears to be a potential fea-
ture for antitumor activity, studies on other simi-
lar sulphur-ligands and their metal complexes are
in progress in our laboratory.
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NMR AND SPECTROSCOPIC STUDIES
ON THE PYRIDOXAL/GLYCINE/
/DIOXOURANIUM(VI) SYSTEM

In previous communications we have reported
some results on formation of dioxouranium(VI)
complexes of pyridoxal and pyridoxylidenegly-
cine [1-5].
As it is known, pyridoxal and its derivatives are
able to catalyze, in the presence of metal ions,
important methabolic reactions of aminoacids
through the intermediary formation of Schiff
bases metal complexes [6-10].
The pyridoxal/glycine/dioxouranium(VI) systém is
studied both in the solid state and in solution by
IR, electronic, 'H and 13C NMR spectra.
The results obtained in the solid state are in
accord with the formation of a 1:1:1 ternary com-
plex: UO2(C10H11N204)XH2O (where
X=CH 3 000 - or NO3). IR spectra exhibit chan-
ges in the regions where the azomethine C = N
stretching (p c/N =1610 cm -1 ), phenolic C=0

(v co = 1510 cm - ') and the asymmetric carboxyl
stretching (v COO - = 1570 cm - ') respectively occur.
The electronic spectra of an equimolar methanol
solution of pyridoxal and glycine exhibit bands
near 360 nm and 320 nm. Such absorptions mar-
kedly increase as a function of time when dioxou-
ranium(VI) is added in equimolar amount and are
shifted to 390 nm and 343 nm respectively. Fur-
thermore two isosbestic points are formed at 290
nm and 275 nm. The final spectrum is very near
to that of the complex prepared at the solid state.
The 'H and 13C NMR spectra of the
pyridoxal/glycine/dioxouranium(VI) system has
been then examined in D 2 0 at pH 3.55 (at higher
pH values precipitation occurs) in order to verify
the formation of aldimine complexes induced by
UOZ'.
Tables I and II show respectively proton and 13C
chemical shifts of pyridoxal and glycine solutions
at varying molar ratios with uranyl nitrate. Large
chemical shift changes are observed for C-4'-H,
C-6-H and 2'-CH 3 pyridoxal protons and for
a-CH 2 glycine protons (Table I) upon complex
formation and metal ion binding. In order to gain
informations on the pyridoxylideneglycine com-
plex, 'H chemical shifts were measured in
DMSO-d 6 . In addition to the remarkable proton
chemical shift variation, in particular of the al-
dehydic C-4'-H hydrogen (A=1.14 ppm), the pro-
gressive disappearance of the —NH 2 resonance
signal is in accord with the formation of the
Schiff base and metal ion complexation. Further-
more, a new signal of intensity one appears at
9.60 ppm, characteristic of a proton bound to the
pyrimidine nitrogen donor.

Table I
tH NMR chemical shifts (S/ppm)° of free pyridoxal hydrochloride (HPL)/glycine (Gly) system and UO 2 nitrate solutions in

D20 at pH= 3.55

Compound molar ratio C-6-H C-4'-H 5' -CH 2 a-CH2 2' -CH3

HPL + Gly 1:1 8.08,1H 6.67,1H 5.22,2H 3.69,2H 2.60,3H
HPL +GIy+UO 2 nitrate 1:1:0.25 8.00,1H 6.62, I H 5.18,2H 3.66,2H 2.60,3H
HPL +GIy+UO 2 nitrate 1:1:0.50 7.90, I H 6.85,1H 5.20,2H 3.60,21-1 2.70,3H
HPL +GIy+UO 2 nitrate 1:1:1 7.78,1H 7.30,1H 5.12,2H 3.56,2H 2.87,3H
HPL +GIy+ UO 2 nitrate 1:1:2 7.77,1H 7.28,1H 5.28,2H 3.37,2H 2.86,3H

0 ppm —0.31 +0.61 +0.06 —0.32 +0.26

a) 1H NMR chemical shifts are measured downfield from TMS, using dioxane as an internal standard.

330
	

Rev. Port. Quim., 27 (1985)



4¡0
Cn H

5

HO'H0 OH

N
2 1

CH3

Pyridoxal

2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

Table II
13C NMR chemical shifts (ó/ppm) °[ of free pyridoxal hydrochloride (HPL)/glycine (Gly) system and UO2 nitrate solutions at pH= 3.55

Compound molar ratio -COO - C-3 C-2 C-4 C-5 C-6 C-4' C-5' a-CH 2 C-2'

HPL + Gly 1:1 172.70 150.75 144.85 140.45 138.70 125.40 99.35 70.60 42.06 15.00
HPL +GIy+UO 2 nitrate 1:1:0.25 172.82 155.80 145.08 140.79 138.64 125.82 163.20 70.60 58.90 15.00
HPL + Gly + UO 2 nitrate 1:1:0.50 173.14 163.40 146.00 141.21 138.57 126.50 163.20 70.62 58.92 15.13
HPL +Gly+UO 2 nitrate 1:1:1 177.97 163.69 146.69 141.90 138.35 126.68 163.30 70.68 59.17 15.50
HPL + Gly + UO 2 nitrate 1:1:2 179.73 163.81 147.48 142.47 138.34 128.21 163.40 70.70 59.91 15.87

0 ppm +7.03 + 13.06 +2.63 +2.02 -0.36 +2.81 +64.05 +0.10 + 17.85 +0.87

a) 13C NMR chemical shifts are measured downfield from TMS, using dioxane as an internal standard.

Such results are supported by the 13C NMR data
reported in Table II. The downfield shift of the
C-4' pyridoxal carbon from 99.35 ppm to 163.40
ppm (that is to the resonance value exhibited by a
large number of pyridoxal aldimines [11]) and of
phenolic C-3 carbon (A= 13.06 ppm) together
with the significant displacement of the resonance
signals of a-CH Z (A=17.85 ppm) and -000 -

glycine carbon atoms (0 = 7.03 ppm) point out the
direct involvement of the uranyl ion to promote
the aldimine formation between pyridoxal and
glycine and to give rise to the pyridoxylidenegly-
cine metal complex too.

Rev. Port. Quim., 27 (1985)
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As models for oxygenases, we have undertaken
the synthesis of copper and cobalt complexes with
Schiff bases derived from pyrimidine bases [1-3].
In order to study the influence of the aromatic
ring on the half-wave potentials and on their
catalytic efficiency, we have prepared non-symme-
tric Schiff bases with aromatic diamines.
Condensation of the carbonyl function with only
one end of the diamine is obtained in the presence
of a tertiary amine with 5-formyl barbituric acid,
5-formyl 1,3-dimethyl barbituric acid or with
salicylaldehyde. 

HO  

R=H
R =CH 3 

H2	 H2

X= Y=H
X=Y =CH 3

X= H, Y =CH 3 
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SYNTHESIS OF COBALT(II) COMPLEXES
WITH NON-SYMMETRIC SCHIFF BASES

The corresponding cobalt(II) complexes have been
prepared and studied by usual spectroscopic
methods. Their ability to catalyse the oxidation of
phenols will be described.
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COORDINATION CHEMISTRY OF IRON
BIS-PYRIDOXAL ISONICOTINOYL
HYDRAZONE:
STEREOCHEMICAL AND ELECTRO-
CHEMICAL CONSIDERATIONS
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Further condensation of these half-units with
various aromatic hydroxy aldehydes leads to non-
-symmetric Schiff bases.

Izoniazid can interact with the body pyridoxal to
form pyridoxal isonicotinoyl hydrazone (PIH)
shown to be an efficient iron chelator which can
deplete the body of iron and cause an anemia
(«pyridoxine-responsive anemia»). It was identi-
fied recently as a promising candidate for removal
of toxic accumulation of iron from the body when
given orally [1]. This is an advantage over desfer-
rioxamine (desferal) a drug in current use being
administered by injection.
We report the synthesis and the X-ray crystal
structure of a 2:1 PIH:Fe(III) complex which
emerged from a neutral aqueous solution
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(pH _ 7.0) containing PIH and FeSO4 .7H 2 0. It
analyzed as a [Fe(C14H14N403)2]2SO4 crystalline
compound of space group C2/c, z= 8, a = 14.487,
b=18.586, c=27.508 A, and v=7224 A3.
PIH is shown to function as a neutral tridentate
ligand, forming a non-planar tricyclic system
which comprises pyridoxal, an hexatomic and a
pentatomic chelate rings with dihedral angles of
13.01° and 8.45°, respectively, between them. The
coordination plane deviates from coplanarity, sho-
wing significant departure from the ideal octahe-
dron. The hydrazidic central donor atoms are
trans related to each other and the two phenolate
and enolate oxygens mutually cis. The coordi-
nated ligands retain the neutrality characteristic of
its free form by a transfer of protons from the
phenolic oxygens and the hydrazidic nitrogens to
the pyridine nitrogens. The sulphate ion is a coun-
terion [2]. The transition of Fe(II) to Fe(III) oc-
curs even in presence of a strong reducing agent,
suggesting that PIH lends itself to reversible two-
-stage redox reaction. This was fully corroborated
by polarographic measurements, allowing its like-
ning to «viologenes» of potential biological im-
portance.
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MOBILIZATION OF FERRITIN-BOUND IRON
BY REDUCED D, L- LIPOATE
AND REDUCED D,L-LIPOAMIDE

The mobilization of ferritin-bound iron, an issue
of great physiological and clinical relevance [1],
was investigated by studying several iron chelators
[2], either in the absence or in the presence of
iron-reducing agents [3] and of activators of the
removal process [4].
In the course of other studies, we noticed the
unusual ease of formation and stability of a com-
plex between iron(III) and D,L-dihydrolipoate
(DHL-COOH). This complex was characterized
to some extent and the tentative formula
[Fe2 (DHL-C00 - )4 ] -6 was attributed to it [5,6].
In view of the unusually high stability of this
complex, of considerations about the amphyphilic
nature of the ligand and about the molecular
architecture of ferritin, we tested the ability
of both DHL-COOH and D,L-dihydrolipoamide
(DHL-NH 2 ) in the mobilization of ferritin-bound
iron.
Fig. 1 shows the electronic spectra obtained upon
incubation of horse-spleen ferritin (HSF) with
DHL-NH 2 , DHL-COOH and with dithiothreitol
as a control dithiol. Progressive appearance of the
spectral features of [Fe 2 (DHL-R) 4 ] 1-6 , -4 > is evi-
dent, whatever the amidation state of the ligand.
DHL-NH 2 appears to react faster than
DHL-COOH. Nevertheless, after 20 hours incu-
bation, an identical absorbance at 620 nm was
attained in both reactions. By assuming
( 620 = 4,000 (g atom iron) -1 cm -1 for
[Fe 2 (DHL-R)4 ]( -6 ' -4 ), the amount of iron released
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Fig. I

Absorbance spectra of HSF incubated with different dithiols. HSF (Calbiochem, 2.2 mg/ml in 0.3 M Tris/HCI pH 9.0) was incu-

bated at 20°C with: 4.55 07o (v/v) Triton X-I00 and 32 mm dithiothreitol (C). Spectra were recorded before the addition of the

dithiol (dashes) and at the times given

ranged between 49 and 52% of the original con-
tent of HSF (20% iron, by weight). Samples taken
during the course of the incubation with DHL-
-COOH were chromatographed on an Ultrogel
AcA54 column. This procedure separated a
faintly-reddish ferritin band from the dark-green
band of the iron-DHL complex, thus indicating
that the complex actually leaves the ferritin mole-
cule. Fig. 2 compares the time course of iron
removal by different concentrations of either
DHL-COOH or DHL-NH 2 . The addition of de-
tergent, which is mandatory in order to solubilize
DHL-NH2 at the high concentrations used in the
present study, does not affect the rate of iron re-
lease. The initial lag in the time course of the
reaction can be ascribed to the process of penetra-
tion of the ligand into the protein shell, whereas
the biphasicity of the reaction could be explained
either by the presence of different forms of ferri-
tin-bound iron [7] or by the attainment of a dyna-
mic equilibrium among molecules of ligand ente-
ring the protein and molecules of the complex lea-
ving it. DHL-NH 2 appears more effective than
DHL-COOH, likely because it is more hydropho-
bic and diffuses more easily through the channels
between the subunits of HSF.
Distinctive features of the present study are:
i — a physiological, non-toxic, inexpensive com-

Fig. 2

Time-course of the removal of iron from HSF by DHL-NH 2

(A) or DHL-COOH (B). HSF was incubated as detailed in the

legend to Fig. 1 with the given concentrations of dithiol. The

absorbance increase at 620 nm was monitored continuously,

and the percentage of iron-removal calculated as given in

the text

pound is used as the iron-removing agent; ii —
iron is released by either DHL-COOH or DHL-
-NH 2 in the ferric form; iii — after 5-hours incu-
bation, the iron removal with DHL-COOH is
16.8%, thus higher than the figures at 5 hours re-
ported for other iron-removing agents: 2.6% for
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desferoxiamine B + ascorbate, 5-7% for catheco-
ylamides + ascorbate and 2.7% for EDTA [2,3].

REFERENCES

[1] R.R. CRICHTON, Trends Biochem. Sci., 9, 283-286 (1984).

[2] L. PAPE, J.S. MULTANI, C. STITT, P. SALTMAN, Bioche-

mistry, 7, 613-616 (1968).

[3] T.P. TUFANO, V.L. PECORARO, K.N. RAYMOND, Biochem.

Biophys. Acta, 668, 420-428 (1981).

[4] E.J.F. DEMANT, FEBS Lett., 176, 97-100 (1984).

[5] F. BONOMI, D.M. KURTZ JR., submitted for publication to
Biochemistry.

[6] U. CORNARO, F. CARIATI, F. BONOMI, Rev. Port. Quím.,

27, 273 (1985).

[7] S. SIRIVECH, E. FRIEDEN, S. OSAKI, Biochem. J., 143,
311-315 (1974).

PS5.32 — TU

UGC) CORNARO
FRANCO CARIATI
Department of Inorganic and Metallo-organic Chemistry

University of Milan

Italy

FRANCO BONOMI
Department of General Biochemistry

University of Milan

Italy

ELECTROCHEMICAL PROPERTIES OF

[Fe 4S4(SC6Hs)41 2 ,
ANALOGUE OF THE ACTIVE SITE
OF IRON-SULFUR PROTEINS,
IN AQUEOUS MICELLAR SOLUTIONS

In order to elucidate the mechanism by which the
protein region of iron-sulfur proteins modulates
the redox potentials of otherwise identical 4Fe-4S
clusters, we investigated the properties of the title
cluster (t -2) in water, the physiological solvent for
proteins. The title cluster is water-insoluble, but
becomes soluble in the presence of detergents [1],
and by using detergents differing in structure and
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in charge we attempted to simulate different pro-
tein-cluster interactions.

Synthesis of [(Et) 4 N] 2 [Fe4 S4 (SC6 H 5 )4 ] was perfor-
med in aqueous solution as described by KURTZ
et al. [2,3]. A stock solution of t -2 was anaero-
bically prepared in DMF, and t -2 concentration
determined using € 4 57 = 17,700 M - I cm -1 .
For electrochemical measurements the stock solu-
tion of t -2 in DMF was anaerobically diluted in
5% (v/v) detergent in 0.2 M Tris/sulfate buffer
pH 9.00, to a final concentration of 1.34 mm t -2

and 5% (v/v) DMF. A three-electrodes configura-
tion was used. All the potentials quoted here refer
to saturated calomelan electrode (SCE). Fig. 1
shows the cyclic voltammograms of t -2 dissolved
in buffer/detergent mixtures of different composi-
tion and in the presence of excess thiophenol.

Fig. 1

Cyclic voltammograrns of aqueous solutions of r 2 in the pre-

sence of different detergents. Cyclic voltammograms of 1.34
mm 1 -2 (in 0.2 M Tris/sulfate pH 9.0, 5 07o (v/v) DMF, 100 nisi
thiophenol containing also detergents as given in the figure)

were recorded at a scan rate of 50 mV/sec

In the absence of this latter no oxidation (anodic)
peak can be detected, likely because of the
hydrolytic decomposition of the t -3 species genera-
ted in the reduction process. Excess thiophenol
prevents the hydrolytic process, thus allowing the
monoelectronic, quasi-reversible redox process in-
volving the t -2 /t -3 couple to be observed. Both
anodic and cathodic currents (i a and i) were
found to be directly proportional to the concen-
tration of t -2 . In aqueous detergents, the measu-
red values of E. are by far higher than those re-
ported for the same compound dissolved in DMF
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( -1.04 V vs. SCE [4]) or for water solutions
of [Fe4 S4 (SCH 2 CH2 OH)4 ] -2 (-0.75 V vs. SCE
[5,6]). Table I compares electrochemical figures

gents on E 0 , and to test the reactivity of water-
-micellar solutions of t-2 towards physiological
redox couples.

Table I

detergent
	

scan rate 	E^
(v)

mV/sec	 mV

10	 -364	 4.3
20	 -364	 6.9
50	 -364	 11.5

CTBr 10	 -404	 1.8
20	 -413	 2.9
50	 -417	 4.1

Triton X-100
	

10	 -510	 5.4
20	 -510	 8.3
50	 -516	 10.9

BRIJ 35	 10	 -497	 4.3
20	 - 496	 5.5
30	 -495	 7.5

Eo

mV

iQ E

mV

Via i /vv2
c

-307
-300
-295

6.2
9.9

15.2

57
64
69

0.69
0.70
0.73

1.36
1.54
1.58

-336 2.7 68 0.68 0.59
-348 3.2 65 0.92 0.66
-338 4.3 79 0.97 0.59

-416 10.2 94 0.53 1.71
-406 17.9 104 0.46 1.86
-397 24.8 119 0.44 1.54

-412 5.4 85 0.79 1.34
- 409 8.7 87 0.63 1.23
-400 13.6 95 0.55 1.07

ic

ILA

SDS

[31

[5]

[71

obtained with solutions of t-2 in the presence of
different detergents, and shows that the electro-
chemical process is quasi-reversible and diffusion-
-controlled. A comparison among the values of
i s/v 1 ' 2 in Table I provides also evidences about
the actual inclusion of t -2 in the micelles. A com-
parison among the different micellar environments
shows that the charge of the micelle plays a minor
role in the modification of E 0 of the enclosed t -2 ,
whereas exclusion of solvent water appears to ha-
ve a major effect. With Triton X-100 and Brij 35
(having highly solvated poly-oxyethylenic hydro-
philic chains) the lowest E o values were measured.

E 0 increases with CtBr (cetyltetrammonium bro-
mide) likely as a consequence of either the positi-
ve charge carried by the micelles and/or their
compactness. The influence of the micellar com-
pactness (i.e. of their ability to screen the cluster
from water) is further made evident when conside-
ring that the negatively-charged, highly-compact
SDS (sodium dodecyl sulfate) micelles allow the
highest value of E 0 to be measured. Work is in
progress to discriminate more properly among
charge and hydrophobicity effects of the deter-
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COMPLEXATION OF COPPER(II) IONS
BY CAFFEIC ACID

The bioavailability to plants of metal ions, either
as micro-nutrients or as toxins, is strongly influen-
ced by coordinating ligands which may be present
in the soil or the artificial nutrient solution in
which the plant grows [1]: In order to contribute
to the understanding of the role of coordination
equilibria in the transport of metal ions to plant
roots, we are undertaking chemical speciation stu-
dies of soil and nutrient solutions by means of
computer simulation [2,3]. Amongst the informa-
tion needed for our computer models are forma-
tion constants for the manifold metal-ligand-pro-
ton complexes that can be found. Of special inte-
rest are various phenolic ligands which are known
to be exuded by plant roots under certain condi-
tions and which are believed to participate in the
transport of iron from the surrounding soil or
nutrient solution to the root membrane [4]. The
root-exuded phenolic compound of major impor-
tance is caffeic acid. Indeed, it has been postu-
lated that under the conditions prevailing in soils,
caffeic acid tends to reduce iron (III) to iron (II),
the necessary state of oxidation for iron ions to be
absorbed by plant roots [4]. Since caffeic acid can
potentially form complexes with all the types of
metal ion which occur in soil and nutrient solu-
tions, it is an essential component for inclusion in
our speciation models. Moreover, since there is a
paucity of formation constant data reported in the
literature for caffeate-metal-proton complexes, we
are undertaking an extensive programme of inves-
tigation into the solution equilibria of these
systems. On our poster, we intend to present re-

sults obtained by glass electrode potentiometry
and NMR for copper (II).
In its own right, caffeic acid is an interesting
coordinating ligand purely from the inorganic che-
mical point of view. This arises from the two
coordination sites, one at each end of the mole-
cule. Taking the ligand species to be the dianion,

(denoted hereafter by L2- ) protonation constants
have been determined, yielding the results in the
Table. Note that whereas one of the catecholic
oxygens is reasonably acidic, with a pKa of 8.72,
the second is very strongly basic (cf. catechol:
pKa, = 13.0, pKa 2 = 9.23) [6]. This has been attri-
buted to hydrogen bonding between the hydroxyl
and phenoxide groups [7]. We have made no at-
tempt to determine the first protonation constant
of the trianion of caffeic acid.

Table
Logarithms of protonation constants (13H) determined for L2-

at 25°C and 1=0.100 mol dm -3 (Na) [Cll. d= the standard
deviation in log 13y. n= the number of experimental observa-

tions

Reaction log /3H 	d n   

L 2- +H' .-- LH - 8.72 .003 389
L 2- + 2H' .=• LH 2 13.13 .004 389

Preliminary results obtained for the complexation
titrations have been used to construct the diagram
in the Figure. The latter shows the distribution of
caffeate-copper(II)-proton complexes detected in
aqueous solutions with total concentrations of the
components that are typical of the titrations in
this study.

Although we can be reasonably certain of the stoi-
chiometry of the species in the figure, the structu-
res are not known at this stage and may be merely
speculated upon. Thus the following are suggested

Rev. Port. Quiet., 27 (1985)	 337



N

4.39	 5.67
-LOG[H+]

3.11 6.96

POSTER SESSIONS: 5. COMPLEXES OF BIOCHEMICAL INTEREST

Figure

Concentrations of complexes present as a function of pH for

the caffeic acid-copper (11) system when the total concentra-

tions in mmol dm
3
 of L2 and Cu2+ are 8.6 and 2.0, respec-

tively. Temperature = 25 °C and 1=0.100 mot dm -3 (Na) [Cl].

Species: (1) LCuH; (2) LCu; (3) (LH_ t)Cu; (4) (LH_ t )Cu2 ;

(5) (LH_ 1)2 Cu3; (6) (LH_ t)3 Cu2

as being plausible. (1) LCuH+: copper coordinated
to the carboxylate; (2) LCu and (3) (LH_ 1 )Cu:
copper coordinated to the catechol moiety; (4)
(LH_ 1 )Cu2 : one copper at each end of the mole-
cule; (5) (LH_ 1 ) 2 Cu 3 and (6) (LH_ 1 ) 3 Cu 2 : oligo-
nuclear species with copper acting as bridges
between adjacent caffeate moieties.
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INTERACTION OF 6-AMINO-I,3-DIMETHYL-
-5-PHENYLAZOURACIL
WITH Co(II), Ni(II), Cu(II) AND Ag(I) IONS

INTRODUCTION

Compounds containing pyrimidine rings are wi-
dely distributed in living cells and play a signifi-
cant role in many biological systems (the ring
system being an integral part of several nucleic
acids, vitamins, etc.); these facts have stimulated
research into the coordination modes of pyrimidi-
nes, in order to know the role of metal ions in
such systems [1-4]. As an grylazo group is of inte-
rest in promoting potential antineoplastic activity
[5], the pyrimidine molecules having an arylazo
group are of interest. For this reason and as part
of our work on the interaction of pyrimidine-deri-
ved ligands with metal ions [6-9], in the present
paper, the synthesis, spectroscopic characteriza-
tion and thermal behaviour of the 6-amino-1,3-
-dimethyl-5-phenylazouracil (DZH) and its Co(II),
Ni(II), Cu(II) and Ag(I) complexes have been in-
vestigated.

0

/
II

H3C'" 	 N=N -PhN 

35 I2	 6
ÓN	 NH 2

C H 3

D Z H

338	 Rev. Port. Quim., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

EXPERIMENTAL

DZH was synthesized according to Rose [10],
using 6-amino-1,3-dimethyluracil and phenylamine
as starting materials.
IR and 1 H-NMR spectra were recorded on a Beck-
man 4250 spectrophotometer and a Hitachi-Perkin
Elmer R-600 FT-NMR spectrometer. Thermal stu-
dies were carried out on a Mettler TG-50 thermo-
balance and a Mettler differential scanning calori-
meter model DSC-20.
The complexes Co(DZ) 2 NO 3 .H 2 0; Ni(DZ) 2 ;
Cu(DZ)NO 3 .H 2 0 and AgDZ were obtained by
mixing an ethanolic solution containing 0.4 mmo-
les of DZH with an ethanolic solution of the res-
pective metal nitrate (0.20 mmoles). The mixture
was heated at 70-80°C with continuous stirring
for about one hour. The resulting clear solution
was allowed to cool slowly to room temperature.
After a few days precipitates appeared. All the
complexes were washed consecutively with water
and ethanol and ether dried. Cu(DZ) 2 py;
Cu(DZ) 2 DMSO and Cu(DZ) 2 .2H 2 0 were obtai-
ned using the above experimental method, but
pyridine, dimethylsulfoxide and 1:1 ethanol-
-NH4 OH mixture were used as solvents, respecti-
vely.

RESULTS AND DISCUSSION

From spectroscopic data it can be suggested that,
in solid phase, DZH is in amine-ketonic form
(scheme I) (bands at 3290 and 3260 cm - ', corres-
ponding to v(N-H) of the amine group and 1705
and 1610 cm -1 due to v(C 2 =0) and v(C4 =0),
respectively). However, in the isolated complexes,
the anjon DZ is coordinated to metal ions in imi-
no-phenolic form, since IR spectra show only one
band v(N-H), as well as a new v(C = N) band,
both corresponding to the iminic group.
On the other hand, the v(N =N) band is shifted
towards lower frequencies upon metal complexes
formation, which suggests that a nitrogen atom of
the diazo group is involved in the coordination,
probably the one joined to the phenyl group, sin-
ce the v(C-N) band is also shifted towards lower
frequencies. Likewise, the IR spectra of the com-
plexes show bands in the region 435-420 cm -1 ,
which are not observed in the ligand spectrum;
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these bands are attributed to v(M-O) vibration
(oxygen atom joined to C 4 ).
Elemental analysis, magnetic measurements and
spectral studies [11] suggest the following mole-
cular structures for the isolated complexes:
[Co(DZ) 2 (H 2 0) 2 ]NO 3 (distorted octahedral);
Ni(DZ) 2 (tetrahedral); Cu(DZ)(H 2 0)NO 3 (tetrahe-
dral with a monodentate nitrate group); Ag(DZ)
(linear polymeric); Cu(DZ) 2 (H 2 0) 2 (distorted
octahedral); Cu(DZ) 2 py and Cu(DZ) 2 DMSO
(square-pyramidal).
The thermal behaviour of these complexes has
been studied by IR, TG and DSC. IR spectros-
copy applied to the study of the complexes heated
at 225°C allowed to clarify the decomposition
steps and the nature of the intermediate products.
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COMPARATIVE STUDY
OF METALLOCHLORINS
AND METALLOPORPHYRINS
BY RESONANCE RAMAN
SPECTROSCOPY

Basic studies on metallochlorins have recently
become increasingly important, because it was
found that not only chlorophylls but also some
hemoproteins contain the metallochlorin as a
prosthetic group (e.g. [1]). In order to elucidate
the reason for the existence of chlorin prosthetic
groups in some hemoproteins it is essential to in-
vestigate what features of molecular and electro-
nic structures of metallochlorins are different
from those of metalloporphyrins. Thus we have
undertaken comparative study of metallochlorins
and metalloporphyrins using resonance Raman
(RR) spectroscopy [2] which is known to be a
powerful structure probe for hemoproteins as well
as their model compounds [3,4].

RESULTS AND DISCUSSION

Fig. 1 shows the 488.0 nm-excited RR spectra
of Fe(OEC)Br (5-coordinate, high-spin;
OEC = octaethylchlorin), Fe(OEC)(Me 2 SO) 2

(6-coordinate, high-spin; Me e SO = dimethyl sulfo-
xide), and Fe(OEC)(Im) 2 Br (6-coordinate, low-

1600
	

1500	 1400	 1300
	

1200

RAMAN SHFT (CM ')

Fig. I

Resonance Raman spectra of (A) Fe(OEC)Br, (B) Fe(OEC)

(Me2 SO)2 , and (C) Fe(OEC)(Im)2 Br.

Experimental conditions: excitation wavelength, 488.0 nm;

laser power, 200 mW; spectral slit width, 6 cm -1 . S denotes

Raman lines due to solvents (CH 2 C1 2 for Fe(OEC)Br and

Fe(OEC)(Im) 2 Br and 1:1 mixture (V/V) of CH 2 C1 2 /Me 2 S0

for Fe(OEC)(Me 2 S0)2 ). Bands marked with an asterisk are

due to imidazole

-spin; Im = imidazole). RR bands at 1630, 1570,
and 1494 cm -1 of Fe(OEC)Br can be assigned to
the modes involving mainly the methine bridge
stretching vibration, that is, P 10 , v 19 , and v3 mo-

des [2], respectively. These frequencies are very
close to those of the corresponding modes of
Fe(OEP)Br. Since the frequencies of v 10 , v19, and
v3 modes are correlated with the center-to-pyrrole-
-N distance of the porphyrin cavity [4], the close
similarities in the frequencies of these modes bet-
ween Fe(OEC)Br and Fe(OEP)Br indicate the si-
milarity in their core sizes. RR bands of
Fe(OEC)Br at 1589 and 1530 cm -1 may be due to
the modes involving substantially the C oC o stret-
ching character [2]. The corresponding modes of
Fe(OEP)Br were observed at 1581 and 1558 cm -1 .
Although it was expected that the two CC ri stret-
ching modes would show large downward shifts
upon saturation of one of C oC^ bonds, the 1581
cm -1 band did exhibit an upward shift by 8 cm -1 .
Two C C stretching modes of Fe(OEP)Br with
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C4v symmetry belong to different symmetry spe-
cies (A 1 for 1581 cm -1 and B, for 1558 cm -1 ), but
they belong to the same symmetry species (A 1 ) for
Fe(OEC)Br with C 2„ symmetry. Therefore it seems
very likely that vibrational coupling of two A l

modes causes a large splitting of the two CC
stretching modes for Fe(OEC)Br. The so-called
oxidation-state marker (e 4 ) is seen at 1371 cm -1 in
the RR spectrum of Fe(OEC)Br.
The middle spectrum of Fig. 1 was obtained by
dissolving Fe(OEC)Br in a 1:1 mixture (V/V) of
CH2 C1 2 /Me2 SO. The RR spectrum resembles that
of Fe(OEP)(Me 2 SO)2 regarding the frequencies of
the methine bridge stretching modes [5], sugges-
ting that ferric chlorin forms the hexa-coordinated
high-spin complex with dimethyl sulfoxide at two
axial positions as in the case of porphyrin.
Upon the high- to low-spin conversion of ferric
chlorins all the RR bands above 1450 cm -1 showed
large upward shifts. The e10, e19, and P3 modes of
Fe(OEC)(Im) 2 Br were observed at 1640, 1580, and
1508 cm -1 , respectively. These frequencies are
again close to those of the corresponding modes
of Fe(OEP)(Im)2 Br.
The reduction of the iron atom resulted in nume-
rous changes in both positions and intensities of
RR bands. However, the frequency shift of the e 4

mode was rather small (ca. 4 cm -1 ) compared with
porphyrins (7-17 cm -1 ) [3,4]. The frequency de-
crease of the e4 mode upon the change from Fe 3 +
to Fee+ has been attributed to the increased it-back
donation of d electrons to porphyrin /r* orbital
[3,4]. Therefore, the relatively small frequency
shift of P, mode indicates that it-back donation is
less significant in ferrous chlorins than in ferrous
porphyrins.
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PALLADIUM(II) DERIVATIVES
OF SOME
1, 4-BEN ZODIAZEPIN-2-ONES

The reaction of PdCl2 and Na2[PdCl4J with two 1,4-

-benzodiazepin-2-ones, L, (DIAZEPAM and PRAZEPAM)

has been investigated. Complexes of the types trans-(L) 2 PdC12 ,
[(L-H)PdCI12 , (L-H)(Ph3 P)PdCI and (L-H)Pd(acac) have been

characterized by IR and NMR spectroscopy. An X-ray structu-

re determination of (PRAZEPAM)2 PdCl2 has shown that the

ligand is coordinated to the metal through the 4-nitrogen

atom.

RESULTS

Previously we have shown that the reaction of
some 1,4-benzodiazepin-2-ones, (L) (e.g. DIAZE-
PAM, PRAZEPAM, NIMETAZEPAM, LORA-
ZEPAM, NITRAZEPAM) with gold(III) chloride
affords 1:1 adducts (L)AuC1 3 . For the complex
(PRAZEPAM)AuC1 3 the coordination mode of
the ligand has been ascertained by an X-ray struc-
ture determination and found to occur through
the 4-nitrogen atom [1].
We report now some preliminary results on the
interaction of PdC1 2 and Na 2 [PdC1 4 ] with DIA-
ZEPAM and PRAZEPAM (scheme I):
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1) PdC1 2 +nL 
CHCI 3 > trans-(L)2PdCl2

n=1,2,3

2) Nat [PdCl 4] + L

+ (L-H)(L)PdCI

3) [(L-H)PdC1] 2 +

2 Ph 3 P 	 > 2 (L-H)(Ph 3 P)PdC1

4) [(L-H)PdC1] 2 +

+2 Tl(acac) 	 > 2 (L-H)Pd(acac) + 2 TIC1

Reaction 1) was carried out in mild conditions
(room temperature, CHC1 3 ): in any case only 1:2
adducts were obtained, even when excess ligand
was employed. The trans-arrangement of the
ligands was assigned on the basis of the IR and
X-ray data. The complex (PRAZEPAM) 2 PdC1 2

exists in two crystalline modifications: one of
them is pictured in Fig. 1. The ligand is bonded
to the metal through the 4-nitrogen atom: the ove-
rall geometry to the organic molecule [2] does not
appear to be remarkably affected by the comple-

Fig. 1
ORTEP view of compound (PRAZEPAM) 2 PdCl2. The hydro-

gen atoms have been omitted for clarity.
Pd-CI(1) 2.299(5), Pd-Cl(2) 2.310(4), Pd-N(41) 2.026(12),
Pd-N(42) 2.024(12), C(51)-N(41) 1.293(18), C(52)-N(42)
1.281(18), N(41)-C(31) 1.487(19), N(42)-C(32) 1.418(18) q

xation to the metal, as observed previously in the
gold(III) complex and in a copper(II) derivative,
(DIAZEPAM)2 CuC1 2 [3], the only complexes of
these ligands so far investigated by X-ray analysis.
Reaction 2) gave, as the main product, the species
[(L-H)PdC1] 2 plus a small amount of
(L-H)(L)PdCI. The former are dinuclear comple-
xes where the benzodiazepine ligand is likely to be
coordinated through the 4-nitrogen atom and the
ortho-carbon atom of the phenyl ring, to give a
five-membered cyclometallated system. The dinu-
clear species are easily split by classical reactions
such as 3) and 4) [4]. At the best of our knowled-
ge these are the first complexes where a 1,4-
-benzodiazepin-2-one acts as an anionic chelating
ligand.
Work is in progress to collect X-ray evidence of
such a behaviour.
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COPPER(II) COMPLEXES
OF SOME INDOLIC ACIDS

Indolecarboxylic acids are a class of plant auxins
which are responsible for metal complex forma-
tion in plant tissues [1]. As a continuation of our
previous studies on the metal complexes of indolic
auxins [2], we report here the synthesis and the
characterization of the copper(II) complexes for-
med by the following ligands:

The complexes obtained, along with their solid-
-state magnetic properties and electronic absorp-
tion data, are listed in Table 1.

Table I

Magnetic properties and electronic absorption data

Indole-3-carboxylic and indole-5-carboxylic acids
yield compounds having formulae Cu(L 1 ) 2 .H 2 0
and Cu(L 2 ) 2 .1.5 H 2 O, respectively, which exhibit
spectral properties typical of tetracarboxylate-
-bridged dimers of the copper(II) acetate monohy-
drate-type.
Also indole-N-acetic acid yields dimeric com-
pounds, Cu(L 3 ) 2 .2CH 3 OH and Cu(L 3 ) 2 , the
latter one exhibiting an ESR powder spectrum
supportive of interdimeric exchange interactions
as is often the case of anhydrous copper(II) car-
boxylates.
On the other hand, N-methyl-indole-2-carboxy-
lic acid yields, in addition to the dimeric com-
plex Cu(L 4 ) 2 .1.5 H 2 O, a monomeric compound,
Cu(L 4 )2 .2 H 2 O, whose spectral properties are
consistent with a tetragonally elongated coordina-
tion involving two water molecules and two biden-
tate carboxylate groups behaving in a strongly
asymmetrical fashion.
By taking into account also the results obtained
previously for the complexes of indole-3-acetic,
-3-butanoic, -3-propanoic and -2-carboxylic acids
[2], it may be suggested that indolic acids behave
as simple carboxylic ligands and that monomeric
arrangements for the copper(II) complexes are
allowed only when the carboxylic group is in
ortho to the ring nitrogen atom.
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Compound

Cu(LI)2—H20
Cu(L 2 )2 •1.5 H 2 0
Cu(L 3 )2 •2 CH 3 OH
Cu(L 3 )2

Cu(L4 )2 •1.5 H 2 0
Cu(L4 )2 •2 H20

Xmax (nm)

dimer 685

dimer 690

dimer 700

dimer 685

dimer 710

monomer 700
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CALCIUM BINDING
TO METHYLMALONATE ION

MULTINUCLEAR NMR STUDIES
OF VANADIUM(V) COMPLEXES
WITH LACTIC AND MALIC ACIDS

POSTER SESSIONS: 5. COMPLEXES OF BIOCHEMICAL INTEREST
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In an endeavor to model the binding of
calcium(II) ions to y-carboxyglutamic acid (gla)
residues, we have determined the crystal and mo-
lecular structure of the calcium(II) complex of
methylmalonic acid, which is an excellent structu-
ral model for the functional groups at the -y-car-
bon center of gla. The complex crystallizes as a
hydrate of formulation Ca 3 (Memal) 3 .4H 2 0, whe-
re Memal is the methylmalonato dianion,
C4 H 4 042- . The complex crystallizes in the mono-
clinic space group C2/c with four formula units in
a cell of dimensions a= 16.886 (7), b =18.959
(10), c= 6.640 (8) A, /3=90.76 (8)°. The structure
contains two independent and distinct types of
calcium atom. One calcium atom is eight-coordi-
nate, binding to two water molecules and to six
carboxylate oxygen atoms; the only chelation at
this center involves oxygen atoms from a single
carboxylate group. The other calcium atom is se-
ven-coordinate, coordinating to one water molecu-
le and six carboxylate oxygen atoms. In this case,
however, one of the two chelates is formed by
atoms from the two different carboxylate groups
of a single methylmalonato ion; this type of chela-
tion is not available to glutamic or aspartic acid
residues, but is available to gla residues and may
be significant in the binding of calcium to gla-
-containing proteins.

Complexation of vanadium(V) with lactic and ma-
lic acids, in aqueous solution, is being investigated
using 1 H, 13 C and 51V NMR spectroscopy [1].
Two main complexes are formed in each case,
with relative concentrations depending on pH and
on ionic strength. The vanadium-lactic acid com-
plexes have 1:2 and 1:1 composition, the acid
acting as a bidentate ligand in both. The two do-
minant vanadium-malic acid complexes have a 1:1
stoichiometry, the ligand being bidentate in one
(involving the OH and the a carboxyl group) and
terdentate in the other (involving also the other
carboxyl group). These latter results are establis-
hed on the basis of the 13 C shifts and the vicinal
HH coupling constants observed on complexation:

H02C-CH2-CH(OH)-CO2H JAX JBX

(A,B) (X)

a. Bidentate	 0.4	 0.4	 6.1 5.8 ppm 4.2 9.8 Hz

b. Terdentate	 4.6	 2.0	 10.0 6.0	 1.9	 4.9

An attempt is made to interpret the vanadium
shifts observed on complexation.
Formation constants are being estimated and
exchange and metal reduction phenomena investi-
gated.

REFERENCE
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SPECTROSCOPIC AND POTENTIOMETRIC
STUDIES OF COPPER(II)
COMPLEXES OF D-GLUCOSAMINE

Because of the involvement in many bioinorganic
systems, the interaction of metal ions with simple
amino sugars such as D-glucosamine has been stu-
died [1,2], but no precise description of the com-
plexes is really available. We have investigated the
Cu(II)-D-glucosamine system in aqueous solution
by using spectroscopic (ESR, absorption and CD)
and potentiometric techniques.
According to the potentiometric results, five
distinct complex species are formed over the pH
range 5-9.5 (Table I).

The CuL 2 complex, the major species around pH
7 (-55%B at pH 6.9), is easily distinguished by
spectral measurements. Indeed, the d-d absorption
maximum (660 nm, € = 44), the ESR parameters
(g o = 2.317, A ii = 175 x 10 -4 cm -1 ) and the CD data
(640 nm, De = + 0.06) strongly support the invol-
vement of two nitrogen atoms in metal coordina-
tion [3-4].
Above pH 7 two other complexes, namely

Table I
Logarithm of stability constants (log (3PQ ) of complex species
MpHq Lr (M= Cu(II), L= o-glucosamine) in 0.15 nr NaCI

at 25°C

P 9 log (jpgr

0 1 1 7.70

1 0 1 3.06
1 0 2 (CuLZ ) 8.76
1 –1 2 0.83
1 –2 2 (CuH_2 L2 ) –5.82
1 –3 2 –15.08

CuH_ 1 L 2 ( -- 10% at pH 7.4) and CuH_ 2 L 2

(-90% at pH 8.1), are formed. The minor spe-
cies, CuH_,L 2 , which is not shown by any used
spectroscopic technique, results from the deproto-
nation of one of the hydroxyl groups of a gluco-
samine ligand and, thereby, involves a chelate
(N,O) ring. The CuH_2 L 2 species (\ma,=620 nm,
g 11 =2.255, A p= 196 x 10 -4 cm -1 ) involves two che-
late (N,O) rings because of the coordination of
two amino groups and two deprotonated hydro-
xyls. The formation of CuH_ 2 L 2 gives rise to
strong negative CD effects centered around 730
nm (De= —0.15).
Positive Cotton effects, attributable to
NH 2 — Cu(II) charge transfer transitions, are
observed in the UV region (CuL 2 : 315 nm,
De = + 0.6; CuH_ 2 L 2 at pH —8: 300 nm,
Ae = + 2.2).
The formation of CuH_ 3 L 2 , which predominates
above pH 10, does not result in any distinguisha-
ble variation of absorption or ESR spectra.
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hfc component, are in surprisingly reasonable
agreement with crystallographic data. Application
of this method is made to investigate the environ-
ment of lanthanide binding sites in enzymes and
proteins.
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ENDOR STUDY OF SMALL MOLECULE
AND ENZYME COMPLEXES
OF Gd 3+ IN FROZEN SOLUTION

Electron-nuclear double resonance (ENDOR)
spectroscopy is applied to the investigation of the
coordination structure of Gd 3+ in small molecule
and enzyme complexes in frozen solution. Proton
ENDOR spectra of GdC1 3 in frozen methanol-wa-
ter mixtures obtained with H 0 at the turning point
of the EPR absorption exhibit single crystal-type
line pairs. With use of selectively deuterated sol-
vents, we have assigned the chemical origins of
each pair of ENDOR lines. There are two distin-
guishable sets of protons due to metal-coordinated
water and one set belonging to the methyl group
of metal-coordinated methanol. Similarly, from
the proton ENDOR spectrum of Gd(CH 3 000) 3

in frozen solution, we have also identified the set
of lines belonging to the methyl group of metal-
-bound acetate. On the basis of the field depen-
dence of the ENDOR spectra, we have determined
the hyperfine coupling (hfc) components of each
of the metal-bound ligands.
The hfc components of the protons of Gd 3+-

-bound acetate exhibit axial symmetry, and under
the point-dipole approximation, the calculated
metal-proton distance is 4.53 +0.20 A. This is
in reasonably good agreement with the value of
4.73 t1 deduced from crystallographic data. The
hfc components of the water and methanol pro-
tons do not exhibit axial symmetry, indicating sig-
nificant spin delocalization. Nonetheless, the
metal-proton distances, calculated as lower limit
estimates on the basis of the largest anisotropic
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A NMR STUDY OF LN(NOTA)
CHELATES AS AXIALLY SYMMETRIC
AQUEOUS SHIFT REAGENTS

The trivalent lanthanide ethylenediaminotetraace-
tate (Ln(EDTA)) chelates are very useful water
soluble NMR shift and relaxation probes of the
dynamic structure of biological molecules at
pH —7 [1], including nucleotides [2,3], carboxyla-
tes [4,5] and aminoacids [6]. The Ln(EDTA) com-
plexes suffer several disadvantages as aqueous
NMR shift reagents including lack of solubility
near neutral pH, exchange broadening of the reso-
nances of some ligands to the heavier Ln(EDTA)
chelates [6] and structural changes along the
series, which ^omplicates the separation of pseu-
docontact and contact shifts [7,8].
In this work we report 13C and 1H NMR studies of
the 1:1 complexes of the axially symmetric ma-
crocyclic ligand 1,4,7-triazacyclononane-N,N',N"-
-triacetic acid (NOTA) with the diamagnetic and
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paramagnetic lanthanides. The proton and 13C

spectra of the La(NOTA) and Lu(NOTA) species
were studied as a function of pH and tempera-
ture. The aqueous complexes show spectra charac-
teristic of a flexible triaza cycle, displaying fast in-
terconversion between the two staggered S and X
conformations of the ethylenediamine rings even
at room temperature. Above pH 9.5, the hydroxo
complexes are formed, and their spectra show evi-
dence for a much more rigid triaza macrocycle.
At room temperature the conformational inter-
conversions are slow in the NMR time scale. Pro-
ton and 13C NMR dynamic studies gave a value of
AG # =63.6 KJ moi -1 for the activation energy of
this process.
LIS values have been measured for all proton
and carbon resonances in nine paramagnetic
Ln(NOTA) complexes (Fig. 1). The ethylene pro-
tons appear as a pair of resonances forming an

Fig. 1

Proton(A) and carbon(B) NMR spectra of Ln(NOTA) com-

plexes

AA'XX' splitting pattern (visible only in the
Eu(NOTA) spectrum) while the acetate protons
remain a singlet. The observed LIS's are domi-

Rev. Port. Quím., 27 (1985)

nated by contact interactions in most of the
Ln(NOTA) complexes.

The 13C spectrum of Pr(NOTA), studies of the
effect of added LiC1 on the observed LIS's and
observed breaks in plots of experimental LIS data
versus theoretical pseudocontact and contact shift
values, suggest that the early members of the lan-
thanide ion series form mixed complexes with
NOTA in aqueous solution, some with NOTA
bound as a hexadentate chelate and some as a
pentadentate species with one unbound acetate
group. The smaller trivalent lanthanide cations
(Dy—Yb) appear to form complexes containing
only hexadentate chelated NOTA.
The pseudocontact shifts for the Dy—Yb comple-
xes agree reasonably well with those calculated
using the axial symmetry model and the crystal
coordinates of Cr(NOTA) (Fig. 2). The proton
and 13C relaxation rates determined for three
Ln(NOTA) complexes indicate that the smaller
lanthanide cations fit into the triazamacrocyclic
cavity better than do the larger ions, resulting in
structurally more rigid Ln(NOTA) complexes.

Fig. 2

The structure of Ln(NOTA) complexes indicating the dipolar

angle and the sign of the axial dipolar geometric term

We also studied the induced LIS's of the ligand
protons and 13C nuclei of cyclopropane carboxy-
late (CPC), adenosine 5'-monophosphate (AMP)
and the dicarboxylate ligand cis-5-norbornene-
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-endo-2,3-dicarboxylic acid upon binding of the
Ln(NOTA) paramagnetic complexes. Fast exchan-
ge was observed and the measured paramagnetic
shifts were purified of existing contact contribu-
tions and compared with theoretical values calcu-
lated from assumed structures. The results obtai-
ned indicate that Ln(NOTA) chelates should be
very useful NMR paramagnetic probes to be used
in conformational analysis of small ligands or in
binding to protein surfaces.
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NMRD INVESTIGATION OF Mn 2+ AND Gd 3+

NOTA COMPLEXES,
AND A COMPARISON WITH
THE ANALOGOUS EDTA COMPLEXES

It is well established that the longitudinal (spin-
-lattice) and transverse (spin-spin) relaxation rates
of solvent protons in solutions of complexes of
paramagnetic ions, e.g., metalloproteins or small
chelates, depend on the strength of the applied
static magnetic field and on the chemical environ-
ment of the ions [1,2]. The magnetic field depen-
dence of the proton relaxation rates of water, cal-
led nuclear magnetic relaxation dispersion
(NMRD) profiles, have been previously studied in
detail for complexes of Gd 3+ and Mn 2+ with the
chelates ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA)
[2]. In this work, we report a study of the 1/T 1.

NMRD profiles of Gd 3+ and Mn 2 + ions complexed
with the cyclic triazamacrocyclic ligand 1,4,7-
-triazacyclononane- N,N',N "-triacetic acid
(NOTA), and compare them with results for the
analogous EDTA complexes. We also discuss their
potential utility as paramagnetic contrast agents in
NMR imaging.
Fig. 1 shows the NMRD profiles of solvent pro-
tons of Mn(EDTA) and Mn(NOTA) complexes,
which are independent of pH in the range of
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5.8 to 10.5. Addition of excess EDTA to the
Mn(NOTA) solution does not affect the rates,
showing that Mnz+ forms at least a 50-fold stron-
ger complex with NOTA than it does with EDTA.
The Mn(NOTA) NMRD profile shows that its re-
laxivity is very low, probably arising only from
outer sphere effects. The absence of inner sphere
water molecules in Mn(NOTA) would agree quite
well with X-ray crystal structures of the Cr 3+,
Fe3', and Cue+ NOTA complexes [3]. On the
other hand, the results strongly suggest that
Mn(EDTA) is indeed seven coordinated, with one
inner sphere water molecule, as discussed pre-
viously [4-6].

MAGNETIC FIELD (T)
0.001	 0.01	 0.1

Fig. /

l/T1 NMRD profiles of solvent protons of solutions of Mn 2+

complexes with EDTA and NOTA

Fig. 2 shows the Gd(NOTA) NMRD profiles un-
der various conditions and compares them with
the Gd(EDTA) results. At pH near neutrality, the
Gd(NOTA) NMRD curve has a lower relaxivity
than Gd(EDTA), particularly at low fields, due to
a combination of a decreased correlation time for
the dipolar interaction and a decrease of water
coordination number. A water coordination num-
ber of 3.3 has been proposed for Eu(NOTA) on
the basis of optical [7] and NMR results [8,9] and
the present data are certainly compatible with this
view. Addition of equimolar quantities of EDTA
restores the NMRD profile of Gd(EDTA), indica-
ting that EDTA competes successfully with NOTA
for Gd 3+ at neutral pH, and that the Gd(NOTA)

Fig. 2

1/T1 NMRD profiles of solvent protons of solutions of Gd3+

complexes with EDTA and NOTA. The dashed line is com-

puted from a least squares comparison of theory and experi-

mental data (2J

complex is substantially weaker than Gd(EDTA).
We also see a gradual decrease of relaxivity of
Gd(NOTA) as the pH is increased from 7.4 to
10.9, equivalent to an effective decrease of appro-
ximately one proton. This is not due to Gd(OH) 3

precipitation, and we propose that inner sphere
water molecules of Gd(NOTA) are involved at
high pH, giving mixed Gd(NOTA)(H z 0),,(OH) n

species. This is in agreement with high resolution
NMR observations on the Lai* and Lu 3+ NOTA
complexes [10].
In conclusion, the very stable Mn(NOTA) com-
plex, although allowing an estimate of outer sphe-
re effects for other Mnz+ complexes, probably
would not be an efficient relaxation enhancement
agent. The Gd(NOTA) complex is quite an effi-
cient relaxation agent, particularly at high fre-
quencies, but could be quite a toxic contrast agent
in NMR imaging due to its ready release of
the Gd 3+ caused by a relatively modest stability
constant.
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SUBSTITUENT EFFECTS
ON THE DISSOCIATION KINETICS
OF HEAVY METAL ION CRYPTATES

The dissociation kinetics of the cryptates of 2.2.2, 2.2.20 ,

28 .28 .2 and 4-.2,2 with Tl + and Pb2+ have been studied in

water and methanol-water (90:10) at 25.0°C. The dissociation

reactions generally displayed parallel solvolytic (k,) and acid-

-catalyzed (k8) pathways consistent with the rate law:

-d[MCrypn+ J/dt=(kd +k Hill'J) [MCrypn+ J.

The introduction of a decyl side chain (2.2.4) produced only

minor variations in the values of kd and kH when compared

with the parent cryptand, 2.2.2. Larger effects are observed

with the dibenzo-derivative (28.28.2) with Tl' and for the dicy-

clohexano-derivative (20 .20 .2) with both Pb2+ and TI'. The

rate constants for the uncatalyzed and acid-catalyzed pathways

in methanol-water decrease by 20- to 200-fold compared with

the corresponding values obtained in water.

INTRODUCTION

The macrobicyclic polyoxa-diamines (cryptands)
introduced by LEHN and co-workers form stable
complexes with alkali-, alkaline-earth- and heavy
metal cations [1,2]. The relative rigidity of these
ligands results in peak type selectivity related to
the ratio of ligand cavity to metal cation diame-
ter. In addition to cavity size, parameters such as
donor atom type and ligand backbone substituents
also affect the complexation properties of the
cryptands [1-3]. The introduction of hydrophobic
decyl-, benzo-, and cyclohexano-moieties into the
cryptand (see Fig. 1) structure increases their abi-
lity to solubilize salts in non-polar media [4] and

Fig. I

Structures of 2.2.2 Cryptands

membranes [5,6]. In view of the demonstrated
ability of the parent compound, cryptand 2.2.2,
to enhance elimination of toxic heavy metal ions
[7,8] an evaluation of substituent effects on the
complexation properties with Pb 2+ and Ti' was
carried out and the results are reported in this
communication.

EXPERIMENTAL

Cryptands 2.2.2, 2.2.2 D, 2 B .2 B .2 and 2 c .2 c .2
were obtained from E. Merck and used without
further purification. Stock cryptand solutions we-
re analyzed spectrophotometrically [9]. Kinetic
studies were carried out by mixing equal volumes
of the appropriate cryptate (3.0-7.0 x 10 -5 NO with
a solution of known HCIO4 concentration (1.12-
-74.5 mM). The reactions were monitored in the
wavelength region of 245-255 nm on either a Dur-
rum stopped-flow or a Hitachi 80-100 spectropho-
tometer. The cell temperature was maintained at
25.0 (±0.1)°C using a thermostated water bath.

2.2.2, R=H

2 .2.2 D, R = cIOH21 213.213.2 2c.2c.2
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All reactions were pseudo-first-order and rate
constants were obtained using standard least squa-
res technique.

RESULTS AND DISCUSSION

In strongly acidic media the cryptate complexes
dissociate via parallel uncatalyzed and proton-ca-
talyzed pathways. The data are consistent with the
rate law:

-d[MCryp" + ]/dt=(k d +k H [H+])[MCryp °+] (1)

where M" + = Tl° or Pb 2+ and k d and k H are the
rate constants for the uncatalyzed and acid-catali-
zed pathways, respectively. The influence of ionic
strength on k H was accounted for by the relation-
ship:

k obs = k d+ kH[H+ IyHyMC/y *

where kH is the rate constant value at zero ionic
strength and 7 H, y MC and 'y * are the activity
coefficients of the proton, cryptate and transition-
-state complex, respectively. Values of y ; were cal-
culated using the Davies equation [10]. The values
of k d and kH obtained from plots of equation (2)
are listed in Table 1.
The values of k d in methanol-water are less
than the corresponding values in water as expec-
ted [11]. In methanol-water the k d values of the
thallium cryptates increase in the sequence:

2.2.2 < 2.2.2 p «2 B .2 B . 2 < 2 c .2 c . 2 «2.2 Cg. The
introduction of the decyl-side chain has little
effect on the dissociation kinetics of the T1° and
Pb 2+ complexes in agreement with the results
reported for the analogous alkali-cation cryptates
[12]. The introduction of the benzo-groups into
the cryptand structure has three effects; (i) increa-
sed rigidity resulting in a smaller effective cavity,
(ii) decreased donor ability of the catechol-ether
oxygen atoms and (iii) increased shielding of the
cation from the solvent [1]. These factors combine
to weaken the cryptand with Tl° [13] and this de-
crease in stability is reflected in the large increase
in the value of k d . Similar behavior has been re-
ported for the Bá2+ cryptates of 2.2.2 and 2 B .2 B .2
[14]. Saturation of the rings has little effect on the
value of k d compared to the value for 2 B .2 B .2 with
thallous ion in methanol-water. A much larger

effect is noted when the k d values for the lead ion
cryptates of 2 c .2 c .2 and 2.2.2 are compared. This
may be due to the higher charge of Pb 2+ and the
increased shielding provided by cyclohexano-
groups which would hinder solvation of the
cryptate. The trends for the kH values of the
cryptates are not as distinct as those for the k d va-
lues. However, for both cations, the kH values for
2 c .2 c .2 are much larger than those of the other
cryptands. The values of kH are 50- to 200-fold
lower in methanol-water than the corresponding
values in water, with the larger difference being

(2)

Table 1

Rate Constant Values for Acid-Catalyzed Dissociation of T1 and Pb 2 ' Cryptates at 25°C a)

Ligand Solvent b)

TI' Pb 2 '

kd, secI kH, M -1 sec - I kd, sec-I k°H, M -1 sec 1

2.2.2 H2O b) 5.5	 +0.6 1050 +95 1.8 x 10 -5 0.71

M/W 0.10 +0.01 26+1 <10-5 4.0 x 10 -3

M/W d) 0.12+0.01 20+1

2.2.2D H 2 0 <10-4 0.44

M/W 0.45 37 <10-5 3.0 x 10 -3

2 B .2B .2 H 2 0 102 4100 <10-4 0.057
M/W 6.2 63 — -

2c .2c .2 H20 - 0.002 13.3
M/W 17.7 3500 -3x105 0.056

a) k d values at it 	 (Et4 NCIO4 ), kH values at µ-0.

b) M/W = methanol-water (90:10).

c) [15].

d) [16].
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observed for the lead cryptates. This result is most
likely a consequence of the lower dielectric cons-
tant of the methanol-water mixture compared
with water.            
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PHOTOCHEMISTRY OF IRON(III)
PROTOPORPHYRIN IX IN OXYGENATED
ALKALINE AQUEOUS ETHANOL.
EVIDENCE FOR SUPEROXIDE RADICAL
FORMATION AND ITS INVOLVEMENT
IN THE PORPHYRIN DEGRADATION

The interest for the formation of superoxide in
biological aerobic processes is on steady increase
in connection with the auto-oxidation of dioxygen
carrier hemoproteins as well as with its toxic
effect on living systems.
In recent years, a number of very interesting stu-
dies on both the mechanism of formation of supe-
roxide and its reactivity with respect to biological
substrates have been reported [1].
We have recently published an ESR-spin trapping
investigation on the photochemical behaviour of
Fe(III) Protoporphyrin IX chloride (Fe(III)PPC])
in oxygenated water-ethanol mixed solvents [2].
The results obtained in that study allowed us to
conclude that Fe(II) porphyrin and an ethoxy ra-
dical were formed in the primary photochemical
process and that the oxygen interacted somehow
with Fe(II) thus hindering a rapid cage back elec-
tron transfer. The mechanism proposed is repor-
ted in Scheme 1.

Scheme I
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e(II)PP CH 3 CH 2 OH	 Fe(III)PP +02 - +CH 3 CH 2 O•

óH	 ^ óH	 (3)

The most interesting aspects in the above scheme
are: i) the oxygen should oxidize Fe(II) interme-
diate when this is still bound to some extent to the
ethoxy radical; and ii) superoxide ion should be
formed as a product of oxygen reduction.
In the present paper we re-investigate the photo-
chemical behaviour of Fe(III)PPCI in aqueous
ethanol for the twofold purpose of having experi-
mental evidence of the superoxide formation and
of studying the effect of 0 2 - on the porphyrin
complex.

Fe(III)PPCI in 40% ethanol/water solvent at pH
12 was irradiated in oxygen atmosphere in an ESR
cavity with light of X>305 nm, at room tempera-
ture. After 10 minutes of irradiation the solution
was quickly cooled to 95 K. In these conditions,
an ESR spectrum (g N=2.055, g 1 = 2.004), typical
of the superoxide radical [3] was obtained. The
signal rapidly disappeared when the temperature
was rised again to the initial value. These results
at the same time confirm the above proposed me-
chanism and represent the first experimental evi-
dence of superoxide formation upon irradiation of
an iron porphyrin. The results obtained in flash-
-photolysis experiments are also in agreement with
the above reported mechanism: in deaerated solu-
tion no appreciable photoreduction was observed
in a time scale of milliseconds; in oxygenated so-
lution, evidence of formation of Fe(II) porphyrin,
which was completely re-oxidized in less than 50  µ
sec, was obtained. This indicates that the re-oxi-
dation process occurs via the reaction of oxygen
with the coordinatively unsaturated Fe(II) porphy-
rin intermediate rather than through a bimolecular
reaction between dioxygen and a Fe(II) porphyrin
complex in some way stabilised prior to oxidation.
Prolonged irradiations of Fe(III)PPCI in the abo-
ve conditions gave rise to an absorbance decrease

in the whole UV-Vis scanned spectral range (300-
-800 nm). Moreover, the Soret band underwent an
evident broadening. This spectral behavior can be
taken as an indication of an irreversible modifica-
tion of the Fe(III) porphyrin complex, consisting
in a porphyrin ring opening. Photochemical expe-
riments carried out in alkaline aqueous ethanol
containing an excess of imidazole also support the
degradation hypothesis: in fact, an absorption
band at 670 nm, which could be ascribed to a de-
gradation product of an imidazolate Fe(III)
porphyrin complex [4], was observed to be for-
med under irradiation. It is likely that hydrogen
peroxide, formed from the dismutation of supero-
xide, is responsible for the ring opening process.
A similar degradation of an iron porphyrin was
demonstrated previously by other authors [5].
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tetracyclic and 1,5-bicyclic dimers display reversi-
ble redox behavior. In the steroid case the two
waves nearly coalesce. Overall these data suggest
that as the distance between the ruthenium centers
increases, the difference in potential decreases.
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BINUCLEAR RUTHENIUM ALKYL
DIOXIME COMPLEXES:
MODELS FOR ELECTRON TRANSFER
THROUGH SATURATED BARRIERS

A question of particular interest to the study of
the mechanism of electron transfer in metallopro-
teins is the nature of the intervening groups and
the distance separating redox-active transition me-
tals. We are interested in the distance dependence
of intramolecular electron transfer through satu-
rated barriers. The electron density surrounding
the metal centers of existing models [1] for elec-
tron transfer through saturated barriers is very
different from that found in the Fe-Porphyrin
or Fe-S prosthetic groups of electron transfer
proteins [2]. We have used the (bpy) 2 Ru(II)
(bpy = 2,2'-bipyridine) moiety instead of
(NH 3 ) 5 Ru(II) [3] in order to better mimic the elec-
tron density of the protein prosthetic group.
Thus we have synthesized a series of binuclear
ruthenium alkyl dioxime complexes in which the
bridging ligands are the monocyclic 1,4-
cyclohexanedione dioxime (cyclodiox), the bicy-
clic 1,4- and 1,5-substituted trans decalindione
dioximes (decadiox), and the tetracyclic 5a-3,17-
androstanedione dioxime (androdiox). This pro-
vides a series of binuclear metal complexes with the
metals separated by a barrier of variable distance.
The results of cyclic voltammetric studies of these
complexes are shown in Table I. The potential
differences for the mono- and bicyclic 1,4-bridged
complexes are 471 and 325 mV, respectively with
the latter being an irreversible process. The

Table I

Cyclic voltammetry of Ru dimers

Bridge E,,2 (V vs SCE)

1,4-cyclohexanedione dioxime .685, .214
1,4-decalindione dioxime .950, .625
1,5-decalindione dioxime .960, .770
5a-3,17-androstanedione dioxime .900, .827

Addition of one equivalent of Ce(IV) to the
doubly reduced species generates a mixed-valence
Ru 11-Ru tll dimer which is expected to display
near-IR intervalence charge transfer (IT) bands.
Results for the mono- and tetracyclic Ru dimers
are shown (Table II). The extent of delocalization
of the exchanging electron (a2 ) can be estimated
from the properties of the IT band [5] according
to the equation (1) [6]

a2 
4.2 x 10-4 E max v1í2 _ 

(1)
d z —^

v max

where d is the Ru-Ru internuclear separation (in
;6i,  based on crystal structure data of the oximes),

E max is the molar absorptivity at the wavelength
maximum and 17-1,2 is the bandwidth at half-
height. The values of a2 for the mono- and
tetracyclic ruthenium dimers (Table II) differ by
three orders of magnitude, suggesting that the
mixed-valence state is more delocalized in the mo-
nocyclic diruthenium complex than in the ruthe-
nium steroid dimer.

Table II

Ru dimer 	 '1-E ;max	 E	 a2
(Volts) (nm) (M cm) - ' (A 2 M cm)-t

Ru 2(µ1,4-cyclodiox) .471 910 42 1.3 x 10 -3

Ru 2(µ3,17-androdiox) .073 718 3.5 2.6 x 10-6

These Ru 2 (bpy) 2 -dioxime dimers represent a new
series of ligand complexes with which to study the
distance dependence of intramolecular electron
transfer through saturated barriers. As the dis-
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tance between the ruthenium ions increases, the
difference in reduction potential of the two ruthe-
niums decreases as does the degree of delocaliza-
tion of the mixed valence state. At the same time,
the energy of the IT band increases with conco-
mitant decrease in molar absorptivity.
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SYNTHESIS OF METHYLCOBALAMIN
FROM THE GLUTATHIONE-COBALAMIN
COMPLEX

Mechanistic details on the conversion of vitamin
B12 (cyanocobalamin, CN-Cbl) to its coenzyme
forms adenosylcobalamin (Ado-Cbl) and methyl-
cobalamin (Me-Cbl) by mammalian cells are lar-
gely unknown. Some information is available on
Ado-Cbl formation by prokaryotes (reviewed in
[1]), but the origin of Me-Cbl, the principal circu-
lating Cbl in man, is obscure. Twenty years ago
WAGNER and BERNHAUER proposed that the glu-
tathione-cobalamin complex GS-Cbl might serve
as a precursor for Cbl coenzymes based on its
reactivity with alkylating agents [2]. We have re-
cently obtained evidence that GS-Cbl is a natu-
rally occurring intracellular Cbl in murine L1210
cells [3]. This paper concerns the reactivity of
synthetic GS-Cbl in model systems for Me-Cbl
formation.
GS-Cbl was prepared by reacting a 10-fold molar
excess of glutathione (GSH) with hydroxocobala-
min (HO-Cbl) in 0.10 M sodium acetate pH 4.5
(Reaction (1)). This complex was purified from
excess

GSH+HO-Cbl 	 > GS-Cbl+H 2 0 (1)

GSH by gel filtration on a 2.5 x 50 cm P2 pol-
yacrylamide (Bio-Rad) column, or for smaller le-
vels (<1 µmole) of GS-Cbl, on Sep-Pak C18 car-
tridges (Waters/Millipore). The isolated complex
had principal absorbance bands at 534, 428, 372,
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and 289 nm (pH 7.0) and was relatively stable if
stored anaerobically in the dark at pH 4.5. At
lower pH (<2) the complex rapidly hydrolyzed to
aquocobalamin (Aq-Cbl) (Reaction (2)).

GS-Cbl + H30'  PH 1 ' 0 > GSH + Aq-Cbl (2)

At elevated temperature (80°C), GS-Cbl under-
went thermolytic decomposition to Aq-Cbl. Since
intracellular Cbls are usually extracted at elevated
temperatures, this may explain why GS-Cbl has
not been observed in the past.
In the presence of other thiols, GS-Cbl is very
unstable and decomposes to what appears to be
cob(II)alamin (Cb1 11 ) spectrophotometrically
(Reaction (3)). If Reaction (3) is carried out in the

GS-Cbl+RSH PH 7.0> Cbl H +RS-SG (3)

presence of methyl iodide (Mel), the final spec-
trum appears to be a complex mixture of products
(Fig. 1). When analyzed by HPLC, the major Cbl

GS-CbI + RSH  	 Me-Cbl         

na-cu           
e-CS'

Reaction Mot  Sion    Reacoon Mia
(Post PtwtoHeisl       

c        

Fig. 2

Identification of Me-Cbl in Reaction Mixtures by HPLC.
The reaction mixture from Fig. I was passed through an acti-

vated Sep-Pak C18 cartridge. Corrinoids were then eluted with

50% acetonitrile and concentrated to dryness. The residue was

dissolved in 100 Al of water, clarified by centrifugation and

analyzed (20 µ/ aliquots) by gradient HPLC according to

JACOBSEN et al. ¡3J. A portion of the reaction mixture was

exposed to light from a tungsten filament bulb (300 W) for

30 min prior to HPLC

in the presence of the physiological methyl donor
S-adenosylmethionine (SAM) (Reaction (4)).
These studies demonstrate that intracellular GS-Cbl
could serve

GS-Cbl + RSH SAM	 > Me-Cbl	 (4)
air, pH 9.0

as a substrate for Me-Cbl biosynthesis in mamma-
lian cells.

REFERENCES
300 350 400 450 500 550 600

Wavelength, nm

Fig. 1
Formation of Me-Cbl from GS-Cbl in the presence of Mel.
The main cuvette compartment contained 2.5 ml of 25 µrot

GS-Cbl in 0.1 m NaHCO3 (pH 9.0). The reaction was initiated

by adding Mel and 2-mercaptoethanol to final concentrations

of 25 mm and 50 mm, respectively. Spectra were recorded

every 15 sec on a Hewlett-Packard 8450A diode array UV-visi-

ble spectrophotometer

product was identified as Me-Cbl (Fig. 2). Further
proof of its formation was obtained by photoly-
zing the reaction mixture prior to HPLC. After
photolysis the Me-Cbl peak disappeared and the
Aq-Cbl peak increased proportionately (Fig. 2).
Me-Cbl can also be formed in this model system
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31P-NMR STUDIES OF COBALAMINS

31 P-NMR observations of aquocobalamin
(H 2 OCb1) in H 2 SO4 /H2 0 mixtures show that
both the base-on and base-off species may be
observed and quantitated. Correlation of the base-
-off 31P-chemical shifts with a generalized acidity
function [1] gives values of -1.59 and -0.09 for

the two macroscopic pK a's for phosphodiester de-
protonation, virtually identical to the values pre-
viously obtained for base-off CNCbI and CH 3 Cbl
(Table, [2]). Similar observations of several other
base-off cobalamins (Table) show that all the
base-off cobalamins have the same phosphodies-
ter macroscopic pK a's (-1.59 +0.02 and
-0.04+0.02) and the same chemical shifts for the
phosphodiester protonated (-339.88+3.80 Hz)
and deprotonated (-36.70+2.80) base-off spe-
cies. However, the base-on species of these coba-
lamins have chemical shifts that vary (from
-50.16 to + 9.37 Hz) in a regular way with the
apparent free energy of coordination of the di-
methylbenzimidazole ligand (AG Co , Table) so that
OS31p (the difference in chemical shift between the
base-on and base-off species) is a linear function
of - AG Co (slope = 7.93 +0.40 Hz kcal -1 mol,
intercept = -28.06+1.90  Hz, correlation coeffi-
cient r 2 = 0.964). In addition, both the chemical
shift of the base-on species and the value of M31 

are linearly related to the axial Co-N bond length
for adenosylcobalamin (AdoCbl), d Co-N(Bz) = 2.24
Á [3], CH 3 Cbl, 2.14 A [4] and CNCbI, 2.06 A
[5].
These results may be interpreted in terms of the

Table

31P-Chemical Shifts and Phosphodiester Macroscopic pKa 's of Cobalamins a)

Cobalamin pKbase-offb) AGCoc)

Base-Off Species

Base-on

634,d1 OS31,e)pG+ pG s

Phosphodiester

Protonated

631pd)

Phosphodiester

Deprotonated

531pd)

CH 3 (CH 2 ) 2 CbI 4.10 -	 1.97 -1.58 -0.05 -337.76 -38.10 -50.16 -11.98
AdoCbl 3.67 - 2.57 -36.70 -47.15 -10.44
NC(CH 2) 3 Cbl 3.50 - 2.81 -1.60 -0.02 -342.14 -36.63 -43.66 - 7.03
CH 3 Cbl 2.89 - 3.64 -1.62 -0.02 - 335.43 -38.47 -35.66 2.81
CF3 CH 2 CbI 2.60 - 4.04 -1.56 -0.02 -345.50 -33.51 -32.91 0.60
CF2HCb1 2.15 - 4.66 -1.61 -0.03 -342.31 -33.47 -25.58 7.89
NCCH 2 Cbl 1.81 -	 5.19 -1.60 -0.02 -342.14 -34.33 -25.91 8.42
CF3 Cb1 1.44 - 5.62 -36.70 -11.99 24.71
CNCbI 0.10 - 7.44 -1.57 - 0.04 - 335.81 -37.40 -	 1.72 35.68
1-1 2 OCbl -2.13 -10.48 -1.59 -0.09 -337.10 -41.64 - 0.37 51.01

A verage:
-1.59 -0.04 -339.88 -36.70
±0.02 ±0.02 ±	 3.80 ± 2.80

a) 25±1°C.
b) Apparent pKa of the base-on-base-off reaction.
c) Apparent free energy of coordination of the free-base benzimidazole ligand.
d) In Hz, from external 85% H 3 PO4 (negative shifts upfield from the reference) at 80.988 MHz.
e) Difference in chemical shift (in Hz) between the base-on and base-off species.
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work of GORENSTEIN [6-8] who has shown that
the 31P-chemical shift of phosphate compounds is
controlled by O-P-O bond angles. Thus, in base-
-on CH 3 Cb1 or CF 3 CH 2 Cb1 (Table) the confor-
mation of the phosphodiester is apparently the
same as that of all the base-off species and there
is no difference in chemical shift between the
base-on and base-off species. When coordination
of the axial ligand is weaker (e.g., AdoCb1), leng-
thening of the axial Co-N bond causes a decrease
in the RO-P-OR' bond angle and an upfield shift
of the base-on 31P-resonance. When the axial li-
gand coordination is tighter (e.g., CNCb1) the
shortened axial Co-N bond causes an increase in
the RO-P-OR' bond angle and a downfield shift
in the base-on 31 P-resonance.
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SYNTHETIC PORPHYRINS CONTAINING
ADJACENT, REDOX-ACTIVE SPECIES;
MODELS OF BIOLOGICAL
ELECTRON TRANSFER SITES

The remarkable diversity of function of hemes
and chlorophylls in biochemistry is due, in large
part, to changes in the surrounding protein envi-
ronment. In systems which are involved in elec-
tron • transport the nearby protein environment
often includes other metal centers held in close
proximity to the tetrapyrrole.
In an attempt to mimic some of the electron
transport and photochemical charge separation
properties of these centers we have prepared a
series of model systems in which transition metals
are covalently held a short distance from a -metal-
loporphyrin.

The first binucleating ligand involves a 2,2'-bipy-
ridine unit strapped across the face of a porphy-
rin. 5,5'-bis(3-hydroxypropyl)-2,2'-bipyridine (1) is
prepared in six steps from 13-picoline. Reaction of
1 with mesoporphyrin-II diacid chloride under
high dilution conditions yields the bipyridine-brid-
ged porphyrin 3 in good yield. Heterobinuclear
complexes of 3 can be readily formed in a two
step sequence. Refluxing 3 with Ru(bipy) 2 C1 2 in
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methanol gives the Ru(bipy) 3 -porphyrin complex 4
with no insertion of ruthenium into the porphy-
rin. Treating 4 with zinc acetate affords heterobi-
nuclear Ru(bipy) 3 -zinc porphyrin (5).

3

COO / • •'•••

2
1101 wi,C4,

4
5

Electrochemical studies (cyclic voltammetry and
differential pulse polarography) indicate that both
metal centers are redox active. In addition, spec-
troscopic measurements indicate a strong interac-
tion between the two chromophores. While the
porphyrin luminescence is unperturbed, the emis-
sion from the lowest lying metal to ligand charge
transfer band is quenched. The synthesis, physical
properties and biological relevance of these novel
binuclear complexes will be presented. Also the
extension of this work to other transition metal
complexes and to tri-, tetra- and polynuclear
homologues will be discussed.
The second binucleating ligand relates to the mul-
ti-chlorophyll structures of photosynthetic reac-

coa C2h SYMMETRY.

tion centers and involves two or more covalently
linked tetrapyrroles. In order to overcome the
problems of diastereoisomerism that result when
porphyrins of C2h symmetry are cofacially linked
(e.g. Fig. 2) we have synthesized diaminoporphy-
rin (6). This species has D2h symmetry and when
coupled to mesoporphyrin-II diacid chloride (2)
provides a diastereomerically pure cofacial
porphyrin dimer (7). The NMR spectrum of 7
shows the porphyrin NH proton signals at —8
ppm, equivalent to an inter-porphyrin distance of
4.5 Á. The optical spectrum exhibits a blue-shif-

6

coa

7

ted Soret peak (by 16 nm) characteristic of strong
exciton coupling between the macrocycles. Va-
rious transition metal complexes of 7 have been
prepared. They will be discussed in addition to the
synthesis and properties of dimer 7. The synthesis
of cofacial porphyrin trimers using this strategy is
under active investigation.

SYN. ANTI.
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METAL ION — AND VITAMIN B 6 —
CATALIZED TRANSAMINATION
AND DEPHOSPHONYLATION
OF 2-AMINO-3-PHOSPHONOPROPIONIC
ACID

Kinetic studies have been carried out for reactions
of Schiff bases (SB) formed from pyridoxal
5'-phosphate (PLP) and 2-amino-3-phosphono-
propionic acid (APP): 1:1:x Zn(II)-SB-PDA
system where PDA is 2,6-pyridinedicarboxylic
acid; 1:2 Ga(III)-SB system; and 1:2 Al(III)-SB
system). Formation and disappearance of a keti-
mine intermediate and its complexes were follo-
wed by proton NMR and 31P NMR. The reaction
occurs in two distinct sequential steps: transami-
nation and dephosphonylation. The specific rate
constants for individual species of the metal-free
systems are: k H,SB = 1.64 x 10 -4 s-1,

k H 3 s8 = 7.56 x 10 -5 s -1 , and k H 2 sB = 2.34 x 10 -5 s -1

for the transamination step. The values for k HsB
and k SB are about zero. The corresponding de-
phosphonylation rate constants k H4sB = 4.27 x 10 -6

s -1 , k' 3sB = 1.26 x 10-6 s -1 and k H 2 sB = 6.84 x 10 -7

s -1 were determined for the dephosphonylation
step. The values for kHSB and k'sB are about zero.
Transamination and dephosphonylation proceed
more rapidly for the Ga(III) complexes than for
those of Al(III) and Zn(II). The specific rate cons-
tants in the transamination step for the indivi-
dual species of 1:2 Ga(III)-SB system are:

k Ga(H,SB)2 = 4.66 X 10 -4 S 1 , k GaH s (sB) t = 3.51 X 10 -4

s -1 ;	 k Ga(H 2 sB> 2 = 3.13 x 10-4	 s-1	 and
3.12 X 10 -5 s -1 . The specific rate cons-k Ga(sB), =

tants for the dephosphonylation step are:

k GaH s (SB), = 5.2 x 10 -6 s -1 ; k Ga(H,SB) 2 = 5.20 X 10-6 s -1 ;
k GaH,(sa) 2 = 5.17 x 10 -6 s -1 ; k Ga(HSB), = 5.09 x 10 -6

s -1; k GaH(SB) 2 = 2.53 X 10-6 5-1 and
= 4.92 x 10 -7 s -1 . The results show that thek Ga(sB), 

most active species are those in which the car-
boxylate group of the amino acid moiety of the
SB ligand is coordinated to the metal ion and the
phosphonate is not coordinated.
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SYNTHESIS, MOSSBAUER AND MAGNETIC
CHARACTERIZATION OF SOME IRON(III)-
-NUCLEIC ACID COMPONENTS
(NUCLEOTIDE, NUCLEOSIDE AND BASE)

New synthesis of iron(III)-nucleic acid compo-
nents have been carried out. The characterization
of these compounds has been done by means of
MOssbauer and magnetic measurements, UV-Visi-
ble and infrared spectra.
The study of the different mechanisms of interac-
tions between the central cation (Fe 3+) and the
components of nucleic acids is of major interest in
life science [1]. Therefore it is very important to
relate the data obtained by using microscopic and
macroscopic techniques in order to establish the
correlation between physical properties and biolo-
gical behaviour [2].
In this paper we show some results [3] of our re-
search in the field of metal-DNA compounds inte-
raction.
In Table I we list the compounds which have been
studied.

Table I

Compound Q.S. (mm/s) I.S. (mm/s)

Fe-adenosine 0.59 0.28
Fe-citosine 0.64 0.26
Fe-hipoxantine 0.65 0.29
Fe-guanine 0.61 0.28
Fe-ATP 0.59 0.29

Rev. Port. Quím., 27 (1985)

An aqueous solution of FeC1 2 .4H 2 O was mixed
with a nucleotide, nucleoside or base solution kee-
ping the pH values below 6. All the complexes
were precipitated by addition of EtOH, filtered
and dried "in vacuo".
UV-Visible and infrared spectra were recorded for
all the compounds obtained.
Mdssbauer spectroscopic measurements at room
temperature were registered using a conventional
apparatus. The single line source used was "Co
(10 mCi) in a Rh matrix.
Magnetic susceptibility measurements were made
in a Faraday type balance in the temperature
range 80-300 K and in fields up to 10 kG.

In Fig. 1 we show Mdssbauer spectra of some
of the synthetized compounds. All the spectra
consist of two lines with identical intensity and
width and have been interpreted in terms of the
existence of a quadrupole doublet corresponding
to Fe3 +.

-2	 0	 2

VELOCITY (MM/S)

-^	 -2 	 0
velocity lmm/s)

Fig. 1

Mdssbauer spectra of a) Fe-Hipoxantine and b) Fe-ATP
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The corrected molar susceptibilities XM 1 (T) have
been fitted in the framework of the Curie-Weiss
law. The values of the atomic dipolar magnetic
moments (A) and the Curie temperatures (0) of the
different compounds have been obtained from a
least squares computed fit of XM 1 (T).
Both the isomer shift values (I.S.) and the dipolar
magnetic moment values correspond to a high
spin Fe(III)- 65 512 configuration. The positive va-
lues of the Curie temperatures suggest that an
antiferromagnetic interaction between the Fe ions
in these compounds does exist.
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MAGNESIUM(II)-INDUCED EFFECTS
ON THE STABILITY
OF THE ADENOSIDE-THYMIDINE
COMPLEX IN SOLUTION

Proton-carbon selective NOE measurements have
been used to prove previously suggested confor-
mations of model compounds [1] and biologi-

cal macromolecules [2,3]. The observation of
through-space selective dipolar couplings between
carbon and proton atoms allowed the derivation
of the intermolecular distance in solution [3,4]. In
this study the observed heteronuclear NOE values
have been used to monitor the presence of Adeno-
sine-Thymidine complexes. A particular attention
has been devoted to value the presence of Wat-
son-Crick-type and Hoogsteen-type base pairing.
1H 13C heteronuclear Overhauser effects, obtained
by selective perturbation of the resonance line of
protons involved in hydrogen bonding, allowed
the identification of intermolecular interaction
patterns. These studies have been extended to mo-
nitor the effects induced on the stability of Ade-
nosine-Thymidine complexes by the addition of
magnesium ions to the solution.
Adenosine and Thymidine were obtained from
Sigma Chemical Co., both nucleosides having
been dissolved in 99.98% DMSO-d 6 to yield 0.5 M
solutions. Mg(C10 4 ) 2 (Merck) 0.25 M was used as
the source of magnesium ions. All NMR measure-
ments were made on a Varian XL-200 spectrome-
ter. 'The temperature was held constant at 40°C.
The nuclear Overhauser effect, which occurs whe-
never spectra are recorded under conditions of
continuous broad-band proton decoupling (BB),
causes intensity enhancements of carbon resonan-
ces. The observed NOEs are related to the relaxa-
tion parameters by the following equation:

'YH Ea,
NOE13c(BB) 4I7 — I0)/I0=

yc Rc
(1)

where 'y are the magnetogyric ratios, I, and I ° are
peak intensities measured under continuous and
gated decoupling conditions, R c is the spin-lattice
relaxation rate of the proton decoupled carbon
resonance and a ; are the cross-relaxation contribu-
tions which occur between carbon and proton
nuclei.
Upon selective saturation of a proton H a which
dipolarly interacts with a 13C nucleus Cb, at a dis-
tance r ab , the NOE 13Q5 (H a) can be described by
the equation:

NOE13ch(Ha) =

1	 11 2 1'1-317C	 6Tc	 Tc

R13 c 10 r^_ Ha ^ 1 +(w H +w c )2 T'Zc 	1 +(wH-cx7 c)21 7-2)

(2)
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Selective proton-carbon NOEs, shown in Fig. IA
were obtained by selective saturation of the NH 2

proton signal of Adenosine. The 13C-NMR spec-
trum of the Adenosine-Thymidine system when no
proton signal was perturbed is shown in Fig. 1B.

Fig. I
13C-NMR spectra of Adenosine-Thymidine in DMSO, a) obtai-

ned with the selective low power decoupler positioned at the

NH2 (A) proton frequency and b) on a region where no proton

signals were perturbed

The selective saturation of NH 2 (A) protons gene-
rated carbon NOEs only on dipolarly coupled nu-
clei. These effects evidenced the presence of a
magnetic interaction between NH 2 (A) and C 6 (A),
and an intermolecular interaction between the ir-
radiated NH 2 (A) and the Thymidine carbonyl car-
bons C 2 (T) and C 4 (T). Such a possibility of detec-
ting simultaneously the donor and acceptor moie-
ties of hydrogen bonds is of primary importance
for structural investigation on the Adenosine-Thy-
midine complex in solution.
The selective NOEs dependence on proton irradia-
tion frequency observed for C 4 (T) atom in the
Adenosine-Thymidine and Mg(II)-Adenosine-Thy-
midine systems is shown in Fig. 2. Two maxima
were observed when H 3 (T) and NH 2 (A) protons
were irradiated. The latter effect confirmed the
presence of an hydrogen bond between the C 4 (T)
carbonyl and the NH 2 (A) aminic groups.
The addition of magnesium ions caused a strong
reduction of the observed NOE on C 4 (T) upon
irradiation of NH 2 (A). This fact suggested a com-

Rev. Port. Quim., 27 (1985)

Fig. 2

Variation of the NOE effects on the C4 (T) carbon atom of

Thymidine as a function of the proton irradiation frequency in

the (*) Adenosine-Thymidine and ( n) Mg(II)-Adenosine-Thy-
midine systems

petition between the NH 2 (A) protons and the
magnesium ions towards electron donor groups.
As a consequence a drastic reduction of the sta-
bility of the Adenosine-Thymidine complex is
observed.
It may be concluded that the carbon NOEs obser-
ved by selective irradiation of proton signals may
yield powerful information on the specific interac-
tions that take place between macromolecules in
solution.
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A MULTINUCLEAR MAGNETIC
RESONANCE STUDY OF THE INTERACTION
OF MONONUCLEOTIDES
WITH OXOCATIONS OF Mo(VI), W(VI)
AND V(V) IN AQUEOUS SOLUTION

Metal ions play an important role in nucleic acid
processes. Studies of the interaction between me-
tal ions and nucleosides, nucleotides and related
compounds [1] are therefore quite important.
Nuclear Magnetic Resonance (NMR) is a powerful
technique that has been extensively used in the de-
termination of metal binding sites in these
systems. The interaction of nucleosides and nu-
cleotides with paramagnetic ions such as Mn 2+,
Coe+ or Nit+ has been extensively studied [1-5].
Diamagnetic systems have also been studied [1];
among these the study of the interaction of adeni-
ne mononucleotides with the oxocation uranyl,
UO2 2+, using NMR [6] bears a special interest for
the present work.
In this work we report proton, 13C and 31P NMR
results on the interaction of purine and pyrimidine
5'-mononucleotides with oxocations of Mo(VI),
W(VI) and V(V) in aqueous solution. Fig. 1 shows
the 1H, 13C and 3113 spectra of aqueous solutions
containing 5'-AMP and sodium molybdate in dif-
ferent conditions of pH and ligand to metal ratio.
These spectra show separate resonances for the

Fig. I

Proton, carbon and phosphorus NMR spectra of

5'-AMP/Molybdate in aqueous solution as a function of pH

and ligand-to-metal ratio

free and bound forms of AMP, in slow exchange.
The area of the bound relative to the free signals
increase when pH is dropped from 7.5 to 4.0,
when the metal to ligand ratio is increased and
when the total concentration of metal and ligand
decreases. However a 1:1 mole solution of AMP
and molybdate does not form a fully bound com-
plex under any condition, indicating that complex
formation and molybdate polymerization are
competing processes [7]. The stoichiometry of the
Mo(VI)-AMP complex is 1:1 as shown by the Job
method using NMR signal areas.
The chemical shifts, 0, induced by Mo(VI) bin-
ding to AMP are shown in Table 1. Most of the

Table I

Chemical shifts induced by Mo(VI) binding to 5'-AMP (pH=5.4)

Nucleus	 H8 H2 H1'	 C8 C6 C 5 C4 C2 	C1'	 C2'	 C3' C4'
C5 , 31p

(PPm)a) 	 -0.29	 -0.03	 -0.04	 -0.37 -0.54	 0
	

O 	0	 +0.58 0	 -1.10 -0.81 -1.32	 +0.50

a) A - sign indicates a low field shift.
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shifts are to low field, and must be due to a com-
bination of charge, magnetic anisotropy and pola-
rization effects of the angular Mo0 2 2+ species.
The relative magnitude of the shifts indicates that
MoO 22+ binds to an oxygen atom of the phosphate
group, the oxygen atom of the ribose ring and
possibly interacts with the adenine base through
the N7 and/or NH2 group. However, molybdate
does not bind to adenine in D 2 0. UO 2 2+ has been
found [6] to bind to the phosphate and —OH
groups of 5'-AMP but not to the base. Further
studies are in progress, using nucleosides, ribose,
ribose-phosphates and the bases in order to define
the binding sites of 5'-mononucleotides to molyb-
date.
We have observed similar interactions of 5'-AMP
with tungstate, W042- , and vanadate, VO4- , in
solution. However the percentage of metal com-
plexes formed is always much smaller than with
molybdate, possibly due to the more extensive
polymerization of tungstate and vanadate in
aqueous solution [7].
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METAL COMPLEXES OF 3d IONS
WITH 5'-AMP, 3'-AMP AND 2'-AMP:
SYNTHESIS, CHARACTERIZATION
AND STUDY OF RABBIT MUSCLE
GLYCOGEN PHOSPHORYLASE b
ACTIVATION

INTRODUCTION

As a follow-up to work on the synthesis and cha-
racterization of compounds of metal ions with nu-
cleotides [1-4], complexes of Co(II), Co(III),
Ni(II), Cu(II) and Zn(II) with 5'-, 3'- and 2'-AMP
were prepared and were enzyme tested on rabbit
muscle glycogen phosphorylase b as analogues of
the allosterine activator.

RESULTS

The complexes were synthesized in a water me-
dium and a dimethylsulfoxide medium. They were
characterized by elementary C,H,N,P and metal
analysis and by infrared, ultraviolet-visible and
fluorescent spectroscopy.
The bonding of cations to nucleotides may be ef-
fected through the phosphate group, the ribose
ring and the base. The Ns of the purine ring are
right for the formation of covalent bonds with the
metal ions; on the other hand, few complexes we-
re observed between the ribose ring oxygens and a
3d cation. The nucleotide metal stability constants
have a large component of electrostatic attraction
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between the metal cation and the phosphate group
[5]. In earlier studies [2] it was seen that the posi-
tion of the phosphate group (5', 3' or 2') influen-
ced the stability of the metal-N bond of the ade-
nine ring.
From the study of the infrared spectra of the
synthesized complexes, shiftings and changes in
intensity were observed on the bands due to the
purine ring, which seem to indicate metal ion-base
interaction, probably through N(7), in accordance
with crystallographic data [6].
On the 5'-AMP bands peculiar to the phosphate
group, shiftings and splittings of the mode of
stretching P - P03 - (deg) were observed in all the
complexes except the Co(5'-AMP).7H 2 0 and
Co(5'-AMP)NO 3 .C2 H6 S0.5H 2 0 derivatives. This
might indicate coordination to the phosphate
group in the cases where splitting occurs.
For the complexes obtained with 3'-AMP it was
observed that in the phosphate group vibration
zone the only complex which does not present
splitting of the v-P03- (deg) band is the formula
Co(3'-AMP).3H 2 0 complex. This rules out direct
metal-phosphate interaction in this complex and
implies it in the others where splitting does occur.
For the derivatives of 2'-AMP it was observed
that, in the zone corresponding to the phosphate
group, the only complex in which splitting of the
band ascribable to the phosphate group dege-
nerate stretching band occurs is the formula
Co(2'-AMP).(OH) 2 .3H 2 0 complex. So this is the
only one which seems to present direct metal ca-
tion-phosphate group interaction. Variations of
the adenine bands were observed in all the cases.
The ultraviolet-visible and fluorescent spectros-
copy study is in conformity with the coupling of
the metal ion to the purine ring in all cases [7].

ENZYME TEST

The test for the activity of rabbit muscle gly-
cogen phosphorylase b in the presence of the
17 new synthesized complexes and of the
Ni(5'-AMP).6H 2 0 [6] and Cu(5'-AMP).2H 2 0
[8] complexes already described in the lite-
rature resulted in the activation of the
enzyme in the presence of the formula
Co(5'-AMP).7H 2 0, Ni(5'-AMP).6H 2 0 and
Co(5'-AMP)NO 3 .C2 H6SO.5H 2 0 complexes.

The structural data in the literature [6] for the
Ni(II) complex report the absence of direct Ni(II)-
-phosphate interaction and the infrared study
leads to the same conclusion for the derivatives of
cobalt which activate the enzyme. Since the struc-
tures of Cu(II) and Zn(II) complexes with nucleo-
tides reveal the presence of direct metal cation
phosphate group bonding, it may be concluded
that there exists a direct correlation between the
activation of the enzyme and the free phosphate
group. The complexes synthesized with 3'-AMP
and 2'-AMP do not activate the enzyme as it is an
essential condition for the phosphate group to be
coordinated in the 5'-position [9,10] as shown in
earlier studies.
The conclusion of this study is that the activation
of rabbit muscle glycogen phosphorylase b occurs
through the 5'-AMP phosphate group in the pre-
sence of metal ions not directly coordinated to it.
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REACTION OF RADIOLYTICALLY FORMED
HYDROPEROXIDES ON DNA
AND PRECURSOR COMPOUNDS
WITH REDOX-ACTIVE METAL IONS
AND COMPLEXES

The exposure of oxygenated aqueous solutions of
nucleic acids and related compounds to ionising
radiation leads to the formation of peroxidic pro-
ducts (H2 02 and organic hydroperoxides). Analy-
tical techniques [1] previously developed for deter-
mination of peroxides at concentrations of 10 -6

—10 -5 mol dm -3 have allowed study of the postra-
diolytic decay of such species in systems ranging
in complexity from the pyrimidine bases to RNA
and DNA.
The metal ion-catalysed decomposition of peroxi-
des is a well documented phenomenon, and the
possible involvement of contaminating metal ions
in the decay processes was considered. The in-
fluence of both chelating agents and a variety of
redox-active metal ions on peroxide stability has
therefore been examined.
Preliminary data concerning the interaction of the
glycopeptide antibiotic, bleomycin, with DNA
hydroperoxide have been obtained. The results
may have important implications with regard to
synergism in the DNA-cleaving activities of
bleomycin combined with ionising radiation.
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TRANSITION METAL COMPLEXES
WITH 8-AZAADENINE
AND 8-AZAGUANINE

The biological properties of the azaderivatives
of nucleic acid bases and nucleosides have been
extensively studied and a number of them were
found to be active chemotherapeutic agents. Ho-
wever very few reports have been published on
complexes of metal ions with azapurines.
We have prepared and characterized a number
of complexes of transition metal ions with
8-azaadenine and 8-azaguanine. These complexes
were prepared by mixing equimolar aqueous solu-
tions of the azapurines with the metal chloride or
nitrate solution at an appropriate pH. On stan-
ding precipitated the complexes which were of the
following composition:

Zn(8-aa)2 C12 H2 O	 Cu(8-ag)(OH) 2 .5H 2 0
Pd(8-ag)C1 2

Au(8-ag)C1 3

These complexes were characterized by elemental
analyses, conductivity and magnetic measure-
ments, diffuse reflectance spectra and infrared
spectroscopy. In the complexes prepared the
8-azapurines are acting as monodentate or brid-
ging ligands, binding through the nitrogen of the
imidazole ring.

Pt(8-aa)C1 2
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POLAROGRAPHIC AND SPECTROSCOPIC
STUDY ON Pb + 2 ION
INTERACTION WITH DNA

The toxic effects of lead polution seem to be
already well established especially in the industrial
countries [1]. The complexity of lead poisoning
[2,3] was recently completed by the discovery of
its carcinogenic actions in animals (for a review
article, see ref. [4]). From the isotopic studies
authors were not able, however, to establish whe-
ther metal ions are directly involved in DNA
binding and if so which is the mode of lead bind-
ing to nucleic acid [5].
In this communication we present the polarogra-
phic and spectroscopic studies on the possible
modes of interaction in the Pb+ 2 — DNA system.

RESULTS AND DISCUSSION

The lead-free DNA during a polarographic pro-
cess in acetate buffer undergoes a reduction
around —1.39 V. This process is usually assigned
as a reduction of the adenine and cytosine resi-
dues of a double-stranded DNA molecule [6]. The
relative height of a polarographic wave (h DNA) is
suggested to be a measure of a double-helical
structure of nucleic acid [7,8].

Pb +2—DNA solutions in 0.15 M acetate buffer

In the 0.15 M sodium acetate h DNA reaches a value
close to the maximum, which could indicate that

most of the studied DNA is in a double-helical
structure. The increase of Pb+ 2 to phosphate
molar ratio (P) changes distinctly the reduction
potential of DNA from —1.398 V (P = 0.05) to
—1.443 V (P = 10). The fact that the presence of
Pb+ 2 ions causes a slight increase of h DNA with
time of solution storage and variation of the re-
duction potential of DNA may indicate that lead
ions compete with sodium ions in the interaction
with DNA and that the main interaction site is the
phosphate site.

Pb +2—DNA solutions in 0.05 M acetate buffer

Addition of Pb+ 2 ions to 0.05 M acetate buffer
causes a distinct increase of h DNA which depends
on the Pb+2 ion concentration as well as on the
time of DNA exposition on metal ions (Fig. 1).
These results could clearly indicate the direct in-
volvement of lead ions in the stabilization of a
double-helical structure of DNA (increase of

h DNA)•

h

[A

P.10

/ ' y P•13

PO 06  

66 exposition time

[h«-s]

Fig. I

Dependence of hDNA on Pb
+ 2

 concentration and on exposition

time (solution storage) (cDNA =25 p.g/ml, 0.05 Al acetate

buffer)

The kinetics of this interaction is rather slow. The
stabilizing effects of Pb+ 2 ions are supported by
CD spectra. The results of CD spectra for P > 10
suggest the destabilizing effect of Pb+ 2 ions i.e. in-
teraction with the base donors of DNA [9,10].
These results are supported also by the melting
profiles for Pb+ 2 — DNA solutions (Table I). The
data presented in Table I clearly show the stabili-
zing effects of lead ion of DNA for P < 10 and

368	 Rev. Port. Quím., 27 (1985)



2nd INTERNATIONAL CONFERENCE ON BIOINORGANIC CHEMISTRY

for high excess of Pb+ 2 , decrease in T m values,
e.g. 69.2°C for P = 50 (Table I), generally indica-
tes the interaction of metal ion with bases of
DNA, which destabilizes a double-helical structure
[9]. A new phase transition appearing around
40°C may indicate more specific interaction of
Pb+2 ion with DNA.

Table I

Tm values for Pb
+2

— DNA solutions

P	 Tn, [ °C]

72.4

75.7
74.6

74.3

Tm = 37.0
69.2

T=41.0

a) Tm temperature of the first phase transition.

CONCLUSIONS

Pb+2 ions interact with DNA in two different
ways, i.e. via phosphate chain leading to stabiliza-
tion of DNA and via base donors destabilizing a
double-stranded structure. These results are sup-
ported also by the recent X-ray studies on Pb+ 2

interaction with RNA which has proved the invol-
vement of base donors in metal ion binding [11].
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USING A TRANSITION METAL COMPLEX
TO MAKE AN IMAGE
OF THE HELICAL TWIST OF DNA

We have developed a new method for determining
the helical twist along a molecule of DNA of par-
ticular sequence. In this technique, a transition
metal complex produces an image of the heli-
city of DNA, by fragmenting a DNA molecule
bound to a flat inorganic surface. This method
offers a rapid way of surveying the structure of
any DNA molecule of moderate size, up to a few
hundred base pairs in length. Such studies can be
used to determine common motifs in the three-di-
mensional conformation of DNA that are not ap-
parent at the level of simple base sequence. It is
possible that regions of DNA important in biolo-
gical regulation (promoters, for example) exist in
conformations that have different helical twists
from those of neighboring sequences [1], and
could thus be recognized by proteins involved in
regulatory processes.

RESULTS AND DISCUSSION

Our experiment is based on the determination by
Rhodes and Klug of the helicity of DNA in so-
lution, in which the enzyme deoxyribonuclease I
(DNase I) was used to cut random sequence nu-
cleosomal DNA bound to an inorganic surface
(crystalline calcium phosphate, for example) [2].
The idea behind this experiment is that only cer-
tain bonds in the phosphodiester backbone are ac-
cessible to the nuclease; the backbone bonds near
the inorganic surface are shielded from the en-
zyme, and are thus cut with much lower frequency
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than the bonds exposed to the solvent. This mod-
ulation of enzyme cutting frequency results in a
modulation of the band intensities in a gel electro-
phoretic separation of the reaction products. Such
gels are capable of separating DNA molecules dif-
ferent in length by only one base, so all products
are visualized. The periodicity of the sinusoidal
modulation of cutting frequency (most easily vis-
ualized in a densitometer tracing of the autora-
diograph of the electrophoresis gel) is directly re-
lated to the number of base pairs per turn of the
DNA molecule. Rhodes and Klug found by their
method that the helical twist of random sequence
DNA is 10.6 base pairs per turn.

This method can't be used to map helicity along
restriction fragments of particular sequence,
though, because of the sequence specificity of
DNase I. The many phosphodiester bonds of a
particular DNA molecule are each cut to a differ-
ent extent by DNase I, resulting in a highly non-
uniform digestion pattern. We have found that
the hydroxyl radical, produced by Fe(EDTA) 2-

and hydrogen peroxide, is well suited as a DNA
cutting reagent in such an experiment. Hydroxyl
radical degrades DNA with no regard to sequence,
by attacking the sugars of the DNA backbone and
thereby breaking the chain [3].

In order to develop our method, we repeated the
Rhodes and Klug experiment, using random
sequence nucleosomal DNA bound to calcium
phosphate crystals, and compared as cutting rea-
gents DNase I and ferrous EDTA. Both reagents
gave a sinusoidal modulation pattern of cutting,
and both gave a helical periodicity of around 10.5
base pairs per turn. Fig. 1 shows a densitometer
tracing of two of the lanes of an autoradiograph
of the electrophoresis gel from this experiment,
showing the comparison between the two cutting
reagents. The iron reagent gives a pattern with
shallower peaks and valleys than the DNase I
pattern, undoubtedly due to the smaller size of
hydroxyl radical. We found that it was critical to
use negatively-charged iron complex in this ex-
periment; ferrous ion alone will fragment DNA
bound to a surface, but with no modulation pat-
tern. We think that positively-charged iron com-
plexes can electrostatically associate with DNA,
allowing hydroxyl radical production close enough
to the DNA that even backbone bonds near the

surface can be cut. In contrast, the negatively-
charged Fe(EDTA)2- complex can't associate with
the DNA, and the hydroxyl radical therefore can
react only with the most sterically-accessible sites
on the DNA molecule before the radical is quen-
ched.

Fig. I
Densitometer traces of two lanes of an autoradiograph of an
electrophoresis gel, showing modulation patterns produced by
Fe(EDTA)2- (top) and DNase I (bottom) fragmentation of
radioactively labeled nucleosomal DNA bound to a calcium

phosphate precipitate

A key feature of our method is the lack of inter-
action of the cutting reagent with the DNA mole-
cule. During our measurement of helical twist we
wish to perturb the DNA structure as little as pos-
sible. Several other workers also have developed
transition metal-based DNA cutting reagents [3-5],
but their complexes each consist of a DNA inter-
calating group in close conjunction to a transition
metal. These reagents, which depend for their uti-
lity on binding to DNA by intercalation, would
not be suitable for our purpose, because the rea-
gent itself would modify DNA structure upon bin-
ding.

Because of the uniformity of DNA backbone cut-
ting by hydroxyl radical produced by Fe(EDTA)2- ,
our method can be used to determine the helical
twist along DNA restriction fragments of particu-
lar sequence. Preliminary experiments have shown
that we can indeed obtain smooth helical modula-
tion patterns for such DNA molecules. These re-
sults will be reported in a subsequent publication.
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EXPERIMENTAL SECTION

The reaction mixtures initially consisted of 2
 carrier DNA (1 µg), 3 µL of nucleosomal DNA

(146 base pairs in length) labeled at the 5' ends
with radioactive phosphorous, and 65 µL of a
suspension of calcium phosphate precipitate. The
calcium phosphate precipitate was prepared by
mixing solutions of calcium chloride and potas-
sium phosphate, in a Tris-chloride buffer of pH
8.0, to final concentrations of 26 mm phosphate
and 16 mm calcium. The DNA was allowed to
adsorb to the calcium phosphate precipitate for 1
hour; control experiments show that this is suffi-
cient time for all DNA to be bound. To the mix-
ture was then added the cutting reagent: either 0.2
units of DNase I, or 20 µL of 25 mm ferrous am-
monium sulfate, 50 mm EDTA. To the iron-con-
taining mixtures was then added 10 µL of 0.3%
H2 02 to initiate the reaction. The reaction mix-
tures were incubated at 37°C for the appropriate
times, quenched by addition of excess EDTA and
thiourea (a hydroxyl radical scavenger), ethanol
precipitated, dissolved in formamide-dye mixture,
denatured, and electrophoresed.
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SOLVENT-INFLUENCE
ON THE INTRAMOLECULAR EQUILIBRIA
OCCURRING IN COMPLEXES
OF ADENOSINE 5'-TRIPHOSPHATE

Metal ion complexes of nucleotides are substrates
for many enzymic reactions. In fact, nucleotides,
especially adenosine 5'-triphosphate (ATP4- ), are
quite versatile ligands [1-3]. Part of this versatility
is connected with the occurrence of intramolecular
equilibria in their binary and ternary complexes.
To learn how the position of these equilibria is
influenced by the polarity of the solvent, we
have studied the effect of dioxane on the stability
and structure of the complexes formed in the
Cue+/1,10-phenanthroline (Phen)/ATP system.
Such knowledge is important, because enzymic
reactions usually take place in active-site cavities
of proteins, and there is evidence [4] that the
polarity in these cavities is decreased compared
with the polarity of aqueous solutions.
The following results and conclusions are based
on potentiometric pH titrations carried out in
water and in 30% or 50% (v/v) dioxane-water
mixtures (I= 0.1, NaC1O 4 ; 25°C) [5]. For the eva-

371



(8N„N' )4::,
, 

'0
I

O PO

fhb—base

C N' .M:
KIlst	 __	 0

base	 OPO\ rib	 0

POSTER SESSIONS: 5. COMPLEXES OF BIOCHEMICAL INTEREST

luation of many of the data it was necessary to
study not only Cuz+/Phen/ATP, but to include
also the Cuz+/Phen/uridine 5'-triphosphate
(UTP4- ) system [5]. We are considering in the fol-
lowing the position of three intramolecular equili-
bria occurring with ATP complexes; all are affec-
ted by dioxane:

1) Location of the Proton in Cu(H•ATP) -

The proton in Cu(H•ATP) - may be at N-I of the
adenine moiety or at the terminal y-phosphate
group; i.e. there is an equilibrium between iso-
meric complexes. In aqueous solution the isomer
with the proton at N-1 is dominating, while in wa-
ter-dioxane mixtures the complexes with the pro-
ton at the -y-phosphate are favored. This indica-
tes, as one might expect, that with decreasing sol-
vent polarity the formation of non-charged sites is
promoted.

2) Extent of Macrochelate-Formation
in Cu(ATP) 2-

Equilibrium (1) involves for Cu(ATP)z - an isomer
with phosphate-coordination only, and a macro-
chelate, Cu(ATP)J, in which N-7 is also coordina-

phosphate -ribose- base

M2+ KI
phosphate-r

=	 I
M2.	 b
_	 o=	 s

bãse -e
(1)

ted to Cuz+. The formation degree of this macro-
chelated isomer is influenced by dioxane as indi-
cated:

% (v/v) Dioxane: 0 30 50
% Cu(ATP)? ¡: 68±4 45±6 24±9
(the error limits correspond to an uncertainty
of ±0.05 in the log K values; see [5])

The concentration of the macrochelated isomer
decreases evidently with increasing amounts of
dioxane in the solvent mixture. This is probably
the result of an increasing hydrophobic solvation
of the adenine moiety of ATP 4- by the ethylene
groups of dioxane, rendering the metal ion coor-
dination to N-7 more difficult.

3) Intramolecular Stack-Formation in
Cu(Phen)(A TP) 2 -

The formation of an intramolecular, i.e. metal
ion-bridged, stack between the aromatic rings of
1,10-phenanthroline and the adenine residue of
ATP4- is indicated in equilibrium (2):

The formation of the stacked isomer,
Cu(Phen)(ATP)s,, is affected by dioxane, but by
far not as much as the binary adduct formed bet-
ween Phen and ATP 4- . A change from water to
50% (v/v) dioxane-water decreases the stability of
the binary (Phen)(ATP) 4- adduct by a factor of
< 1/10, while the metal ion-bridged ternary ad-
duct is disfavored only by a factor of about 1/2
(see figure).

The observation that dioxane influences the for-
mation of intramolecular stacks differently than
simple unbridged stacks is interesting and should
be viewed in a wider frame: In the figure the for-
mation degree of the intramolecular stack accor-
ding to equilibrium (2) is plotted in dependence
on the percentage of dioxane (added to an
aqueous solution) for Cu(Phen)(ATP)z - , as well as
for M(Phen)(2-phenylacetate)+ and M(Phen)(3-
-phenylpropionate)+, where M = Cuz+ or Znz+. It is
evident that dioxane (or ethanol) [6] is even able
to promote intramolecular stack formation in ter-
nary Cuz± or Znz+ complexes; this contrasts with
any experience regarding binary stacking adducts
[5-7]. The reason for this observation must be
connected with the presence of the metal ion; it
appears that under certain structural conditions
(the distance in the ligand between the coordina-
ting atom and the stacking moiety is obviously
important; see [5,6,8]) the stacked isomer is stabi-
lized by the organic solvent molecules.
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Formation degree of the intramolecular aromatic-ring stack

(eq. (2)) in Cu(Phen)(ATP)2 and several other ternary com-

plexes containing Cut+ (full lines) or Zn2+ (dotted lines) in

dependence on the percentage of dioxane added to the aqueous

reagent mixture. The data are taken from refs. [5] and [6]

(1= 0.1; 25°C). Abbreviations: L, ligand; M, metal ion;
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REACTION OF [cis-Pt(NH 3) 2C1

 RIBOSE DINUCLEOSIDE
MONOPHOSPHATES.
HPLC INVESTIGATION ON THE TIME
DEPENDENT FORMATION
OF THE REACTION PRODUCTS

The coordination of the aquated antitumor drug
[cis-Pt(NH 3 ) 2 C1 2 ] to the chromosomal DNA in
the cell is generally accepted to be its primary way
of action. Early investigations have shown that
the preferred binding site is the N7 atom or occa-
sionally the Ni atom of the purine bases and the
N3 atom of the pyrimidine bases.
Even the reaction of [cis-Pt(NH 3 ) 2 C1 2 ] (cis-DDP)
with short DNA fragments like ApA, ApG, GpA
and GpG results in a variety of products. The ti-
me dependent formation of these products has
been investigated by reversed phase liquid chro-
matography. 1:1 mmolar ratios of the dinucleoti-
des and cis-DDP have been reacted for several
hours at 37°C in dark vials. Every hour a certain
injection onto the column was chromatographed.
The HPLC measurements of the reaction system
ApA/cis-DDP show that two major products are
formed during a reaction time of 48 hours. In the
reaction system of GpA and cis-DDP we observe
the formation of an intermediate with highest
intensity after 13 hours. It was eluted after 30 mi-
nutes, whereas the major product peak is eluted
after 16 minutes. The formation of an intermedia-
te is also observed in the ApG/cis-DDP system. It
has its maximum absorbance after 8 hours and is
eluted after the main product peak. GpG forms
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with cis-DDP only one product [1]. During a reac-
tion time of 16 hours no intermediate can be ob-
served. The major products were characterized
with spectroscopic and other analytical methods.
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INTERACTIONS OF WATER-SOLUBLE
PORPHYRINS AND METALLOPORPHYRINS
WITH NUCLEIC ACIDS AND DERIVATIVES
— THE INFLUENCE OF THE METAL

Water-soluble cationic porphyrins and some of
their metal derivatives are able to bind to DNA by
intercalation and by external electrostatic associa-
tion [1].
We have shown by thermal denaturation measure-
ments and use of restriction enzymes that the in-
tercalation is dependent on the geometry of the
porphyrin: tetradentate metalloporphyrins bind
more strongly than pentadentate ones, and specifi-
cally into G-C sequences. This is in agreement
with the results obtained by PASTERNACK [2].
In order to define the nature and the strength of

the binding of cationic porphyrins and metallo-
porphyrins to DNA, the interactions of these
porphyrins with DNA fragments have been investi-
gated by an 1 H NMR method. High values are
found for the association constants. It can be con-
cluded that complexes with purine derivatives are
more stable than complexes with pyrimidine ones
and metalloporphyrins give more stable complexes
than porphyrins free bases. Their stability is due to
hydrophobic interactions in addition to electro-
static attractions. The complexes have all approxi-
mately the same geometry.
Water-soluble cationic porphyrins and metallo-
porphyrins have been tested in the photodegrada-
tion of the plasmid pBR 322 DNA, using visible
light. Only the diamagnetic metalloporphyrins
(Zn, Sn, Pd) and the porphyrins free bases are
able to cleave pBR 322 DNA. This is in agreement
with their '0 2 quantum yield [3].
These results strongly suggest the possibility of
using such porphyrins in the phototherapy of
tumors.
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INTERACTIONS OF WATER SOLUBLE
PORPHYRINS WITH Z-POLY(dG-dC)

Two water soluble porphyrins, tetrakis(4-N-me-
thylpyridyl)porphine and its copper(II) derivative
(H 2 TMpyP and CuTMpyP, respectively) have

been shown to interact with Z-poly(dG-dC) and
to convert it back to the B-form. The fraction
of Z-poly(dG-dC) remaining in a mixture de-
pends linearly on the concentration of por-
phyrin per nucleotide base pair. Thus, there
appears to be no "drug-drug" interaction in the
conversion.
The kinetics of the conversion of Z- to B-DNA
were studied via circular dichroism and ultraviolet
absorption. The kinetics are biphasic and indepen-
dent of porphyrin concentration until near-satura-
tion conditions are approached. A very high order
dependence on porphyrin (n >10) is obtained
under these conditions.
The kinetics of interaction of the porphyrins with
Z-DNA were studied via stopped-flow with moni-
toring in the Soret region. At comparable concen-
trations of porphyrin and base pairs, the kinetic
profile is monophasic and simple first order. As
the concentration of base pairs is raised, the kine-
tics become second-order. These results will be
interpreted in the poster.
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EFFECTS OF LINKED AND EXTERNAL
INTERCALATORS ON THE BINDING
OF PLATINUM
ANTITUMOR DRUGS TO DNA

Previously we showed that DNA intercalators,
such as ethidium bromide, could alter the mode
and position of binding of the platinum anti-
tumor drug, cis-diamminedichloroplatinum(II)
(cis-DDP), to the double helix [1]. These results
led us to synthesize a molecule with an intercala-
tive drug linked to a platinum complex by a hexa-
methylene chain [2], 1, as a more sensitive probe
of these effects. We have more recently synthe-

sized the related platinum binding ligand, 2, in
which a trimethylene chain links the acridine
orange and ethylenediamine portions of the mole-
cule [3]. When attached to platinum this new
compound will allow us to probe the effects of
chain length on the interaction of both ends of
the molecule with DNA.

Exonuclease III mapping [4] was used to obtain
information about the DNA binding sites of com-
pound 1 on the same 165 base-pair (bp) restriction
fragment from plasmid pBR322 employed in our
previous cis-DDP/DNA mapping experiments
[1a,4]. As a control we studied the binding
sites of dichloroethylenediauiineplatinum(II),
[Pt(en)C12 ], which is closely related to 1, on the
165 bp fragment. We find that [Pt(en)C1 2 ] binds
to this restriction fragment at virtually the same
oligo(dG) regions as does cis-DDP. Data for com-
pound 1 also reveal binding at the same oligo(dG)
sequences. Two other interesting results are obser-
ved, however. The 165 bp fragment contains a
G 6 CG 2 sequence near the 3'-end which is not ob-
served as an exonuclease III stop at low levels of
bound cis-DDP or [Pt(en)Cl 2 ] per nucleotide.
Only when bound in the presence of the intercala-
tor ethidium bromide are low levels of cis-DDP
able to stop Exo III digestion at this sequence.
Low levels of compound 1, bound in the absence
of ethidium bromide, definitely show stopping at
this site. Thus the attached intercalator enhances
platinum binding in this region in a manner simi-
lar to that by which externally added ethidium
bromide enhances cis-DDP binding. This result
probably involves relaxation of the steric require-
ments for platinum binding at this sequence
through the conformational changes induced by
intercalator binding to the DNA.
The other intriguing result is that additional stops
are seen with compound 1 that correlate with
(dG) 2 sequences on the unlabeled strand. For cis-
DDP binding to the 165 bp restriction fragment,
Exo III was found to map only those oligo(dG)
binding sites on the labeled strand. The presence
of the linked intercalator facilitates detection of
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platinum bound on the unlabeled strand. This dif-
ference is ascribed to the more extensive interac-
tions, both covalent (Pt) and intercalative (acri-
dine), of compound 1.
In summary, exonuclease III mapping of com-
pound 1 binding to DNA has shown that the at-
tached intercalator alters the binding pattern of
the platinum moiety in a manner analogous to that
of an externally added intercalator. The presence
of the attached intercalator also allows detection
of binding sites on the unlabeled strand.

REFERENCES

[1] a) T.D. TuLLIUS, S.J. LIPPARD, Proc. Natl. Acad. Sci.

USA, 79, 3489 (1982);
b) C.M. MERKEL, S.J. LIPPARD, Cold Spring Harbor

Symp. Quani. Biol., 47, 355 (1982).
121 B.E. BOWLER, L.S. HOLLIS, S.J. LIPPARD, J. Am. Chem.

Soc., 106, 6102 (1984).
[3] E. WHANG, B.E. BOWLER, S.J. LIPPARD, unpublished

results.
[4] T.D. TuLLIUS, S.J. LIPPARD, J. Am. Chem. Soc., 103,

4620 (1981).

L9, 
PS5.64 — TH

J.L. VAN DER VEER
G.J. LIGTVOET
A.R. PETERS
J. REEDIJK
Department of Chemistry

Gorlaeus Laboratories

State University Leiden

P.O. Box 9502, 2300 RA Leiden

The Netherlands

BINDING OF CIS-PLATINUM COMPOUNDS
TO NUCLEOBASES, NUCLEOTIDES
AND OLIGONUCLEOTIDES

For a better understanding of the specific interac-
tions of cis-platinum(II) and cis-platinum(IV)
compounds with DNA, detailed studies of the
binding of such Pt compounds to nucleobases,

nucleotides and oligonucleotides are of great inte-
rest [1].

Although it is now generally accepted that binding
of platinum compounds has a kinetic preference
to guanine N7 sites, other bindings do also occur
and may play an important rôle under certain
conditions [2]. Using 9-ethylguanine as a simple
analog of the GMP part in DNA, it was possible
to study Pt(II) binding to guanine NI and the —
unexpected — rapid isomerisation to the N7
binding mode at acid pH values. Studying
reactions of Pt(IV) compounds with 9-
-methylhypoxanthine and 5'-GMP, the major pro-
ducts appeared to be N7-coordinated Pt(II)
adducts, although in a few cases spectroscopic
indications for Pt(IV) adducts were found. Al-
though it is not yet clear whether the reduction
occurs before, during or after the platinum coor-
dination to 5'-GMP, these results support the idea
that in vivo reduction is essential for the antitu-
mor activity of potential Pt(IV) antitumor drugs.
To obtain more information about the chelation
and kinetics of the so-called «GNG-cisPt chelates»
(platinum bound to both G's with a non-coordi-
nating nucleobase in between), the DNA-trinu-
cleotides pGpGpG, GpApG and GpTpG were
reacted with cis-PtC1-(NH 3 ) 2 (cisPt). NMR studies
indicate that the pGpGpG trimer yields only
pGpGpG(N7(1),N7(3)) while GpApG gives
80% GpApG(N7(1),N7(3)) and 20%
GpApG(N7(2),N7(3)). HPLC studies showed that
this ratio is temperature independent. Reaction
of the monofunctional platinum compound
[Pt(dien)Cl]Cl with these two trimers gives 100%
pGpGpG(N7(1)), while 30% GpApG(N7(1)) and
70% GpApG GpApG(N7(3)) was obtained in the
second case. cisPt reaction with GpTpG resulted
in only one chelate: GpTpG(N7(1),N7(3)).
Apparently a GG-chelate is preferred by cisPt
over a GNG-chelate, but if no neighbouring G is
available after the first binding, kinetic preference
determinates the ultimate chelate, i.e. binding to
AG may occur.

In vitro studies concerning cisPt-DNA interactions
indicate that next to GG-, AG-chelation is most
favoured [3]. This led to the study of the reacti-
vity of cisPt towards the decamer
TpCpTpCpApGpTpCpTpC, and the stability of
this decamer with its complement GpApG-
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pApCpTpGpApGpA as compared to the unplati-
nated decamer duplex. Enzymatic degradation,
atomic absorption spectroscopy together with
HPLC showed that the AG-chelate is the major
product.
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MOLECULAR MECHANICS CALCULATIONS
ON cis-DIAMMINEDICHLOROPLATINUM(II)
ADDUCTS OF TWO d(GpG)-CONTAINING
OLIGONUCLEOTIDE DUPLEXES

There is increasing evidence that the antitumor
drug cis-diamminedichloroplatinum(II) (cis-DDP)
[1] binds predominantly to d(GpG) units of DNA

[2,3]. Since cis-DDP binding to DNA destroys
substrate recognition for nucleases [3] and shor-
tens the double helix [4], severe structural changes
(e.g., unwinding) of DNA have been suggested
[4]. On the other hand, NMR work on platinated
octa- and decanucleotides, while confirming
d(GpG)-Pt binding, offered evidence for duplex
structure up to 28°C [5]. We have performed
molecular mechanics calculations on two oli-
gonucleotides, [d(GGCCGGCC)12 and
d(TCTCGGTCTC).d(GAGACCGAGA) in both
A- and B-DNA conformations, as well as on ad-
ducts in which a [Pt(NH 3 )2 ] 2+ fragment is coordi-
nated to the N7 atoms of adjacent guanosine resi-
dues. The main results of the calculations are:
i) the 5'-end coordinated guanine is predicted to
tilt out of the base stack, destroying at least one
of the amino hydrogen bonds involved in GC base
pairing and considerably weakening the imino
hydrogen bond; ii) a hydrogen bond, formed
between one ammine ligand of the platinum atom
and the 5'-phosphate group of the d(pGpG) unit,
is indicated for both A- and B-DNA. This hydro-
gen bond closes a ring (shown below) in which the
5'-sugar is constrained to either of two twisted
conformations with phase angles [6] close to 0° or

180°, respectively; iii) in B-DNA models, the
coordination of cis-[Pt(NH 3 ) 2 ] 2+ on a d(GpG) unit
causes the 5'-guanosine to switch the sugar pucker
to C(3')-endo. This conformation is stabilized by
a stronger attraction between the platinum residue
and the phosphate of d(GpG); iv) in B-DNA mo-
dels, formation of a non-Watson-Crick inter-
strand hydrogen bond between two guanines is
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indicated. Implications of these results for the
interpretation of spectroscopic data on cis-DDP-
oligonucleotide adducts are discussed.
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CHIRAL DISCRIMINATION
IN THE COVALENT BINDING
OF BIS(PHENANTHROLINE)RUTHENIUM(II)
COMPLEXES TO DNA

Isomers of bis(phenanthroline)dichlororuthe-
nium(II) display striking enantioselectivity in
binding covalently to right-handed B-DNA. Incu-
bation of racemic (phen) 2 RuCl 2 with calf thymus
DNA yields ruthenium-bound complexes having a
maximum binding ratio of 0.06 ruthenium per
nucleotide. Much as for the analogous dich1oro-
dìamminepIatinum(II) complexes, binding studies
with various synthetic polymers reveal a preferen-
ce for guanine. Circular dichroism of the superna-
tants following ethanol precipitation of the ruthe-
nium-DNA complexes show substantial optical
activity and, importantly, a sequence dependence
in the level of enrichment. Interestingly, in con-
trast to stereoselective intercalation, covalent bin-
ding of (phen) 2 Ru 2+ to simple B-DNA appears to
favor the lambda isomer. Coordination of the
(phen) 2 Ru 2+ moiety to the helix seems to require a
structure of complementary symmetry. Curiously,
incubation with poly d(GC) or Z-form polymers
leads to the preferential covalent binding of the
opposite (delta) ruthenium isomer. The conforma-
tion and sequence specificity of these chiral octa-
hedral complexes suggests the possible utility of
chiral bis(amine) complexes in DNA site-specific
drug design.
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BIOCHEMICAL EFFECTS OF BINDING
[(H 20)(NH 3)5Ru 

H] 2+

AND [(NH 3) 5Ru 111] TO DNA

The reaction of [(H 2 0)(NH 3 ) 5 Ru 1I ] 2+ with calf
thymus and salmon sperm DNA has been studied
over a wide range of transition metal ion concen-
trations in order to determine the binding sites of
the metal ion to the heterocyclic bases. Kinetic
studies revealed a biphasic reaction with an initial
fairly rapid coordination of the metal ion being
followed by slower reactions. Under these condi-
tions a true equilibrium could not be reached;
however, it was possible to study metal ion coor-
dination under pseudo-equilibrium conditions af-
ter the initial reaction was complete and before
subsequent reactions had progressed substantially.
For covalently bound Ru levels up to 0.26 Ru per
DNA nucleotide, (Ru DNA/P DNA), the predo-
minant binding site on helical DNA is in the
major groove at the N-7 of guanine. Spectra
of [(NH 3 ) 5 Ru 111] DNA prepared by incubation
of [(H 2 0)(NH 3 ) S Ru"'] 2 + with DNA (where
[P DNA] = 1.5 mm and reactant [Ru 11] /[P DNA]

ratios are in the range 0.1 to 0.3) followed by air
oxidation yielded intense charge transfer bands
which could only be attributed to [(NH 3 ),Ru °1 ]
coordination to N-7 dG sites. HPLC of acid-
-hydrolyzed samples of [(NH 3 ) 5 Ru 111 ] a-DNA,
which had been prepared by this method with
helical DNA, also revealed the significant
presence of only [(Gua)(NH 3 ) 5 Ru 111 ] for

0.1 < [Ru 11]/[P DNA] < 0.5, which was verified by
UV-Vis identification of the isolated chromatogra-
phic band. An earlier X-ray molecular structure
determination has established the coordination site
as the imidazole N-7 of dG, which is exposed in
the major groove of the DNA.
At [Ru 11] /[P DNA] 50.5 T m values for the DNA de-
creased linearly with increasing ruthenium concen-
tration and an increase in the intensity of the 565
nm charge transfer band was noted upon melting.
The UV and CD spectra of these samples
indicated no extensive destacking or alteration in
geometry (B family) compared to unsubstituted
DNA. At [Ru 11]/[P DNA] >0.5 or when single
stranded DNA was used, increased absorbance at
530 nm and 480 nm suggested additional binding
to the exocyclic amine sites of adenine and cytosi-
ne residues. HPLC and individual spectrophoto-
metric identification of the products derived from
hydrolysis of these species yielded both
[(Gua)(NH 3 ) 5 Ru 111] and [(Ade)(NH 3) 5 Ru m]. Ear-
lier crystallographic, spectroscopic and electroche-
mical studies have established the adenosine bin-
ding site of [(NH 3 ) 5 Ru III] to be the exocyclic ami-
ne (N-6). Coordination to the exocyclic amines of
adenine and cytosine, is indicative of double helix
disruption since these amines are involved in
hydrogen bonding on the interior of B-DNA. A
highly metallated (Ru DNA/P DNA = 0.26) DNA
sample found to be rapidly sedimenting and una-
ble to electrophorese into an agarose gel appeared
to have undergone counterion induced collapse,
which is a phenomenon that has not been pre-
viously demonstrated for DNA covalently coordi-
nated by a transition metal ion.

Agarose gel electrophoresis of superhelical
PBR322 plasmid DNA after exposure to various
amine complexes of [(NH 3 ) 5 Ru HI] in the presence
of a reductant and air generally revealed modera-
tely efficient cleavage of the DNA, presumably
due to the generation of hydroxyl radical via Fen-
ton's chemistry. However, similar studies invol-
ving [(NH 3 )5Ru 111] directly coordinated to the
DNA showed no strand cutting. Polyacrylamide
gel electrophoresis of a 381 bp, 3'- 32P-labeled
fragment of PBR322 plasmid DNA containing
low levels of bound [(NH 3 ) 5 Ru Ill] further indica-
ted negligible DNA cutting by the coordinated
metal ion.
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Table

Evidence for Synergistic Effects in the Dephosphorylation of

ATP (10 -3 M) at pH 5.5 by Mixed Metal Ion Systems (1=0.1,

NaClO4; 50°C). The Effect of the Second Metal Ion on

M2+ /ATP 1:1 Systems is Expressed by Rate Enhancement

Factors (=REF)°'. All Initial Rates are Given as vo x 108 n4 s 1
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SYNERGISM IN THE METAL ION
PROMOTED HYDROLYSIS
OF ADENOSINE 5'-TRIPHOSPHATE
The enzyme-catalyzed transfers of phosphoryl or
nucleotidyl groups depend on the presence of di-
valent metal ions, and the various stages of infor-
mation transfer in genetic processes, DNA replica-
tion, RNA synthesis, and protein synthesis all re-
quire metal ions [1]. Hence, it is not surprising
that the metal ion promoted dephosphorylation of
nucleoside 5'-triphosphates, especially of adenosi-
ne 5'-triphosphate (ATP4- ), has long been recog-
nized [2]. The simplest of these processes is the
transfer of a phosphoryl group to water, and so-
me insight into the mechanism of this reaction
with ATP has been gained [3,4].
Many enzyme-nucleotide systems involve two (or
more) metal ions [1]. Therefore, we are attemp-
ting to elucidate the influence of different metal
ion mixtures on the dephosphorylation rate of
ATP [5]. So far, the initial rates of dephosphory-
lation (i.e., v o =d[PO4 ]/dt) of ATP (10 -3 M) in
the mixed metal ion systems Cue+/ATP/Mg 2+,
Nit. or Zn 2+ with the ratio 1:1:5 have been measu-
red at pH 5.5 and compared with the binary
ATP/M 2+ 1:6 systems (see Table).
The remarkable result is that addition of Mgt+ to
a Cue+/ATP 1:1 system accelerates the dephos-
phorylation rate significantly more than the same
amounts of Mgt+ accelerate the reaction in a
Mgt+/ATP 1:1 system. The same synergism, based
also on the Cue ./ATP 1:1 system is observed with
Nit', but not with Zn 2+. We attribute this observa-
tion, based on previous results [4], to the forma-
tion of a pre-reactive complex in the Cu 2VATP
1:1 system, i.e. of a [Cu(ATP)11- dimer which in-
volves purine-stacking and a Cue+/N-7 interaction;
the inherent reactivity in this dimer may be trigge-
red by the addition of Mgt* or Nit+. Furthermore,
we suggest that in the Zn 2+/ATP 1:1 system a cor-

Effect
of

system vo for
REF a)

1:1 1:1:5 1:1 1:1:5

Mg t ` Mg/ATP 0.096
Mg/ATP/Mg 0.13 1.4

Cu/ATP 2.5
Cu/ATP/Mg 9.7 4

Ni 2' Ni/ATP 0.075
Ni/ATP/Ni 0.18 2.4

Cu/ATP 2.5
Cu/ATP /Ni 9.5 4

Zn 2' Zn/ATP 0.15
Zn/ATP/Zn 0.92 6

Cu/ATP 2.5
Cu/ATP /Zn 14 6

a) REF = v o of a 1:1:5 system divided by v o of the correspond-
ing 1:1 system; e.g., 0.13/0.096=1.4 or 9.7/2.5=4. The
rate data are summarized from several of our studies [3-7].

responding pre-reactive state is formed and that
therefore no synergism with Cue+ is observed.
In accord with this interpretation are the results
of preliminary experiments which suggest that
there is also a very pronounced synergism in
Zn 2+/ATP/Mg 2+ systems at pH 7.5. This is inte-
resting because, e.g., DNA and RNA polymerase
[1] contain tightly bound Zn 2+ and use nucleoside
5'-triphosphates as substrates, but for activity the
enzymes require in addition Mgt+.
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BIOLOGICAL TISSUE DISTRIBUTION
OF Ru(NH 3) 5-BLEOMYCIN

The reaction of Ru(NH 3 ) 5 H 2 0 2+ with the chemo-
therapeutic agent bleomycin at pH 7.2 gives a
Ru-modified derivative. The modified bleomycin
has been purified and characterized (by 'H NMR
and differential pulse electrochemistry) as
Ru(NH 3 ) 5 3 *-(pyrimidine)-BLM.
A model compound, Ru(NH 3 ) 5 His 3+, was found
to be effective in the scission of DNA strands, in
vitro, when combined with a reducing agent. The
activity of Ru(NH 3 ) S BLM in DNA strand scission
will be presented and discussed. The distribution
of the radioactive drug 106 Ru(NH 3 ) 5 BLM in nor-
mal and tumor-bearing mice has been studied.
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PLATINUM COMPLEXES OF EDDA
AND ITS ETHYL ESTER:
SYNTHESES AND ANTITUMOR
PROPERTIES

Structure-activity relationship for antitumor pro-
perties of platinum complexes is still not clear, al-
though cis-[PtA2 X 2 ] compounds seem to be active
when A ligands are inert and X ligands can be ea-
sily replaced in biological media. The nature of A
is of great importance for the antitumor activity
of the complex, with little changes in its structure
leading sometimes to main changes in activity.
Therefore we are testing complexes of this type
with new structures in order to obtain cis-DDP
analogs with higher therapeutic indexes.
We have shown recently activity against Ehrlich
ascites tumor for some platinum complexes with
aminopolycarboxylic ligands [1]. However,
[Pt(EDDA-H 2 )C12 ] was showed to be inactive in a
previous study by SPEER et al. [2]. One interesting
problem in structure-activity relationship is that
related to the effect of the charge of the complex,
active compounds being normally neutral comple-
xes. So esterification of carboxylic groups in li-
gands must lead to an increase in the activity of
the complexes. However, the results of previous
studies with similar ligands [3,4] by other authors
are contradictory and new data must be obtained
for solving the problem. In this sense, we report
in this paper the results of a new test of this com-
pound and of its analog with the ethyl
ester of the ligand.
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SYNTHESIS AND CHARACTERIZATION

[Pt(EDDA-H 2 )C12 ] was synthesized from K 2 PtC14

by the method of Liu [5]. The compound was ob-
tained as yellow crystals with a yield of 55 07o. Ele-
mental analysis results were: C:16.18 (16.30);
H:2.71 (2.73); N:6.38 (6.33); C1:16.79 (16.04)
where theoretical values are shown in parenthesis.
The infrared spectrum shows bands at 3110 cm - '
(N-H), 1700 cm -1 (COOH) and 330 cm - ' (Pt-CI).
A band is observed in the electronic spectrum of
this compound in aqueous solution (262 nm), its
position being similar to the one observed for pla-
tinum complexes with EDTA [6]. The value for
COOH in the 13C-NMR spectrum is also similar
(169.64 ppm) to those of EDTA complexes [1].
EDDA-Et2 .2HCI was obtained by refluxing a so-
lution of EDDA-H 2 in ethanol, and with HC1
stream. After three hours, the solution was con-
centrated and precipitation of a white solid occur-
red. The solid was washed with water and ethanol
and dried at 60°C. The yields were variable, ran-
ging from 27 to 71 07o. Elemental analysis results
were: C:38.85 (39.35); H:7.95 (7.96); N:8.68
(9.17); CI:22.78 (23.23). The bands due to N-H
and C=0  stretching appear in the IR spectrum at
3400 cm -1 and 1740 cm -1 . In the 'H-NMR spec-
trum, the ethyl groups give signals at 1.24 ppm
(CH 3 ) and 4.17 ppm (CH 2 ) (J = 7 Hz). Two signi-
ficant signals in the 13C spectrum are those of
C=0 (166.12 ppm) and CH 3 (13.86 ppm).
[Pt(EDDA-Et 2 )C12 ] was obtained from K 2 PtC14

and EDDA-Et 2 in dilute HC1 solution. The solu-
tion was heated and stirred for about 2 hours.
Concentrated HCI was added to cause precipita-
tion, and then a pale yellow solid was obtained. It
was washed with water and ethanol and dried at
60°C (yield =30%). The elemental analysis results
were the following: C:23.43 (24.00); H:4.10
(4.04); N:5.67 (5.02); CI:15.22 (14.23).
In the IR spectrum, the N-H band is displaced to
3110 cm-1 while the C=0  band appears also at
1730 cm -1 . The Pt-Cl band appears in this case at
325 cm - '. The electronic spectrum of this com-
pound shows bands at 282 and 306 nm. This dis-
placement to longer wavelengths is due to the HCl
used for the dissolution of the complex and has
been observed for Pt-EDTA complexes [6]. The
NMR spectra also show changes with coordina-
tion.
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ANTITUMOR ACTIVITY

Antitumor tests were performed against Ehrlich
ascites tumor in Swiss mice and the results are
shown in Table I. [Pt(EDDA-H 2 )Cl2 ] was dissol-
ved in saline, and [Pt(EDDA-Et 2 )C12] in saline-
-DMSO 1:1. Control and test groups were of 10
and 8 animals respectively. The compounds were
injected i.p. in day 1, and the experience was
finished in day 90. T/C values have been calcula-
ted from the median survival times of the test and
control groups.

Table I

Compound
	

Dose (mg/Kg)	 T/C

85
100
98

122
91

109

The values of Table I show no activity for both
compounds. This result is in agreement with that
of SPEER [2] for the case bf the EDDA complex.
Moreover, for the EDDA-Et 2 complex no signifi-
cative increase in activity is observed.
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INTERACTION OF BLEOMYCIN
WITH Pd(II) COMPLEXES
([PdCI 4] 2 —, [cis-Pd(NH 3) 2C1 2],
[Pd(en)C1 2]) AND WITH [cis-Pt(NH 3) 2C1 2].
ANTITUMOR ACTIVITY OF THE BLM-
-[cis-Pt(NH 3) 2C1 2] SYSTEM

Bleomycin (BLM) and cis-diamminodichloropla-
tinum(II) (cis-DDPt) are used in combination che-
motherapy to treat malignant tumors [1-3]. The
two drugs exhibit synergism. The biological target
for both cis-DDPt and bleomycin is believed to
be DNA.
In this communication we address the question of
whether prior covalent binding of cis-DDPt to
BLM might alter the interaction of these two
drugs with DNA and their antitumor activity.
Because of the slowness of Pt(lI) ligand exchange
reactions, parallel studies were conducted on the
corresponding Pd(II) complexes which react 10 5

times faster.
In this communication we report experi-
ments showing that [PdC1 4 ] 2- as well as
[cis-Pd(NH 3 ) 2 C1 2 ] and [Pd(en)C1 2 ] reacts with
bleomycin in a three steps process forming a
1:1 BLM.Pd(II) complex. In the same way a si-
milar complex is obtained between BLM and
[cis-Pt(NH 3 )2 C1 2 ]; its antitumor activity has been
tested.

Interaction of BLM with Pd(II) complexes

The addition of [PdC14 ] 2- to an aqueous BLM
solution gives rise to the immediate formation of

a first complex (I). The most striking features
of this formation are i) the release of two protons,
ii) the quenching of the pyrimidine fluorescence,
iii) the appearance of a CD band at 367 nm which
can be assigned to d-d transition. As time elapses
this complex evolves to a second one (complex II);
this occurs without any modification of the pH
value but with noticeable change in the CD spec-
trum. The half life time of complex I is about 7
minutes. The last step, giving rise to the ultimate
complex (III), is slower. Here again this occurs
without modification of the pH value and, at pH
3, about three days are necessary to reach its com-
plete formation. However if the pH is raised to
about 7 the transformation of complex II to III
occurs at once (it should be noticed that complex
III is obtained directly by addition of [PdCI 4 ] 2- to
BLM in a pH 7 Hepes buffer).

When either [cis-Pd(NH 3 ) 2 C1 2 ] or [Pd(en)C1 2 ] are
substituted for [PdCl4 ] 2- one still observes a three
steps process (complexes I', II' and III').

On the contrary when [PdC14 ] 2- is added to depy-
ruvamide bleomycin (depBLM) one still observes
the release of two protons but no evolution with
time: only one complex (d) is observed.

The striking feature is that the CD spectra of
complexes III, III' and d are similar strongly sug-
gesting that the same four ligands are involved in
the coordination square, most probably the secon-
dary amine nitrogen, the pyrimidine nitrogen and
the two peptide nitrogens. It must be pointed out
that these ligands are different from those usually
found in metal bleomycin complexes (the metal
being copper, iron and cobalt) [4,5].

Interaction of BLM.Pd(1:1) complex (III)
with DNA

The addition of DNA to complex III gives rise to
a quenching of the bithiazole fluorescence sugges-
ting that it is still able to intercalate between the
base pairs of DNA. Moreover an immediate mo-
dification in the 320-340 nm region (d-d transi-
tion) of the CD spectrum is observed which can
be assigned to a modification of the ligand field
around the Pd(II) ion. However no release of
Pd(II) from the complex could be detected.
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BLM. (cis-Pt(NH3) 2C12/ system

The interaction of cis-DDPt with BLM is very
slow and incomplete. After one week, at pH 7,
only 30% of the 1:1 complex is obtained.  

PS6.4 — MO

[3]

Antitumor activity of the BLM-CisDDPt complex

A mixture containing BLM and cis-DDPt in a 3:1
molar ratio was used. In that conditions we have
estimated that all the Pt(II) ions are complexed to
BLM. The mixture has been screened for antican-
cer activity against Lewis pulmonary carcinoma
and L 1210 leukemia in a comparative study with
BLM and cis-DDPt respectively. The percentage
of inhibition by the BLM-cisDDPt (1:1) complex
is reduced to 65% and 55% with regard to free
BLM and cis-DDPt respectively.
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ALUMINIUM COMPLEXES
WITH PICOLINIC ACID

Aluminium has long been regarded biologically
inert, but the aluminium absorption and conse-
quent accumulation in the brain of patients with
dialysis dementia is now well documented [1].
Aluminium intoxication has also been implicated
in various neurological disorders such as Alzhei-
mer dementia. Little is known about the mecha-
nism of aluminium uptake. It is supposed that
only dissolved aluminium is able to cross the
mucosa barrier in the gastrointestinal tract [2].
Experiments with rats fed on diets containing su-
boptimal levels of zinc and elevated levels of alu-
minium showed increased aluminium concentra-
tions in the rat brains. Probably aluminium in gut
competes for binding sites on zinc or iron binding
ligands. Investigation has showed that picolinic
acid (2-pyridiniumcarboxylic acid) probably plays
an important role in the absorption process of
zinc [3]. The aim of the present work is to investi-
gate the ability of aluminium to form complexes
with picolinate ions.

EXPERIMENTAL

Potentiometric titrations with glass electrode were
performed in 0.150 M KNO 3 at 25.0°C. Concen-
tration of each component were of the order 10 -3

M. The metal-to-ligand ratio varied between 1:1
and 1:4, and the mixtures were titrated in the pH
range 3 to 7.
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RESULTS AND DISCUSSIONS

The equilibrium analysis of the present sys-
tem shows that the major aluminium-picolinate
species are AlL 2+ and AIL 2 (OH) with
log((3 1 2 0 t 3a)=8.27±0.02 and log((3 1 2 -1 f3a)_

= 17.668±0.008 respectively in mixtures with ex-
cess of picolinate (L - ).
In a 1:1 mixture the species AlL 2 +,
log(01 1 0 ±3a)=  4.497 ± 0.007 and Al e L 2 (OH)3,
log(32 2 _3± 3 c1) = 39.27±0.02 dominated. Minor
species in the system are AIL(OH)+ and
A1L 2 (OH).
The least squares computer calculations were per-
formed with the program TITRER [4]. Distribu-
tion diagrams visualizing the relative amounts of
the different species were produced using the pro-
gram DISTPLOT.
The results of the present investigation show that
competitive interaction between aluminium and
zinc is possible.
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UROHEMIN INTERACTION WITH
THE ANTIMALARIAL DRUGS
CHLOROQUINE AND QUININE

INTRODUCTION

Despite numerous years of research the actual
mode by which antimalarial drugs operate remains
obscure. Recently though, it has been proposed
that drugs such .as chloroquine and quinine form
complexes with the protoporphyrin IX of hemo-
globin inside red blood cells [1]. The precise me-
chanism is unknown, but presumably the comple-
xes are formed with the heme that has been relea-
sed from proteolytically digested hemoglobin. It
has also been suggested that protohemin IX is a
specific receptor for several malaria drugs and the
cause of the rapid uptake of these drugs by the
erythrocyte. Due to this implied high affinity of
ferric porphyrins for antimalarial drugs, we have
begun binding studies in aqueous solution. In this
report we present some of our initial results con-
cerning the interaction of chloroquine and quinine
with iron porphyrins in aqueous solution. Urohe-
min-I was chosen due to its high solubility in
aqueous solutions and because recent Raman and
Nuclear Magnetic Resonance (NMR) work allo-
wed us to thoroughly characterize its solution
dynamics [2,3].

EXPERIMENTAL

Urohemin was purchased from Porphyrin Pro-
ducts, Logan, Utah, and was further purified by
column chromatography as previously described
[2]. Chloroquine and quinine were purchased
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from Sigma and were used without further purifi-
cations. Titrations of urohemin with the drugs
were carried out at pH = 6.0 (unbuffered) and at
20°C employing a Perkin Elmer 559A UV-Vis
spectrophotometer with a thermostated cell com-
partment. pH was monitored throughout the ex-
periment using a Beckman pH meter and a Fisher
combination electrode. Ultraviolet-visible differ-
ence spectra were recorded in the Soret region of
the visible spectrum. The differences here reflect
the drug binding to urohemin. Data were handled
using the Hill plot and Scatchard plot forma-
lisms [4].

Fig. I

Scatchard plots for drug binding to urohemin-J

Rev. Port. Quím., 27 (1985)

RESULTS AND DISCUSSIONS

Figs. I A and 1B show Scatchard plots for the as-
sociation of urohemin to chloroquine and quinine,
respectively. These results indicate that chloro-
quine associates in a noncooperative manner with
urohemin, exhibiting a Hill coefficient of 1.0 and
a Kass = (3.6 ± 0.3) x 104 m-1 while quinine displays
a cooperative association, a Hill coefficient of
two, and a K ass = (1.5±0.2)x10 8 M 2 .
These results are interesting in view of the similar
structures of the two drugs. Both possess quino-
line rings with side chains at the fourth position.
Since proton NMR data do not indicate axial
coordination at the urohemin iron ion [4], it see-
med reasonable to expect that both drugs would
have similar stoichiometries. Furthermore, from
our UV-Vis and proton NMR data we can conclu-
de that urohemin forms ir-complexes with both
drugs [5].
Further work on malaria drug interaction with
free hemins and heme proteins is in progress in
our laboratory.
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SELENIUM-MERCURY INTERACTIONS
IN PRESENCE OF SULFHYDRYL
COMPOUNDS:
POSSIBLE MODEL SYSTEM FOR SELENIUM
DETOXIFICATION OF MERCURY

Since PARIZEK and OSTADALOVA [1] first de-
monstrated that selenite markedly decreased the
toxicity of mercuric chloride in rats, it has been
shown that mercury too counteracted selenium to-
xicity [2]. However, the mechanism of their mu-
tual detoxification has not been studied. Both
mercury and selenium are closely linked to the
soft sulfhydryl donor groups in amino acids in the
metabolism and therefore this phenomenon might
likely be associated with such compounds. We
have studied the interactions of selenite, Hg(II)
and the sulfhydryl compounds, cysteine and

3-mercaptopropionic acid, HS(CH 2 ) 2 COOH
(3-MPA). The results are presented in Table 1.
Reactions were carried out in sulfuric acid me-
dium to eliminate complications such as hydroly-
sis of mercury at higher pH in absence of chlori-
de. A wide spectrum of products, depending upon
the molar ratios of the reactants, was obtained.
Similar products were formed with 3-MPA and
cysteine proving the involvement of the sulfhydryl
group in these interactions. The products contai-
ned selenium in several oxidation states. Forma-
tion of mixed metal complexes, featuring
sulfhydryl bridging between Hg and Se in positive
oxidation states, was noticeably absent. RSH re-
duces selenite to the unstable Se(II) and stabilises
it by complexation.

Se(IV) + 4 RSH — Se(SR) 2 + RSSR +4 H'

Se(SR) 2 has been isolated and characterized for
both 3-MPA and cysteine [3]. In most cases we
studied, Se(SR 2 ) is the interacting selenium
species.
Hg2+, not coordinated to thiol, and Hg(SR)+ react
with Se(SR) 2 by abstracting one of the Se-bound
thiols. The thiol in Se(SR)+ now reduces it to See - .
Reaction between selenide and [Hg(SR) x] 2-x (x <_ 2)
leads to the formation of a complex product with
the empirical formula Hg 2 Se(SR)(SO 4 ) 0.5 . This in-
teraction means that the RS - complexes of Hg(II)
and Se(II) have comparable first formation cons-
tants. Further evidence for this is in the formation
of this product when Se(IV) is added to Hg(SR) 2 .
Se(IV), however, has no action on Hg(II) bound
to a single thiol as in Hg(SR)+.
There is interaction between Se(SR) 2 and even

Table I

Results of Selenite — RSH — Hg(II) Interactions

Mole ratio of Se(IV):RSH:Hg(II) Interacting Hg(II) species Interacting selenium species Product

I 4 3 aquo Hg 2' Se ll (SR) 2 Hg2 $e(SR)(SO4 )0.5

I 4 1 aquo Hg2' Se(SR) 2

I 5 1 Hg(SR)' Se(SR) 2

•1 2 1 Hg(SR) 2 Se(I V)

'1 I 1 Hg(SR)' Se(I V) no reaction

1 8 1 Hg(SR) 2 Se(SR)2 HgSe

1 4 1 HgC1 2 Se(SR) 2 Hg2 Se(SR)CI

1 4 0.1 aquo Hg2' Se(SR) 2 Se(0)

Sodium selenite and RSH were mixed in IN H 2 SO4 . Hg(II) solution was added to the Se(SR) 2 solution at room temperature.

Sodium selenite was added to a mixture of Hg(II) and RSH.
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coordination-saturated Hg(II)! Hg(SR) 2 reacts
with Se(SR) 2 in presence of excess RSH, yielding
HgSe. Higher mercapto complexes of Hg, higher
than the bis-complex, were not observed to be
formed [3]. The only plausible mechanism seems
to be a direct interaction between Hg(II) and
Se(II) themselves. The Hg...Se interaction causes
the shift of the electronic equilibrium between S
(bound to Se) and Se towards Se(II) which results
in the reduction of the latter to selenide.
When HgC1 2 is the reacting species, some
Hg2 Se(SR)CI was formed. However, higher chlo-
rocomplexation of mercury affects its reactivity
with Se(SR)2 markedly. Reactions were very slow
and the yields obtained, very poor.
Addition of a very small amount of Hg(II) brings
about the quantitative reduction of much larger
amounts of Se(SR)2 to elemental selenium. This
destabilization is most probably caused by the for-
mation of free Se(II) and its interaction with
Se(SR) 2 in a sequence of reactions.
Our studies of Hg(II), selenite and thiol interac-
tions provide by no means an unravelling of the
exact mechanism behind the mutual antagonism
between mercury and selenium in biological
systems. But the broad spectrum of results obtai-
ned only suggests that the complexity of these
interactions in the biological systems could be of
much greater magnitude.
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METAL ANTHRACYCLINE COMPLEXES
AS NON CARDIOTOXIC ALTERNATIVES
TO ANTHRACYCLINE ANTICANCER
AGENTS. PHYSICO-CHEMICAL
CHARACTERISTIC AND ANTITUMOR
ACTIVITY OF Pd(II)-ANTHRACYCLINE
COMPLEXES

Adriamycin (Adr) and Daunorubicin (Dr) are
anthracycline antibiotics widely used in the treat-
ment of various human cancers. However their
clinical use is limited due to clinical and histo-
-pathological evidence of cardiotoxicity [1].
Recent studies have suggested that the cardiac
toxicity of anthracyclines may be related to the
formation of semiquinone free radical intermedia-
tes in vivo [2] and it has been demonstrated that a
component of mitochondrial NADH dehydroge-
nase actively reduces Adr [3].
Thus the hope of finding a non cardiotoxic but
yet active anthracycline has prompted the develop-
ment of a large number of semisynthetic analo-
gues [4].
We have recently demonstrated that Fe(III)
anthracycline complexes retain antitumor activity
against P 388 leukemia on one hand, and unlike
the free drugs does not catalyze the flow of elec-
trons from NADH to molecular oxygen through
NADH dehydrogenase on the other [5,6]. These
results suggest that iron-anthracycline complexes
and more generally metal-anthracycline complexes
could be non cardiotoxic alternatives to other cur-
rently available anthracycline anticancer agents.
In this context we have focused our attention on
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the interaction of adriamycin and daunorubicin
with Pd(II). In this communication we report the
results of a detailed potentiometric and spectro-
scopic investigation undertaken to characterize
Pd(II)-anthracycline complexes. Their stability
constants have been determined as well as their
interaction with DNA, their antitumor activity
and their ability to catalyze the flow of electrons
from NADH to molecular oxygen when they are
inserted into the NADH-NADH dehydrogenase
system.

Physico-chemical characterization

The addition of PdC1 42- to Adr (or Dr) at 1:1 mo-
lar ratio yields a complex with the concomitant re-
lease of two protons (pK =2.4). Our potentiome-
tric and spectroscopic titrations strongly suggest
that in this complex the four ligands of Pd(II) are
i) one carbonyl and one phenolate oxygen forming
a six membered chelate, ii) the deprotonated ami-
ne of the sugar portion, and iii), depending
on pH, either a water molecule or OH - group.
The kinetics of formation of this com-
plex is rather slow and follows a second order
rate law with k 2 =3.9 s -1 M 2 . The value
of the constant of formation defined as
K _  [Pd(AdH, NH2)] is 1.3 x 10

22 . (AdH, NH 2 )
[Pd] [AdH, NH 2 ]

stands for adriamycin with the anthraquinone
moiety half deprotonated and the sugar amine de-
protonated. Similar results have been obtained
with daunorubicin.
Similar complexes are obtained when either
Pd(NH 3 ) 4 2• or cis-Pd(NH 3 ) 2 C1 2 is added to
adriamycin instead of PdC1 42- ; however in that
case the fourth position of the square of coordi-
nation is occupied by an amine group.

Interaction with DNA

The complex has been added to DNA at molar
ratio [Nucleotide]/[Complex] _ 10. A very slow
evolution of the CD spectrum of the system is
observed: in two weeks about 25% of the complex
has disappeared suggesting that due to the high
affinity of Adr and Pd 2+ for DNA the complex
partially dissociates.

Antitumor activity

The in vitro inhibition of P 388 leukemia cell
growth by the complexes compares with that indu-
ced by the free drugs. They display antitumor
activity against P 388 leukemia; no significant dif-
ferences from the free drugs in terms of therapeu-
tic efficacy were observed.

Effect of the complex on superoxide production
by NADH dehydrogenase

Adr and Dr increased superoxide formation by
NADH dehydrogenase in a dose-dependent fas-
hion that appeared to follow saturation kinetics.
On the contrary the Pd(II)-anthracycline comple-
xes do not increase superoxide formation over
control level.
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COPPER(II) BINDING BY MITOXANTRONE

The compound 1,4-dihydroxy-5,8-bis(2[(2-hydro-
xyethyl)amino]ethylamino)-9,10-anthracenedione
dihydrochloride (Mitoxantrone (H 2 MX), or No-
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vantrone) has been developed as an antineoplastic
agent and will soon be available commercially.
The molecule is structurally similar to adriamycin
and daunomycin and consequently, is thought to
behave similarly. Because one of the major side
effects of adriamycin is cardiotoxicity and the car-
diotoxicity is thought to be associated with metal
binding by the adriamycin molecule [1], we have
been investigating the metal binding properties of
the mitoxantrone molecule. However, there is also
evidence that cardiotoxicity is not metal ion related
[2]. Because of its biological abundance initial metal
binding studies were made using Cu(II). For compa-
rison, information for Cu-adriamycin and Cu-
bleomycin complexes is available as is information
about the distribution of copper in biological fluids

[3-5]. Potentiometric titrations of the doubly charged

form of mitoxantrone show that the first pK a for
the molecule is 6.8 and the second is 7.8 which
agrees with earlier results [6]. There is almost no
UV-vis spectrophotometric change associated with
the first deprotonation, but a large change asso-
ciated with the second. (Measured at 610 nm the
extinction coefficient for the protonated form
is 1.8 x 104 and for the deprotonated form
1.1 x 104 ). The differences in pK a and the spectro-
photometric results imply that the deprotonations
occur at two different sites. Because of the lack
of spectrophotometric change, the first probably
occurs on the ethylenediamine side arm and the
second with the large spectrophotometric change
at a hydroxyl proton on the hydroxyanthraquino-
ne ring.

Results of a spectrophotometric (700 to 600 nm)
titration of the mitoxantrone molecule with Cue+
at pH 4.8 show that little copper binds. However,
if the titration is repeated at pH 7.2 then the
absorbance changes show that two coppers bind
per mitoxantrone molecule. Job's studies at pH 7
also show that two coppers bind per drug molecu-
le. Because the binding was so strong in the con-
centration ranges used for these studies, no bin-
ding constants could be determined. Solid Cu 2 MX
complex was isolated using tetraphenyl borate as
the counterion and analysis results confirm that
two coppers bind per mitoxantrone molecule and
show that the complex has a + 1 charge. The
complex with a + 1 charge at pH 7.2 was also
found from potentiometric titration curves. Com-
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parison of titration curves for mitoxantrone alone
and the same concentration of mitoxantrone con-
taining two equivalents of copper showed that the
copper binds strongly to the mitoxantrone even at
low pH and each copper that binds releases two
hydrogen ions. Using the titration data equili-
brium constants were calculated according to the
following equations:

Cu 2+ + H4 MX 2+ CuH2 MX + 2H +
	

K1

Cu 2+ + CuH 2 MX 2+ Cu 2 MX + 2H'
	

K2

Cu 2 MX 2+ Cu 2 MX+ + H+
	

KD

The calculated values of K 1 and K2 are 3.65 x 10- '
and 1.7 x 10 -5 respectively. A fifth proton is also
lost from the complex with a pK D of 5.9 (poten-
tiometrically) and 5.5 (spectrophotometrically).
There is a large spectrophotometric change asso-
ciated with this deprotonation. Copper binding
constants for various antibiotics and blood serum
components are given in Table 1. At pH 7 compe-
tition studies done spectrophotometrically show

Table 1

Compound Complex Log (3 Ref.

Mitoxantrone(MX) Cu 2 MX' 17.8a) this
work

Adriamycin(Adria) Cu-Adria 12.08 [3]
Bleomycin(Bleo) Cu-Bleo 12.63 [4]
Human Serum
Albumin(HSA) Cu-HSA 16.2 [5]
Histidine(his) Cu(his)2 17.5 [5]

a) pH 7.2 /3 =K l K 2 K D ([H`] 2 +[H'] K ai + Kai K a2) 

[H'IaKai Ka2
that the mitoxantrone binds copper more strongly
than CH 3 CN, imidazole, and pyridine but less
strongly than bipyridine.
Electrochemical, EPR and X-ray structure deter-
minations will be attempted to further characteri-
ze the Cu 2 MX complex.
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tion geometry of this species, supported by spec-
troscopic data, is proposed.
The affinity of PIH for iron(II) is significantly
lower than for iron(III), as indicated by a forma-
tion constant of 7.0 for [Fe(II)(HL)2 ] compared
to 12.47 for [Fe(III)(HL) 2 ].
PIH therefore possesses many chemical features
desirable in an effective iron chelating drug. Fur-
thermore, this chelating agent has been reported
to be effective in several cellular and animal
bioassays and is currently a highly promising
pharmacological agent for the treatment of iron
overload.

PYRIDOXAL ISONICOTINOYL
HYDRAZONE:
A PROMISING AGENT FOR CHELATION
THERAPY OF IRON OVERLOAD

_ PS6.10 — TH

The chemistry of pyridoxal isonicotinoyl hydra-
zone (PIH) has been investigated with emphasis
on the chemical characteristics pertinent to the as-
sessment of its value as a biological iron chelator.
In acidic environments, PIH is remarkably stable,
with a decomposition of 3% after 72 hr at pH
2, 37°C. The acid dissociation constants of the se-
veral ionisable groups present in PIH have been
determined by potentiometric titration and the
formation of the iron complexes studied by poten-
tiometry and UV-Vis spectrophotometry. The
systems are quite complex due to the number of
dissociable protons in both the free and coordi-
nated ligands, the high affinity of these com-
pounds towards iron(III) and the formation of
sparingly soluble species at pH 5.
At pH 7.4, [Fe 3+] = 10-6 M and a 1000-fold excess
of ligand, PIH has a pM value of 27.7 which,
when compared to 25.6 for transferrin, indicates
that PIH is thermodynamically capable of remo-
ving iron from transferrin.
The distribution of the complex species as a func-
tion of pH shows that in each case a significant
fraction is present as the electrically neutral
Fe(L)(HL) at pH 7.4. A model of the coordina-
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ASCORBATE OXIDASE, DIAMINE OXIDASE
AND THEIR USE IN DIAGNOSIS
OF COPPER DEFICIENCY IN PLANTS

Copper deficiency in soils and crops is a cause of
concern in many agricultural industries. In gene-
ral, copper deficiency leads to significant decrea-
ses in crop yield and plant fertility. However, it is
often difficult to diagnose deficiency without
complex laboratory procedures and at a suffi-
ciently early stage in the plant's growth to allow
remedial measures to be adopted, e.g. by inclu-
ding copper compounds in fertiliser. Analysis of
the range of copper compounds present in plants,
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as a function of copper supply, has revealed that
several enzymes are particularly sensitive to cop-
per deficiency and can act as an early warning sig-
nal of deficiency. These enzymes include ascorba-
te oxidase and diamine oxidase. Their assays have
been shown to be at least as sensitive and indeed
more reliable than atomic absorption analysis of
copper content. In a simplified assay, ascorbate
oxidase activity has been used to provide a field
test that is quick, reliable and robust.
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MALATE AS A POTENTIAL AGENT
TO PROMOTE HISTAMINE CATABOLISM

The most of the histamine present in the human
body is stored in mast cells in tissues and in baso-
phils in blood [1]. Its release from these sites may
be triggered by immune reactions involving IgE
antigens, or may directly result from non immu-
nological stimuli such as the incorporation of so-
-called "histamine liberator" substances inside the
membrane of the storage cells [1,2].
When localized, this release will lead to slight
disorders like itching, redness and skin edema.
When generalized, it may cause profound changes
to the cardiovascular system and induce anaphy-
lactic — or anaphylactoid, depending on the
respective type of stimuli above — shock [1-3].
Concerning this, the demonstration of a close
correlation between the plasma concentration of
histamine and the seriousness of the symptoms
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observed constituted an important breakthrough
in the understanding of the physiological action of
this mediator [4-6].
It has been known for a long time that histamine
undergoes a rapid destruction in tissues [3]. It
thus appears that increasing its rate of diffusion
from blood into the environmental tissues may
help alleviate its toxic effects. However, account
being taken of the complexity of the system of la-
bile equilibria characterizing the species poten-
tially involved, it is impossible to discriminate the
predominant forms under which histamine is pre-
sent in blood plasma on an experimental basis.
A series of studies was thus devoted to the simula-
tion of the distribution of histamine in this bio-
fluid [7-11], which led to the following conclu-
sions: (i) the most important fraction of histamine
(about 99%) is constituted by its electrically char-
ged mono- and di-protonated forms, and as such
is not likely to passively diffuse through cell mem-
branes, (ii) about 1% of histamine remains free,
but its molecular form is highly polar [3], which
also makes its passive diffusion unlikely, (iii) a
small fraction whose percentage is inferior to 1%
represents the binary and ternary metal complexes
of histamine [11]. In the normal state, more than
70% of this fraction consists of the electrically
neutral zinc-histamine-cysteinate complex, the ma-
jority of the remainder involving charged ternary
copper complexes.

The hypothesis was thus put forward that zinc
could indirectly favour histamine diffusion from
plasma to tissues, hence its catabolism rate, whe-
reas copper would in contrary exert an antagonistic

effect [11]. This interpretation of the simulation
results is in line with the roles previously attribu-
ted to zinc and copper in the evolution of the
pharmacological effects of histamine in mice [12].
Subsequently, applications of the principles of the
hypothesis above were developed using the afore-
-mentioned blood plasma simulation model
[13,14]. Firstly, an attempt was made at increa-
sing the concentration of the naturally occurring
zinc-histamine-cysteinate complex by raising that
of cysteine, but this proved unsuccessful [11]. A
second study used aspartate and glutamate as suc-
cessive partner ligands for zinc and histamine, but
the increase of the neutral complexed fraction of
histamine due to each of these two ligands was
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almost totally compensated for by a correlative
decrease in the concentration of the cysteinate ter-
nary complex above [15].
Our latest investigation on the subject deals with
the formation of ternary complexes of zinc and
histamine with a series of dicarboxylic acids.
Indeed, these substances are likely to meet the fol-
lowing requirements: (i) to have a low affinity for
zinc on their own, (ii) to induce the formation of
stable ternary complexes of this metal with hista-
mine. In this respect, ligands with O donors are
well known to form particularly stable mixed-
-ligand complexes of 3d metal ions with aromatic
amines [16], especially those including an imida-
zole moiety [17].
Among oxalate (studied as a reference), fumarate,
succinate and malate, only the latter can be expec-
ted to promote a significant increase of the neu-
tral metal-complexed fraction of histamine in
blood plasma.
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DO TETRACYCLINES HAVE ANY
INFLUENCE ON ZINC AND COPPER
BIOAVAILABILITIES
AT BLOOD THERAPEUTIC LEVELS ?

Growing attention has recently been paid to the
possible interference of organic pharmaceuticals
with essential trace metal bioavailabilities [1-3].
Indeed, a vast majority of these substances con-
tain donor groups likely to bind metal ions to
such an extent that the normal distribution of the
latter may be significantly upset. This may either
lead to the expected activity of the drug or result
in the occurrence of undesirable side effects [1-5].
As far as tetracyclines are concerned, their inte-
ractions with metal ions have been reported to
play a critical part in important biological proces-
ses such as their deleterious impact on minerali-
zing tissues [6], their antibacterial activity [7] and
their gastrointestinal absorption [8].
Analysing these interactions on a quantitative
basis is not straightforward since, (i) account
being taken of both antibiotic therapeutic doses
and trace metal levels occurring in vivo, the con-
centrations of the complexes formed by tetracycli-
ne derivatives are very low, (ii) attempts at con-
centrating these species would upset their labile
equilibria, hence their particular distribution in
the biological fluid. In such cases, the only availa-
ble investigation technique consists of the use of
computer models which permit to simulate the
distribution of all the coexisting complexes. Such
models [9-11] are built up from (i) the analytically
measurable overall concentrations of the reac-
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tants, (ii) the parameters which relate these overall
concentrations to the individual concentrations of
all the species present in the medium, i.e. the cor-
responding stability constants determined before-
hand under suitable experimental conditions.
This kind of technique has already been used for
analysing the influence of the interactions between
calcium, magnesium and various tetracyclines on
the bioavailability of these antibiotics in blood
plasma [12-15].
Zinc and copper are essential trace metals whose
properties may be related to bacterial infection
and its consequences. Zinc is the necessary cofac-
tor of many enzymes involved in the biosynthesis
of proteins and nucleic acids [16], whereas copper
is known to exert antiinflammatory effects [17].
Besides, these two metals have been reported to
be directly involved in tetracycline activity. The
antagonistic role played by zinc ions against the
gastrointestinal absorption of tetracyclines is well
documented [8,18]. Moreover, both zinc and cop-
per would mediate the binding of tetracyclines to
macromolecules, especially DNA [19,20].
The coordination of zinc(II) and copper(II) with
tetracycline (TC) and five of its derivatives, na-
mely oxytetracycline (OTC), doxycycline (DOXY),
minocycline (MINO), chlorotetracycline (CTC)
and demethylchlorotetracycline (DMC), was inves-
tigated by potentiometry under biological condi-
tions of temperature and ionic strength (37°C,
NaCI 0.15 M). Full details on these studies will
be published elsewhere [21]. It is only worth men-
tioning that 26 and 24 complexes were characteri-
zed for zinc and copper, respectively.

The formation constants of the above-mentioned
complexes were introduced into the blood plasma
databank relative to the ECCLES simulation pro-
gramme [9]. Then the plasma concentration of
each antibiotic considered in succession was scan-
ned between 1 x 10 - ' M and 1 x 10 -3 M, whereas the
relative importance of each tetracycline-containing
complex in the distribution of both zinc and cop-
per was examined. These scanning limits were
chosen so as to encompass the average therapeutic
concentration of antibiotic in plasma, generally
close to 1 x 10-5 M [12]. The PMI parameter ex-
pressing the evolution of the low-molecular-weight
fraction of metal in the presence of drug with res-
pect to normal plasma [22] was also monitored.

For the therapeutic concentration above, the per-
centages of the most predominant complexes of
zinc or copper involving each tetracycline deriva-
tive in turn never reached 1 °Io; they even revealed
themselves quite negligible for DOXY, MINO and
DMC. Accordingly, the corresponding log PMI
values relative to zinc and copper were found to
be nil for all tetracyclines. Moreover, the same
parameter reached only 0.10 for zinc with DOXY,
0.09 for zinc with TC and CTC, and 0.14 for cop-
per with OTC, at a concentration of 1 x 10 -3 M of
antibiotic.
No significant influence of any of the present
tetracycline derivatives can thus be expected on
zinc and copper bioavailabilities in blood plasma.
Nevertheless, further work would be required to
determine the stoichiometry of the complexes pre-
dominating in the intracellular fluid and to
assess their significance.
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LITHIUM TRANSPORT AND FACTORS
AFFECTING THE MOVEMENT OF LITHIUM
IN ISOLATED JEJUNAL
MUCOSA OF GUINEA PIG

Lithium carbonate is widely used in the prophy-
lactic treatment of manic-depressive psychoses [1]
and is always administered orally. Lithium (Li')
absorption from small intestine (Mucosal to Sero-
sal) is passive both in vitro [2-4], and in vivo [5].
It is not affected by temperature, substrate deple-
tion and metabolic inhibitors [6]. One criticism of
these earlier studies is that a multicompartment
system with muscle and connective tissue is pres-
ent and we now report studies in a three compart-
ment system and also in isolated epithelial cells.
Isolated jejunal mucosa of guinea pig was pre-
pared and mounted to occlude a «porthole» sepa-
rating two flux chambers [7]. Both sides were
exposed to oxygenated Krebs-Tris buffer at 37°C.

Lithium replaced sodium, total Na+ + Li' concen-
tration being 106 mM.

Viability was tested by observation of active trans-
port, potential difference, 3 [H]-PEG900 permea-
tion and histological integrity. Bi-directional
transfer of Li+ across the epithelium was measured
using stable isotopes 6 Li and 'Li [8]. Lithium was
determined using either an IL Video 22 or IL 357
atomic absorption spectrometer. Bi-directional
fluxes of 6 Li and 'Li showed no asymetry suggest-
ing that there was no active component involved.
Luminal and basolateral surfaces handled Li' iso-
topes similarly. Li+ movement was independent of
glucose transport and there appears to be no sig-
nificant interaction between Li+ and either Cat* or
Mgt+.

Acidification of the serosal side alone (pH 5.4)
stimulated Li+ absorption (P <0.01) whereas
mucosal acidification alone had no effect on
transport. Neither treatment affected tissue upta-
ke. Lithium, therefore, might be substituting for
Na+ in the Na . /H+ exchanger [9]. The pH gra-
dient dependent increase in absorption was abolis-
hed by 1 mM Amiloride (P <0.0004).

In further studies using 3 [H]-PEG900 as a mea-
sure of paracellular permeation, permeation of
lithium correlated with that of PEG suggesting
that movement of lithium in either direction
occurred via the same PEG permeable, extracellu-
lar pathway. Confirmation for this route was
obtained using solutions of high osmolarity,
which collapsed the tight junctions [10]: lithium
absorption was reduced (P <0.02).

The transmucosal fluxes and tissue uptake of
lithium in the absorptive (M to S) and secretory
(S to M) directions were linearly related to the
lithium concentration. Furthermore, the uni-direc-
tional fluxes both in the absorptive and secretory
direction were similar. Total lithium transport
after 45 minutes into serosal or mucosal compart-
ments was 3-4 times greater than that found in the
tissue. The plasma membrane of epithelial cells
offers greater resistance to the movement of li-
thium than intact epithelium which suggests that
the majority of ions pass via «pores» in the epi-
thelium.
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PREPARATION, CHARACTERIZATION
AND ANTI-INFLAMMATORY
ACTIVITY OF IMIDO GOLD(I)
TRIETHYLPHOSPHINE COMPLEXES

The orally-administered gold(I) compound aura-
nofin ("Ridaura", Smith Kline and French Labo-
ratories) [(2,3,4,6-tetra-O-acetyl-l-thio-/3-D-
-glucopyranosato-S)(triethylphosphine)gold] exhi-
bits anti-inflammatory activity in animal models
and is currently undergoing Phase IV clinical tes-
ting [1]. Structure-activity correlations with the
series of complexes R 3 P-Au-SR' (where SR' is a
sugar thiolate) have shown optimum activity when
the phosphine is PEt 3 [2]. We report here the pre-
paration, characterization and biological testing of
a series of new imido complexes of triethylphos-
phine gold(I).
There have been very few previous reports of
Au(I) complexes with nitrogen ligands. Gold(I)-N
bonds are usually considered to be relatively
weak. Five complexes of general formula
Et 3 PAu(imide) containing the imido ligands
shown in the Figure were prepared in good yield
and gave satisfactory elemental analyses. The
structure of one of them Et 3 P-Au-(phthalimide)
was determined by X-ray crystallography and
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Figure

Structure of the imido ligands in complexes of general formula

Eta PAuN(bnide)

shown to contain linear P-Au-N bonds (P-Au 2.24
A, Au-N 2.05 X4 [3]. The X-ray absorption spec-
tra of the Au L 111 edges suggested that the gold
coordination was similar in all of these new com-
plexes [4]. All have a distinctive spike in the near-
-edge region attributable to an electronic transi-
tion involving vacant ir-acceptor orbitals on the
imide ligand.
The structures of these complexes in solution were
investigated by the use of 31P and 15N NMR
spectroscopy. Two-bond 15N-31P spin-spin cou-
plings were observed from solutions of
Et 3 P-Au-( 15N)phthalimide confirming the exis-
tence of P-Au-N bonding in solution.
The phthalimide complex was tested first in the
oxazolone-induced contact sensitivity assay in
mice and was found to produce activity (66% sti-
mulation) at a dose of 1 mg gold/kg, i. v., compa-
rable to that of Et 3 PAuCI (72% stimulation). All
of the complexes were tested in the carrageenan-in-
duced rat paw edema assay [5], and the results are
shown in the Table. When administered orally all
complexes were effective in inhibiting the edema
volume of the hind paw.
Thus it would appear that the presence of a thio-
late, as in auranofin, is not essential for oral anti-
-inflammatory activity in animal models. Howe-

Table

Anti-inflammatory activity of triethylphosphine gold(I) imide

complexes [3]

Imide Dose a) %Inhibitionblcl

1 Phthalimide 15 42**

II Diphenylhydantoin 10 36*

III Saccharin 20 38**

IV Riboflavin 20 65**

V Tetrahydrosuccinimido-

acenaphthenone 20 50**

Auranofin 5 17*

10 24**

20 56**

a) mg Au/kg.

b) % inhibition of paw volume in the rat carrageenan assay.

c) *, P <0.05, **, P <0.01 as significant differences from con-

trol using Student's t test.

ver, the in vivo displacement of the imido ligand
by a naturally-occurring thiolate such as gluta-
thione would be expected to be a very favou-
rable reaction. This was confirmed by in vitro
reactions.

The most active complex was that of riboflavin
(vitamin B2, ligand IV). The variations in the acti-
vities observed may be partly related to the extent
of oral absorption. The imides II, III, IV, and V
are all biologically-active ligands in their own
right as anticonvulsants (II and V), sweetner (III)
and vitamin (IV). The anti-inflammatory activities
of the imides alone were not determined.

This work demonstrates that stable Au(I) phos-
phine imide complexes can be readily prepared
and exhibit anti-inflammatory activity. Further
interest in the stability of P-Au-N bonds arises
from the reported anticancer activity of auranofin
in P388 leukaemia [6]. Using the 15N-31P NMR
methods described here it may be possible to map
out possible Et 3 PAu* binding sites on nucleic acid
bases and DNA [7].
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preventing toxicity [2]. So far sodium diethyldi-
thiocarbamate (DDTC) is the most promising one.
Moreover DDTC exhibits a protective effect
against chemical induced tumors. Its immunosti-
mulating properties have been recently evidentia-
ted also [3]. The efficacy of cisplatin-DDTC com-
bination is dose and time dependent in in vivo
experiments.
Owing to the importance of DDTC metabolites
and their possible interaction with cisplatin, we
prepared and studied Pt(II) and Pd(II) complexes
with dithiocarbamic esters. A number of them
showed in vitro cytotoxicity (Table I), but the
generally low solubility prevented to carry out a
study in solution [4].

Table I

"In vitro" Cytostatic Activity against KB cells

Complexes 113>0(µg/ml)'

R R=R'=Me TMDT Pd(DMDTE)Cl t "

N— C'
R=R'=El

R =Me,R' =Et

TEDT

DMDTE
Pd(DMDTE)Br z

Pd(TEDT)Cl r

3.6

0.17
R SR ' R =WV =Me DEDTM Pd(TMDT),CI, 1.02

Pd(DMDTE) r Br r 0.98

Pt(TEDT)I z 3.8

Pt(TMDT) i Br, 2.8

Pt(DMDTE) = Br i 0.4
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PLATINUM(II) AND PALLADIUM(II)
HALIDE COMPLEXES
WITH DITHIOCARBAMIC DERIVATIVES
AND THEIR CYTOSTATIC ACTIVITY

The elevated toxicity is a severe dose-limiting fac-
tor in cisplatin antitumor therapy. Nephrotoxicity
is one of the most important effects and it seems
due to some metabolic pathways of the drug. It
can be prevented by the contemporary administra-
tion of diuretics [1]. Protection by sulfur contai-
ning compounds could be an alternate mean of

Rev. Port. Quim., 27 (1985)

* The results of the cytostatic activity are expressed as dose
at which the cells showed a 50% growth inhibition (ID50).
ID50 value for cisplatin is 0.11 µg/ml.

** The complex is active but the value was not determined
since dose-response relationship was not observed.

The following anions and some related esters have
been synthesized:
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Their reactions with platinum(II) and
palladium(II) halides will be reported and discus-
sed, together with the preliminary cytotoxicity
data. Except for M(HDdtc)2 and unlike the cor-
responding M(DEdtc) 2 , where DEdtc is the
diethyldithiocarbamate anion, M is Pt or Pd,
M(TAdtc) 2 and M(MAdtc) 2 are very soluble in se-
veral organic solvents, so that these compounds
are promising for future biological studies.
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THE ONCOGENE OF MURINE SARCOMA
VIRUS V-Ki-ras
MAY ARISE AS A RESULT OF CHEMICAL
ACTION ON THE PROTOONCOGENE c-ras

The processes of nucleotide transition and trans-
version leading to point mutations in DNA play a
certain role in the malignant transformation. The
cause of such transformations may consist either

in bivalent transition metals, e.g. G•Me 2+ — A
(where G is guanine and A is Adenine) as E.L.

ANDRONIKASHVILI and N.G. ESIPOVA [1] have
shown, or in the methylation processes considered
in detail by G. KLOPMAN and A. RAY [2] from
the view-point of quantum biochemistry. Thus,
for instance, at CH 3 group binding with guanine
06 the electronic structure of this nucleotide beco-
mes similar to that of adenine, whereas thymine
alkylation in 04 transforms it into cytosine-like
state.

On the other hand, as a result of the investiga-
tions carried out by R. WEINBERG [3], M. BARBA-

CID [4] and their collaborators, it has become evi-
dent that the point mutation in coding GGC tri-
plet occupying the 12th position in the normal cel-
lular gene c-ras (which is also called protooncoge-
ne) is characteristic of human bladder carcinoma
(of chemical origin). This mutation transforms
GGC triplet into GTC triplet.

However, the same 12th triplet of protooncogene
undergoing GGC — AGC mutation becomes a
characteristic feature of Kirsten viral murine sar-
coma. The respective oncogene is called V-Ki-ras.
However, in order to cause G — A transition, as it
has been shown in refs. [1] and [2], the interferen-
ce of a certain chemical agent is sufficient. Such
an agent may be both a bivalent transition metal
ion and a methylic group CH 3 .

Thus, in order to cause the formation of oncoge-
ne typical of murine sarcoma virus from a normal
cellular gene of c-ras type, it is sufficient that the
first guanine of the 12th GGC triplet would trap a
bivalent transition metal ion or that alkylguanine
would arise instead of guanine.

The oncogene of virus causing malignant diseases
formed as a result of chemical action will act sub-
sequently in accordance with viro-genetic theory.
It should be emphasized that other mutations of
the GGC triplet under consideration, as well as
those of coding triplets of other types, being cha-
racteristic of one or another neoplasia, may have
no connection with viral transformation.
Clearly, at the present stage of carcinogenesis
theory development, we have no reasons to make
a sharp distinction between viro-genetic and che-
mical theories.
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TUMOR LOCALIZING METAL COMPLEXES

We reported [1] that the radioactivity was concen-
trated in tumor tissues in experimental animals a
few hours after the administration of the comple-
xes of ethylenediamine-N,N-diacetic acid (EDDA)
and related chelating agents with 99°Tc. The
tumor tissues were clearly visualized in scinti-
grams [2].
Complexes of EDDA with other radioactive metal
ions and 3H-labeled EDDA were prepared and the
biodistribution of the radioactivity in mice bearing
Ehrlich tumor was studied. The tumor/blood and
tumor/muscle ratios of the radioactivity indicated
that "Co EDDA was concentrated in the tumor
tissues. The higher affinity for the tumor was
noted with µ-oxo "Co EDDA, which was prepa-
red by treatment of "Co EDDA with hydrogen
peroxide. The "Cr, 59Fe, 64Cu and 67Ga complexes
of EDDA as well as 3H-labeled EDDA were not
concentrated in the tumor.

Rev. Port. Quito., 27 (1985)

The tumor localizing EDDA complexes ( 99rrTc
EDDA and p-oxo "Co EDDA) and related
radioactive compounds, which are not tumor loca-
lizing, were injected intravenously to rats. The
compounds studied were Na 99rrTcO,, 57CoC1 2 ,
and the complexes of N'-acetylethylenediamine-
-N,N-diacetic acid (AcEDDA) with 99r'Tc and
57Co. Hepalinized blood was collected 1 h after
the injection and was analyzed by density gradient
centrifugation and dialysis.
Most of the radioactivity was present in blood
plasma and cellular fractions contained less than
10% of the radioactivity. Results of dialysis of the
blood against physiological saline were signifi-
cantly different between the tumor localizing and
not localizing complexes. Most of the radioacti-
vity was dialyzable in the blood of rats administe-
red with 99rrTcO4- and more that 80% was dialy-
zed in 24 h in those of the EDDA complexes. In
those of the other radioactive compounds, more
than 60% radioactivity was remaining undialyzed
indicating that the radioactivity was firmly bound
to plasma proteins.
The radioactive compounds were administered to
mice bearing Ehrlich tumor. The tumor tissues
were removed at selected times, homogeneized,
separated into nuclear, mitochondrial, microso-
mal, and supernatant fractions by centrifugation,
and measured the radioactivity of the fractions.
The results showed that the EDDA complexes we-
re concentrated in the nuclear fraction, whereas
the other compounds in the supernatant fraction.
From the results above mentioned, the following
conclusions may be drawn on the tumor localizing
EDDA complexes. The EDDA complexes of 99trrrc
and "Co were not firmly bound to plasma pro-
teins in vivo. Hence they were rapidly transferred
into tumor tissues and rapidly cleared through
kidneys from blood. Relatively high radioactivity
in tumor tissues and low radioactivity in blood
should give clear scintigrams of the tumor tissues.
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SYNTHETIC, STRUCTURAL
AND ANTIBACTERIAL SCREENING
STUDIES OF Co(II), Ni(II) AND Cu(II)
COMPLEXES WITH BENZIMIDAZOLE
DERIVATIVES

Recently several benzamido benzimidazoles have
been synthesised and some of the compounds are
found to be active against gram + ve microorga-
nisms [1] whereas corresponding sulphonamido
benzimidazoles which can function as chelating
agents [2] are active against gram -ve microorga-
nisms [3]. Now metal complexes of the type
M(RH) 2 C1 2 [M = Co(II), Ni(II) and Cu(II)] have
been prepared and characterized by IR, PMR and
electronic spectra, conductivity and magnetic mo-
ment data.

All the Cu(II) complexes show low magnetic mo-
ment values at room temperature which suggests
antiferromagnetic interaction between two Cu(II)
centres bridged by chloride [4,5]. The presence of

* Present address: Bose Institute, Microbiology Department,
Calcutta-700009, India.

chlorine bridged structure is indicated by IR data.
Magnetic moment data and electronic spectra of
Co(II) complexes support tetrahedral structure
[6,7]. Ni(RmbH) 2 C1 2 and Ni(R3H) 2 C12 are poly-
meric in nature and possess octahedral stereoche-
mistry. Due to the presence of a CH 3 group
in RébbaH, polymerisation is sterically hindered
and Ni(RbbH) 2 C1 2 is assumed to be in octa-
hedral = planar equilibrium and low magnetic
moment value is observed [8].
These metal complexes are active against gram
+ve and gram —ve microorganisms and the acti-
vity is more than the free ligand or metal ion.
Co(II) complexes are found to be more active
than Ni(II) and Cu(II) complexes.
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EFFECTS OF COBALT IONS
ON THE SYNOVIAL PRODUCTION
OF NEUTRAL PROTEINASES
AND PROSTAGLANDIN E2

INTRODUCTION

Artificial joint replacements contain much metal.
For a number of years the metal of choice has
been an alloy based on cobalt, although newer
prostheses are being made from titanium. The
major cause of failure of these devices is aseptic
loosening. Recent evidence suggests that loosening
is secondary to a localized loss of bone in the area
which surrounds the implant. Examination of the
femoral component of failed artificial hip joints
reveals the presence of a membrane growing at
the surface where the surrounding bone meets the
cement used to secure the prosthesis [1]. This
membrane bears striking histological and cellular
similarities to the synovial membrane which lines
all articulating joints. Furthermore, it secretes col-
lagenase and prostaglandin E2 (PGE 2 ) in culture,
thus implicating this pseudo-synovial membrane in
the localized osteolysis that promotes aseptic loo-
sening. If so, it is important to identify the local
stimuli that provoke the production of collagenase
and PGE2 by cells of the synovial type. Working
on the hypothesis that metal ions released by the
prosthesis may be responsible, we are engaged in
screening various implant metals for their ability
to stimulate the production of PGE 2 and three
neutral proteinases, including collagenase, by
synovial cell cultures. Here we report the effects
of Coe .

.

METHODS

Synovia were obtained from human or lapine
knee joints and cultured by standard methods [2].
Sterile, aqueous solutions of CoC1 2 were added to
confluent cultures to give final metal ion concen-
trations from O to 10 -3 M. After 3 days further
incubation, the conditioned media were assayed
for their neutral proteolytic activity, using
3H-collagen, -gelatin or -casein as substrates and
aminophenylmercuric acetate (1 mm) as activator.
Prostaglandin E2 levels were measured by
radioimmunoassay.

RESULTS AND DISCUSSION

The production of all three neutral proteolytic
activities was stimulated by Coe'. For lapine cells,
the maximum stimulation of 10-30 fold occurred
in the presence of 10 - ' M Coe+ (Table 1). Human
cells required 10 - ' to 10 -5 M Coe+ to achieve a ma-
ximum stimulation of 10-15 fold. Production of
PGE 2 by lapine cells was elevated 1.5-2 fold at
concentrations of Coe+ that maximally provoked
enzyme release, whereas all concentrations of Coe*
slightly depressed the synthesis of PGE 2 by human
synovial cells.

Table I

Production of neutral proteinases and PGE2 by lapine synovial

cells in response to Có +

Metal Ion
	

Enzymic Activity

Added
	

(Units/day/106 cells*)

Collagenase Gelatinase Caseinase 	 PGE2

(ng/culture)

None 0.40 0.27 0.050 193
Coe'
(10 - ' M)

13.23 3.96 0.613 285

• 1 Unit of neutral proteinase activity degrades 1µg of the

appropriate substrate per min at 37°C.

Suitable control experiments confirmed that Coe*
mediated its apparent effects on the production of
these neutral proteinases by stimulating the cellu-
lar synthetic machinery. Concentrations of Coe+
that maximally enhanced apparent enzyme pro-
duction had no effect when added directly to the
proteinase assays. In addition, dialysis of control
conditioned media against various concentrations
of Coe' failed to stimulate the enzymes' activity
post-synthetically. Furthermore, cells whose pro-
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duction of neutral proteinases had been previously
stimulated by the ionophore A23187 failed to be-
come «hyperstimulated» in the presence of Coe+
(data not shown).
As the concentrations of Coe+ needed to produce
these effects are found in patients with prosthetic
joints [3,4], the cellular reactions we describe here
deserve further scrutiny.
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these studies have established that the two metal
ions bind to the same site in the albumin, and
this, from Cu(II) studies, is known to involve the
N-terminal amino acid residues. The proposed
near square-planar geometry formed from the
amino N, deprotonated peptide N atoms, and a
histidine N is depicted in Fig. 1.
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THE STRUCTURE AND REACTIVITY
OF Ni(II)-ALBUMIN PROTEIN COMPLEX

There is much concern regarding the toxic effects
of ingested nickel, particularly among workers in
nickel refineries [1,2]. For this reason the bioche-
mical studies undertaken by SARKAR and his
co-workers [3,4] in relation to ingested Ni are of
particular importance. They have shown that the
main Ni(II)-binding constituents in human blood
are the amino acid histidine (His) and the protein
albumin. This distribution resembles that for
Cu(II) except the albumin has a much stronger
affinity [4] for Cu(II) than Ni(II). Nevertheless,

Fig. 1
The proposed Cu(II) coordination site

The ability. of Ni(II) to cause peptide N deproto-
nation is known to be less than that of Cu(II),
and a structure such as that in Fig. 1 would requi-
re a high pH for its formation. In keeping with
this the UV/Vis absorption spectrum of 1:1
Ni(II):albumin shows an intense absorption band
at 420 nm, characteristic of a square-planar envi-
ronment, which reaches a maximum absorption at
pH >9 [4].
We have examined the bovine albumin binding of
Ni(II) by means of UV/Vis absorption and CD
spectroscopy. In agreement with GLENNON and
SARKAR [4] the square-planar type spectra reach
a maximum at pH >9. The spectra, shown in
Fig. 2, reveal that at the pH of blood (7.4) 70%
of the Ni is bound as in Fig. 1. The remaining
30% must be octahedrally co-ordinated since, un-
der the conditions used, this would be spectrosco-
pically silent. The rapidity of interconversion bet-
ween the two forms as the pH is altered suggests
that the octahedral site must also be at the N-ter-
minal end of the protein chain.
We have also found that the rate of ligand
exchange for Ni(albumin), as in

Ni(albumin) + 2HisO Ni(HisO) 2 + albumin
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The use of acetylsalicylic acid, aspirin, to relieve
pain, reduce fever plus a wide variety of other
ailments is well known. However, the theories to
explain the effects of aspirin are vague. One
theory postulates that the body under stress will
have a two fold or greater increase of copper ions
in the blood stream with a loss of essential copper
from the organs. The role of the aspirin is the
formation of a copper chelate which facilitates the
return of copper to the deficient cells [1]. The
chemistry of the coordination of aspirin with me-
tal ions is therefore necessary to have a complete
understanding of the therapeutic role of aspirin.
Copper(II)aspirinate has been prepared and struc-
tural studies of the solid [2] report a polymeric
material of units of [Cu(C 9 H 7 0 4 ) 2 ] 2 with the car-
boxylic group acting as a bridging ligand between
two Cu(II) ions as well as Cu-Cu bonding. The
aspirin complex in the solid state does not exhibit
chelation. There are no other studies that have
been reported on the interaction of aspirin with
copper; in fact, very little has been reported on
the interaction of aspirin with metal ions.
We wish to report the results for the determina-
tion of the stability constants for the iron(II)-aspi-
rin system.
The aspirin as ligand is monobasic:

O—C—CH 3

\\
O	 Ka

—C—CH 3

\\
O	 +H*

CO2 H
	

COz -

HL L- (1)

400	 500
WAVELENGTH/NM

Fig. 2
The CD (upper) and UV/Vis absorption (lower) spectra of
Ni(11)-albumin solutions at pH 6.9 ( 	 ), pH 7.4 (-----),

pH 8.1 (-••-••), and pH 9.3 (	 )

is very slow, requiring > 90 min to achieve equili-
brium at 37°C and pH 7.4 (0.15 M NaCI
solution), the octahedral species reacting more ra-
pidly (via a dissociative mechanism) than the
square-planar form which reacts associatively. The
difference in kinetic behaviour between Ni(albu-
min) and Cu(albumin) could be an important fac-
tor in their different metabolic properties [4].
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THE STABILITY CONSTANTS
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with the possibility of the L - forming a chelate
with Fe(II);

Fe(II)+L- 
K1

 FeL'	 (2)

FeL' + L -
 K2

•-• FeL 2 	(3)

The formation of the complex affects the ligand
acid dissociation and the complexation may be
followed by pH titration with base. The effect of
complexation on pH is independent on whether
the aspirin is bound to the iron only through the
carboxylate group or if a chelate is formed.
Solutions of reagent grade iron(II) chloride or
perchlorate with acetylsalicylic acid of known con-
centrations were prepared. The ionic strength was
held constant with 0.1 M KNO 3 . The solutions
were titrated with standardized NaOH under a ni-
trogen gas atmosphere. The [H'] was calculated
from the pH with correction for the H' activity
coefficient. The stability constants are based on
concentrations.
The following equations were used for the deter-
mination of the stability constants:

determined graphically from plots of n vs pL at
n = 0.5 and 1.5 respectively. Higher order cons-
tants were not obtained as at high pH hydroxide
species must be considered. In some cases
Fe(OH) 2 precipitation occurs.
The pK a of acetylsalicylic acid was determined to
be 3.58. We were also concerned that hydrolysis
of the ligand may have occured. Acidification of
various reaction mixtures resulted in a white solid
precipitate which melted in the range 128-132°C
characteristic of the ligand. The results for the
constants are shown in the Table.

The values of log K t for the formation of
Fe(C 9 H 7 O4 )' appear to be reasonably precise
while log K2 is somewhat questionable particularly
at higher ferrous ion concentrations. The devia-
tions may be due to complications caused by
hydroxide formation or the formation of dimeric
complexes which need further study.
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[Fe 21+[FeL']+[FeL 2 ]+ ••	 E/3"[L ]" (4)

nexp 
- CL -[L - ]-[HL]	 _ CL 	 ]	

[ 1 + [H • I/K a ] (5)
CM CM

[L _ ] wt. HL/mol. wt. (V N)NaOH	 KW+	
IH'1

Ka

VI V , 	114+] [H']
(6)

The stability constants were calculated by a least
squares program for equation (4) with [L - ] and
n eap obtained by computer. K t and K2 were also

Table

103 [FeC1 2 ], M 103 [Aspirin], n-1 log K I • log K2 * log K l log K2 a

2.60 4.51 2.60

1.00 2.38

2.13 2.79

2.76 2.98 2.41 3.04 2.42

3.23 3.05 2.98 2.87

3.94 2.77 2.76

3.02 4.22 2.57 2.64 1.02

3.22 » 2.74 2.74

2.64 » 2.74 2.77

2.78 (Fe(C10 4 )2 ) 2.74 2.77

graphical

# computer values
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STRUCTURE-ACTIVITY RELATIONSHIPS
IN THERAPEUTIC CHELATING AGENTS

The examination of the action of a number of
structurally related dithiocarbamates as antago-
nists for acute and chronic cadmium intoxication
reveals a number of relationships involving struc-
tural parameters and various measures of antago-
nist efficacy. The structural features also have a
pronounced effect- on the histopathology of the
liver and kidney in treated animals.
The report by GALE et a1. [1] of the ability of
sodium diethyldithiocarbamate to antagonize the
acute toxicity of cadmium chloride led us to exa-
mine this action in some detail [2-6]. We found
that while sodium diethyldithiocarbamate was, in
fact, an effective antagonist, its use led to increa-
sed levels of cadmium in the brain. Subsequently,
preparation and testing of a large number of
structurally related dithiocarbamates led to the
discovery that alterations in the brain levels of
cadmium were strongly dependent on the groups
attached to the dithiocarbamate moiety and that
the transport of cadmium into the brain could be
reduced by the use of substituents with more
polar components.
All of the compounds examined had the chelating
group

/R 2	 /N 	C 

R
1
	\ S
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present, with R, and R2 varied. The differences in
the relative polarities of compounds in this series
were estimated as roughly equivalent to the differ-
ences in the sums of the 7r constants for the
groups R, and R2. Each compound was thus cha-
racterized by the term (7r, + 7r 2 ) where 7r, is the
7r constant of HANSCH and LEO [7] for R, and 7r2

that for R2. It was found that compounds with
strongly polar (or ionic groups) as well as those
with very non-polar substituents were both less
effective as antagonists than compounds whose R
groups were of intermediate polarity (i.e. those
bearing —OH groups). The measures of activity
used include the following: survival ratios in acu-
te cadmium chloride intoxication and relative cad-
mium levels in various organs (brain, liver or kid-
ney) as well as composite measures which had two
or more of these factors given various relative
weights.
The pathological changes (in animals with chronic
cadmium intoxication) subsequent to the use of
these chelating agents to mobilize the cadmium
are also very strongly dependent upon the struc-
ture of the chelating agent utilized to effect the
mobilization.
Because the organ distribution of various toxic
metals is not identical, different relationships bet-
ween structure and activity of chelating agents can
be anticipated, and indeed are found [8,9] for
other toxic metallic species.
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LETHAL EFFECT OF EITHER
64CuC1 2 OR "Cu-TMPyP INCORPORATED
IN HUMAN MALIGNANT CELLS

This study was performed with A549 human
malignant cells. The cells were in contact with the
radioactive compound for 14, 24 or 43 hours,
then washed and numerated. The incorporated ra-
dioactivity was determined as well as the Cloning

Forming Capability (C.F.C) of the cells. A clear
lethal effect was observed. When the survival is
expressed as a function of the radioactivity pre-
sent in the growth medium (uCi/ml) at the begin-
ning of the contact period, exponential curves we-
re obtained either for 64CuC1 2 or for 64Cu-TMPyP
(TMPyP = Tetra methyl pyridine porphine). The
slope of the curve obtained when 64Cu-TMPyP
was used is 1.5 time greater than that with
64CuC12 .
This study and control experiments show that:
1) The lethal effect observed is not a consequen-
ce of the irradiation by the particules emitted by
"Cu but a consequence of the decay itself.
2) Each survival curve is characterized as a sin-
gle exponential curve although the cells are in
non-synchronized growth conditions. This result
implies that the incorporation of "Cu in the com-
partment implicated in the lethal effect is indepen-
dent of DNA synthesis.
3) All experiments performed to study the lethal
effect of intracellular decay of radioactive isoto-
pes have shown that an exponential survival curve
is always related to decays occuring inside the
DNA molecule only.
4) We detected "Cu bound to DNA whatever
64CuCl 2 or 64Cu-TMPyP was used. Experiments
are still in progress in order to evaluate the num-
ber of "Cu atoms bound to the DNA molecule
and to evidence a relationship with the different
lethal efficiency of this two compounds.
A lethal effect of 65Zn via decay has been also
observed for A549 cells labelled with 65ZnC1 2 .
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REDUCTION OF VANADIUM
BY HIGHER PLANT ROOTS

INTRODUCTION

The mobilisation of metals in soils and their sub-
sequent uptake by plants is a complex process.
Within the soil there is a wide range of processes
both biotic and abiotic which can alter the chemi-
cal form of the metal and hence its pattern of
translocation. Precipitation and solubilisation are
markedly affected by both complex formations
and by redox reactions; these processes are them-
selves substantially affected by pH changes. Con-
sequently, it is essential to consider such changes
when attempting to examine the uptake of metals
from soils by plants, since availability depends on
chemical form. However, even if it is possible to
establish the nature of the chemical species within
the soil solution, there is no assurance that the
same species will exist within the plant. Changes
in both complex structure and redox state of the
metal ion both occur readily and indeed, as is
known for iron, the latter may play a significant
part in the uptake process [1,2].

By using solution culture techniques it is possible
to remove the effect of the soil components and
to focus attention on the effect of plant roots on
the uptake of the metal.

Vanadium is an element which exhibits a multipli-
city of forms in soil systems. In parent materials,
it is generally present as the reduced trivalent
form, where it replaces Fe(III). Weathering of the
parent material will lead to release of vanadium in
the fully oxidized pentavalent form. This fully
oxidized form (VO3) is generally considered to
be a mobile form of vanadium in soil solutions.
There is, however, strong evidence of reduction,
V v— V Iv, by soil organic matter [3]. This reduced
vanadium is thought to exist as an anionic com-
plex [4]; its presence in an uncomplexed form is
highly unlikely since the V0 2+ entity is only stable
at pHs below 2.4 [5].

Previous studies on the uptake of vanadium utili-
zing excised roots and whole plants [6] have re-
vealed a striking similarity between the uptake
patterns of the two vanadium forms (V Iv , V v).

Such similarities would not be expected because of
the dissimilarity of the ions. Vanadium injected
into rats always adopts the V Iv state independent
of injected form [7]. Thus it might be that vana-
dium in plants could always have a common
form. This paper describes some initial work exa-
mining the form of vanadium in plants.

METHODS AND MATERIALS

Barley seeds (Hordeum vulgare L. cv. Maris
Mink) were soaked for 12 hours in double distil-
led H 2 O and then spread onto moistened tissue
paper and allowed to germinate. After two days
growth the seeds were transferred to beakers con-
taining the appropriate uptake solution. The seeds
were supported in glass tubes with a slight cons-
triction at the neck. All solutions were aerated
and changed every two days. Solution 1 contained
0.5 mM CaCl 2 , solution 2 0.5 mM CaCl 2 and 0.1
mM V0 2°, solution 3 0.5 mM CaCl 2 and 0.1 mM
VO3. After 9 days growth the roots were removed
from the solution, blotted and freeze dried to a
constant weight.
Plant material was analysed using a Bruker EPR
spectrophotometer.
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RESULTS

Roots which had been in CaCl 2 alone produced
no spectra. Roots which had been in a solution
containing VO 2+ produced an eight peak spectra
(fig. la) characteristic of the VO 2+ entity. Roots
which had been exposed to VO3 also produced a
similar eight peak spectra (fig. 1b).

Fig. la

EPR spectra for roots grown in 0.1 mm VOSO4 + 0.5 mM
CaCl2

Fig. lb

EPR spectra for roots grown in 0.1 msi NH4 V03 + 0.5 mM
CaCl2

DISCUSSION

Only substances with an unpaired electron will
produce an EPR spectrum. V Iv with an outer elec-
tronic configuration of 4d 3 3s' is thus EPR active
and produces a characteristic eight peak EPR
spectrum. The appearance of such a spectrum
from root material exposed only to fully oxidized
vanadium therefore indicates reduction has taken
place. The reduction is unlikely to have occurred
in the solution given its high pH and the constant
aeration. The most probable explanation is that
the roots have caused this reduction.
Reduction of metal ions by the roots of higher
plants is a well documented phenomenon. UREN

[8] has shown reduction of insoluble manganese
oxides by the roots of sunflower seedlings. The re-
duction of Fe III to Fe I1 is also well understood
[1,2]. CHANEY et al. [1] have proposed a mecha-
nism of Fe reduction which involves reduction of
an Fe III chelate at the plasmalemma and subse-
quent uptake of the dissociated reduced ion. RbH-
MELD and MARSCHNER [2] supported this hypo-
thesis, as opposed to reduction in the intracellular
space by secreted reductants.
The mechanism of vanadium reduction in plant
roots is probably different to these, involving cell
wall polyuronates as proposed by DEIANA et al.
[9]. Polygalacturonic acid, a component of plant
cell walls, will readily react with soil mineral spe-
cies such as V v because of the reducing properties
of the polysaccharide end units. Reduction and
subsequent complexation of the reduced species
will occur, and DEIANA et al. [9] have proposed a
mechanism for reduction of V" to V 1v.

H H

—C—C=O+4VO3+12H+ —►

OH

OH

—C=O i-4VO 2++HCOOH+6H 2 O —►

—^ V"' complex

DEIANA et al. [9] pointed to the significan-
ce of these processes in maintaining a micro-
nutrient supply for higher plant roots, especially
in the case of Fe which can only be absorbed in
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the reduced form. In the case of vanadium it is
probably the reverse in that reduction and subse-
quent complexation of vanadium reduces its avai-
lability. Complexation no doubt prevents accumu-
lation of V v in the cell where its adverse effects
on enzyme systems might cause severe cellular dis-
ruption.
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sium, with the ionic radius of T1' being very simi-
lar to the alkali metal cations Rb' and K`
(K' = 133 pm, T1' = 144 pm, Rb' = 148 pm). Tl'
has been shown to be more effective than K', Rb'
or Cs' at activating certain (Na'/K') ATPases
[2,3], whilst MULLINS and MOORE [4] have shown
that both the kinetics of exchange and the electro-
chemical influences of Tl' and K' are virtually
identical in the cells of the frog sartorius.
Levels reported in soils vary in the literature, bet-
ween 0.05 and 0.5 µg.g ' dry weight, although
recent studies by German workers report levels
exceeding this value [5].
Thallium levels in plants have been reported as
between 0.01 and 3800 ppm ash weight, with 0.5
ppm being typical for most species [1]. Plants
with elevated thallium levels have been found
in areas of natural thallium mineralization, and
have been reported as toxic to grazing sheep and
cattle [6].
The aim of this study is to examine the kinetics of
uptake of thallium by excised barley roots, and to
compare it with findings for K' by other workers.
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THALLIUM UPTAKE BY PLANT ROOTS:
COMPETITIVE EFFECTS
OF POTASSIUM IONS

INTRODUCTION

Thallium is a rare but toxic element, with a mean
crystal abundance of approximately 1 ppm. Biolo-
gically, thallium is of interest due to its mimicry
of K . in many biological systems [1]. Thallium
shows many physico-chemico similarities to potas-

MATERIALS AND METHODS

Low salt barley roots were grown hydroponically
as described by EPSTEIN [7]. Barley seeds (Hor-
deum vulgare c.v. Maris Mink) were soaked in
aerated distilled water for 4 hours, germinated
and grown in the dark at . 25°C for 7 days. Roots
were excised, rinsed in distilled water, thoroughly
mixed, and placed in aerated 0.5 mM CaC1 2 solu-
tion, prior to experimental use.
Uptake experiments were carried out as described
by HARRISON et al. [8]. Roots were placed in
aerated thallous acetate solutions at various con-
centrations, spiked with the isotope 204T1. After 15
minutes roots were removed, rinsed in chilled dis-
tilled water, and placed in chilled (2°C) unspiked
thallous acetate solution for 30 minutes, after
which they were removed, blotted to remove ex-
cess moisture, and weighed into digestion flasks.
Samples were digested in 5 ml of a sulphuric
acid/hydrogen peroxide mixture as described by
ALLEN [9]. Samples were poured into scintillation
vials, the flasks rinsed with 5 ml distilled H 2 O,
and the washings added to the samples. Activity
was measured directly by measuring Cerenkov ra-
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diation in a Packard Tricarb liquid scintillation
counter.
In competition studies K' was added as KCI, and
the above procedure followed.

RESULTS

The initial uptake velocity of Tl' by excised roots
showed a hyperbolic profile with respect to the
concentration of the ion in the bathing solution
(Fig. 1). The maximum velocity was calculated
(from the curve) at 27.5 mol/gram fresh
wt./hour, and from this the K m of 80 pM was
obtained.

Fig. 1
Initial rate of uptake (V) against concentration of thallium 1St.

Uptake for 15 minutes. Desorption 30 minutes.

Vmax= 27. 5; Km =80

 studies with potassium showed a
strongly competitive effect of the cation on thal-
lium absorption (Fig. 2). The results are presented

Fig. 2
Hanes plot of uptake of thallium at various concentrations in

the presence and absence of inhibitors.
♦ = çontrol; Km = 87; • =100 pM K'; Km = 106; n = 500 pM

K + ; K,,,=414

in Hanes plot showing S/V against S. The compe-
titive nature of the inhibition is marked by an
increase in the apparent K m value in the presence
of the inhibitor, with no overall change in the ma-
ximum velocity (K m control=87.17; K m (100 µM
K')=106.21; K m (500 pM K')=414.72 µm.
V max = 30.12 ± 1.95 µM TI/gram fresh weight/
/hour. The inhibition constant, K ; , was calculated
from the graph as 122 µM.

DISCUSSION

The results obtained show a contrasting picture.
The competition studies carried out suggest that
K' is a competitive inhibitor of T1' uptake, pos-
sibly indicating that they are both taken up by the
same carrier system. The results from thallium
uptake studies show that for increasing thallium
concentrations a single hyperbola is obtained in
accordance with Michaelis-Menten kinetics. Potas-
sium has been shown to deviate from simple Mi-
chaelis-Menten kinetics, with a dual pattern of up-
take. This involves two mechanisms [10]; mecha-
nism I a high affinity carrier; and mechanism II,
a low affinity carrier. The K m value for K' uptake
is given as approximately 20 pM [11] which is con-
siderably less than that obtained for Tl uptake (80
AM). This suggests that K' has a greater affinity
for the carrier than Tl', and would therefore ex-
plain why, over the concentration range studied, a
single hyperbola describes Tl' uptake. It could be
concluded that the lower affinity of Tl' for the
carrier means that saturation kinetics for type I si-
tes are not reached until much higher T1' concen-
trations, i.e. beyond the range studied here, and
that thallium uptake over the range studied' is al-
most exclusively by mechanism I of the potassium
carrier system.
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THE INFLUENCE OF COMPLEXATION
ON MICRONUTRIENT UPTAKE BY PLANTS:
A COMBINATION OF COMPUTER
SIMULATION AND PLANT GROWTH
EXPERIMENTS

Chelation of the micronutrient metal ions (Cu,
Fe, Mn and Zn) is known to be an important
factor in the efficacy of their uptake by plants
[1,2]. Chelation may occur by plant exudates [3],
in substances released from decaying organic mat-
ter [4], and in bacterial excretions [5]. It is reaso-
nable to postulate that chelation is essential (i) for
the solubilization of the metal ions, particularly
under alkaline conditions; (ii) for metal transpor-
tation; and (iii) for selectivity between the metal
ions.
Over the past 30 years there has been a large
number of studies on the application of synthetic

chelating agents to overcome plant nutritional
problems, most noticeably the use of EDTA and
related chelating agents to overcome plant iron
deficiencies [6]. In other cases, e.g. with Cu, che-
lation with EDTA reportedly decreases plant upta-
kes [7]. In fact, there is little agreement on the
influence and mechanism of chelation of the mi-
cronutrient metal ions in relation to the subse-
quent plant growth and health. Many of these
conflicts can be attributed to a lack of knowledge
or consideration of the metal speciation and to ig-
noring the mutual influence of one metal upon
another.

Fortunately, plants may be grown from aqueous
solutions which contain known levels of metal
salts and chelating agents. The speciation in such
solutions can now readily be calculated via com-
puter simulation, provided the relevant thermody-
namic data are available. A number of computer
programs are available for assessing metal specia-
tion in multi-metal multi-ligand systems (e.g.

ECCLES, GEOCHEM, PSEUDOPLOT), such
programs lead to the same results in general [8].
We have begun a series of studies on the influence
of complexation upon metal ion uptakes from nu-
trient solutions and the effects upon plant growth
and health. The emphasis is on a multi-metal
study. Thus, barley seeds are allowed to germinate
under carefully controlled conditions and then
grown in nutrient solutions containing EDTA. A
«continuous replenishment» method is being used
to avoid changes in solution concentrations and
pH. The solutions used differ in EDTA level
and/or pH. The plants are harvested at set times,
washed, weighed, and then the roots and tops se-
parately analysed for all elements with an ICP
instrument. The complexation of each metal ion
in each of the solutions is determined by compu-
ter simulation. By small changes in EDTA and/or
pH quite wide variations in the degrees of chela-
tion can be obtained for one or more of the metal
ions. In our initial studies solutions of the same
nutrient composition (Long Ashton nutrient solu-
tions) and pH but with varying EDTA concentra-
tions were used. The barley plants were grown in
these solutions at 20°C under regulated lighting
conditions and humidity. The computed specia-
tion of the metal ions is shown in the Table. The
data in column 1 show that the assumption that
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Table

Computed Percentages of Metal Ions Complexed by EDTA.

Temp. 20°C, pH 5.2, EDTA the only variable

EDTA/Fe Ratio: 1.0 1.05 1.10 1.15 1.20

Ca 0 0 0 0.1 0.2

Cu 53.8 100 100 100 100

Fe 99.5 100 100 100 100

Mg 0 0 0 0 0

Mn 0 21.6 53.4 73.2 83.1

Zn 0.8 99.3 99.8 100 100

EDTA only binds Fe, when FeNaEDTA salt is
used, is invalid. Statistical analyses show that in-
creasing EDTA results in decreased Fe and P up-
takes but enhanced Cu and Mn uptakes. Al, Ca,
Mg, Na, K, Mo and Zn levels were not affected
neither were the plant growths. Both complexa-
tion and mutual metal ion interactions are seen to
influence the metal uptakes. Further work is pro-
ceeding.
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VARIATION OF METAL CONCENTRATIONS
IN DIFFERENT PARTS OF SUGARCANE

The average concentrations and the relative stan-
dard deviations for K, Ca, Mg, Mn, Cu, Fe and
Zn in different parts of 10 samples of sugarcane
were obtained. The relative standard deviations
ranged from 12 to 87%.
The low productivity of sugarcane crops in the
Northeast of Brazil is attributed to deficiency of
nutrients, including some metals, in the soil.
Knowledge about the absorption of nutrients by a
plant would be useful for an efficient soil cor-
rection. It is also important to verify the antago-
nistic effects of these elements, since the excess of
one can imply in the deficiency of the other.
Some metals also play an important role in the
fermentation of molasses in the production of
ethanol.
Several authors have studied metals in sugarcane:
ORLANDO et al. [1,2] studied the influence of age
and soil and HUMBERT [3] the effect of variety. A
review on the subject was done by MALAVOLTA et
al. [4]. CAMPOS and CURTIUS [5] studied the dis-
tribution of metals in different internodes of three
varieties of sugarcane. They found that generally,
the upper internodes are enriched in metals, and
that different samples of a same variety, showed,
for the same internode and metal, very different
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concentrations. In the present work a more com-
plete study of this variation was done.
Ten sugarcane plants of the variety CB 45-3
grown in the same soil and with the same age, 15
months, were collected. Individual parts were pre-
pared and analysed. After cleaning, the plants
were cut with a plastic knife, dried, and ashed at
500-550°C. The ashes were dissolved in an acid
solution. After filtering, the K was determined by
flame photometry, and the other metals by atomic
absorption spectrophotometry. Experimental de-
tails are given elsewhere [5].
In this work, leaf 1 is the farthest from the root,
that, at the basis makes an angle different from
zero with the stem. Internode 1 is just below leaf
1. The number of internodes increases from the
top of the plant to the root.
The results are shown in Table 1.

were found for K which also is the major element
among those studied.
When studying plants, it is necessary to be aware
that such strong individuality is common. There-
fore, it is difficult to interpret the variations of
metal concentrations in terms of the effects of
climate, soil, variety, etc. The possibility of using
an element as an internal standard should be con-
sidered.
The authors have also applied these findings to
the study of metal distribution in sugarcane
of different ages grown in soils enriched in Zn
or in K.
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Table 1
Average concentration (in ppm, dry material) standard deviation and relative standard deviation (in %) for sugarcane parts

(10 plants)

K Ca Mg Mn Cu Fe Zn

x 9200 5190 2230 220 3,7 73 75

Leaf 1 s 5140 2300 953 27 0,8 13 34

RSD 56 44 43 12 22 17 45

x 3850 1430 1330 93 5,9 42 55

Internode 1 2720 800 520 32 1,6 8 17

RSD 71 56 40 35 28 19 31

x 4500 1020 850 80 3,8 32 42

Internode 5 3710 430 450 43 1,2 8 36
RSD 82 42 53 56 32 24 84

x 2860 720 830 68 2,6 27 32

internode 7 2490 360 290 31 1,1 7 15
RSD 87 50 35 46 43 24 47

In all the plants studied, leaf 1 was enriched in K,
Ca, Mg and Mn in comparison with the interno-
des. Generally the average metal concentration
decreases from internode 1 to internode 7, being
about the double in the upper internode. These
results are in agreement with those of Campos
and Curtius [5] who studied plants grown in a dif-
ferent soil.
The relative standard deviations are very high,
ranging from 12 to 87%. Except for Zn in inter-
node 5, the higher relative standard deviations
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TRACE ELEMENTS IN FOOD:
EFFECTS OF DIGESTIVE ENZYMES
ON SOLUBILITY

Treatment of food with digestive enzymes can
have a marked effect on the solubility of trace
elements such as Cu, Zn, Fe, Pb and Cd. In some
cases the change in solubility indicates enzymic
release of the trace element from a previously
insoluble form but in other cases solubility decrea-
ses. This may indicate enzymic breakdown of a
soluble complex to release the element in a «free»
state which then forms an insoluble species; alter-
natively it may indicate the enzymic release of a
chelating agent which forms an insoluble complex
with a trace element which was previously in a so-
luble form.

A range of foods (bread, crab, beef, liver, green
vegetables) have been examined and show these
effects in varying degrees which reflect composi-
tional (and processing) differences between the
foods. Changes which occur when foods are enzy-
me-digested together, rather than separately, can
be attributed to analogous processes.

The possibility of extending this information
through chromatographic separation of the solu-
ble species has been explored in studies of the
cadmium species in canned crab; these indicate
release of enzymes of a Cd species with an appar-
ent molecular weight around 500 dalton. Further
extension of the work through interfacing chro-
matography with an ICP-MS (VG «plasmaquad»)
is in progress.
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ANALYTICAL DETERMINATION
OF METALS IN BIOLOGICAL
AND ENVIRONMENTAL SAMPLES

For the determination of trace elements in various
samples there are a lot of analytical methods
which are described in the literature. The applica-
tion of the optimal method depends on different
properties of the sample:

1) element to be determined
2) concentration range of this element
3) composition of the sample (matrix, interfer-

ence)
4) amount of the sample
5) phase in which the sample is available.

Instrumental neutron activation analysis and
X-ray fluorescence analysis are the preferable me-
thods for solid samples, whereas atpmic absorp-
tion spectrometry, atomic emission spectrometry
with an inductive-coupled plasma and electro-
chemical methods have to be applied to liquid
samples.
Obviously solid samples can be transferred into
the liquid phase by dissolution or by digestion and
trace elements in liquid samples can be concentra-
ted in a solid phase by evaporation of the solvent
or by separation at an ion exchanger or adsor-
bens.
For an optimal analysis first the right method has
to be chosen and examples are summarized in the
following part.
The water of the river Rhine has been analyzed by
instrumental neutron activation analysis and by
atomic absorption spectrometry because the con-
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tent of toxic trace elements is very low. In consi-
deration of the fact that such a natural water is a
heterogeneous system the solid suspended matter
had to be separated by filtration or centrifugation
and the results are given in the Table.

Table

Element

Suspended

matter

Rg/l(ppb)

Water without

suspended matter

µg/l(ppb)

Ag 6.3 0.014

As 14.7 0.70

Au 0.20 0.007

Ba 478 38.6

Br 18.4 117

Ca 65380 61030

Ce 55.7 0.33

Co 13.5 0.36

Cr 222 1.94

Cs 26.8 0.40

Eu 1.18 0.001

Fe 31727 295

Hg 0.55 1.36

K 30427 2820

La 28.5 0.26

Na 2820 46158

Rb 165 5.9

Sb 2.6 0.36

Sc 10.3 0.01

Se "1.1 0.19

Ta 0.8 0.001

u 3.7 0.80

Zn 612 22.2

Waste water has a much higher concentration of
toxic elements and can therefore be analyzed by
atomic emission spectrometry. The course of the
elements Cr, Ni, Cu, Zn, Cd and Pb in a mainly
industrial waste water in a calendar week is given
in the Figure. For this case a digestion procedure
had to be performed using HNO 3 and H 2 0 2 to get
the trace elements in solution.

The solid suspended matter of waste water, soil,
dust and sludge samples and plants have been
analyzed using the X-ray fluorescence with X-ray
tube or radionuclide excitation and energy-disper-
sive detection. For those cases standard materials
had to be built up with matrices which are similar
to the samples.
Rain water samples with only a few ppb of Cu,
Zn, Se, Cd and Pb were analyzed using electro-
chemical methods.
The speciation of trace elements in liquid samples
has been performed using ion exchangers, adsor-
benses, polarography and voltammetry, whereas
solid samples have been examined by extraction,
by powder diffractometry and by electron micro-
scopy with microprobe.
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AMAVADINE, AN OXOVANADIUM(IV)
COMPLEX OF N-HYDROXY-IMINO-a,a'-
-DIPROPIONIC ACID

Although the presence of vanadium in vegetal
ashes has been referred to for the first time
more than one century ago, it wasn't until 1931
that TER MEULEN reported a definite determina-
tion of the contents of this element in a plant, na-
mely in the toadstool Amanita muscaria [1].
Results obtained since then have shown that
Amanita muscaria is indeed unusual in these res-
pects, concentrating comparatively high amounts
of vanadium, up to 120 ppm dry weight.
More recently it has been reported that high vana-
dium content is not restricted to Amanita musca-
ria and that other Amanita species also contain

this metal, e.g. Amanita regalis (169 ppm) and,
particularly, Amanita velatipes (397 ppm), an
american variety of Amanita pantherina [2]. Still,
the ability to concentrate vanadium seems to be a
unique property of just a few probably primitive
species of the genus Amanita.
In 1972, BAYER and KNEIFEL isolated a vanadium
containing compound from a german variety of
Amanita muscaria (Black Forest and Schonbuch)
which they named "Amavadine" [3]. About 40
mg of the compound were obtained per kg of the
fresh mushrooms by an elaborated procedure
which included extraction with methanol of a tha-
wed mixture of frozen mushrooms, followed by
isolation through a series of chromatographic pro-
cesses using celulose, sephadex and cation exchan-
ge resins.

Table 1 summarizes the properties of Amavadine,
as reported by Bayer and Kneifel.

Following hydrolysis by 6N HCI, which gives
mainly alanine, or by IN NaOH, which affords
sodium pyruvate and acetaldehyde as well as ala-
nine, and after reduction by zinc and acetic acid
which yields aa'-iminodipropionic acid, a first
model of amavadine as a 2:1 complex of this last
ligand was assumed. Additional information came
from EPR spectroscopic detection of a nitroxyl
radical on oxidation of amavadine in alkaline me-
dia. Finally, a dimethylesther C 8 H 15 N0 5 was iso-
lated after methanolysis of amavadine in
methanol/H 2 SO4 ; this was identified as dimethyl
N-hydroxy-imino-aa'-dipropionate and the corres-
ponding acid was postulated as the natural ligand
in the complex [4].
The structure proposed by these authors for ama-
vadine, taking into account the various data ob-
tained, is represented below, as (I):

Table t

Some properties of Amavadine

Colour

Melting point

UV, vis. spectra

(cl/mol -1 I cm -1 )

IR

EPR

pale blue

no melting point; colour disappears at 170°C,

bands at 775 nm (c = 19.3), 715 nm (e =18.9),

(sh., e = 12300), 218 nm(sh., c=12600)

strong CO band at 1600-1650 cm -1 and a V=

indicative of V02 `

turns to yellow at 185°C and to brown at 220°C

565 nm (e=23.5), 270 nm (sh., e=6800), 235 nm

O band at 985 cm -1

M.W. (osmometry)	 415

Composition (analysis)	 C12H22N2V012 (with two free acid groups)
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Structure proposed for Amavadine

To confirm this structure Kneifel and Bayer refer
the preparation of the ligand N-hydroxy-imino-
-aa'-dipropionic acid from hydroxoammonium
chloride and a-bromopropionic acid and state,
without details, that a 2:1 complex with V0 2+ is
identical with natural amavadine in chromatogra-
phic behaviour, EPR, electronic spectra and IR
absorption, differing only on chirality from the
natural complex whose two optically active carbon
atoms exist in the L-configuration. They also refer
that it could not be excluded that in the fungal
mycelium of the toadstool, the amavadine may be
fixed as a metal cofactor to a macromolecular
component by a loose bond destroyed during the
process of isolation [4].
No further papers have been published by these or
other authors since this preliminary findings to
which all reviews on biological vanadium are
referred to, but, recently, GILLARD and LANCA-

SHIRE compared the EPR spectra of segments of
frozen mushrooms to vanadyl complexes of va-
rious amino-acids, as models for amavadine, and
discussed the results in a short note [5]. According
to these authors the 2:1 complexes of simple amino-
-acids are not good models, the type of spectrum
observed for amavadine being closer to that found
for the 2:1 complexes of L-cysteine or L-serine [5].
Since the original observations of Bayer and Knei-
fel had not been confirmed and N-hydroxy-imino-
-aa'-dipropionic acid seemed a rather unusual
selection for a biological ligand, we have decided
to synthesize this and other related compounds to
see how the introduction of the N-hydroxyl and
the two methyl groups in the more common imi-
nodiacetic acid skeleton affected its metal comple-
xation properties.

Rev. Port. Quím., 27 (1985)

The study of the V0 2+ complexes of these ligands
would also allow a more direct comparison with
the amavadine also present in specimens of Ama-
nita muscaria collected in Portugal (Melides).
The synthesis of N-hydroxy-imino-ac'-dipropionic
acid (HIDPA) is not easy due to the high solubi-
lity of the ligand in water and alcohol; this may
be the reason for the absence of definite or fur-
ther studies since the work of Bayer and Kneifel
and failures to synthesize it have indeed been
reported [6].
After various attempts we managed to obtain pure
samples of NaHL.LH 2 and of NaHL (L being the
completely ionised ligand), confirmed by elemen-
tal analysis, titration and NMR spectra. The rela-
ted ligands imino-aa'-dipropionic acid (IDPA)
and the closely similar N-hydroxyiminodiacetic
acid (HIDA) were easier to synthesize [7].
The most striking effect observed was the pron-
nounced lowering of the basicity of the imino
nitrogen of HIDA and HIDPA compared with
that of IDPA or of iminodiacetic acid (IDA); the
practical consequence of this fact is that forma-
tion of ML 2 complexes of V0 2+ with HIDPA is
possible, whereas with IDPA and the normal IDA
derivatives the introduction of the second molecu-
le of the ligand occurs at a pH in which the
hydroxide ion competes more favourably for
VOL, yielding not VOL 2 but VOL.OH and the
dimer (VO)2 L2 (0F1)2.
Table 2 and Figs. 1 and 2 illustrate the results
obtained [7].

The hypothesis of Bayer and Kneifel is therefore
supported by our results but the availability of the
ligands allowed more direct confirmations.
In Fig. 3 and 4 the UV and visible electronic spec-
tra of the vanadyl complexes of IDPA, HIDA
and HIDPA are presented and the data are sum-
marized in Table 3.

Comparing these results with those obtained by
Bayer and Kneifel for amavadine, the vanadyl
complex extracted from the toadstool, the close
similarity between this complex and V0 2+(HID-
PA) 2 is apparent. The absorption peaks are prati-
cally identical and the differences in molar ab-
sorptivities indicate just that the extracted amava-
dine is more dissociated at the ligand to metal ra-
tio 2:1.
The EPR spectra of the 2:1 V0 2+ complexes of

419



4 Ì pH 9

200 400300 Acnm)
- I	 I

50000
3.0

2.4

A

1.8

1.2

0.6

0.0

33333 Vccm -1 )	 25000

	 HIDPA

 HIDA

	  IDPA

POSTER SESSIONS: 7. CHEMICAL ELEMENTS IN LIVING ORGANISMS

Table 2

Proton ionization constants (pKa t and pKa2), stability constants of VO 2+ complexes (log K,yL and log KML2) and proton ionization
constants of V02+ aqua-aminopolycarboxylates. T=25.0+0.1 °C, 11=0.10 M (KNO3)

H '

	

vol.

Ligand (acid)
pKal pKa2 log K ML log K ML2 -log K 1 -log (322

Iminodiacetic 2.61+0.02 9.34+0.01 9.00 +0.02 5.8+0.1 9.1 +01

Imino-aa'-dipropionic 2.43+0.01 9.38+0.01 9.54 +0.01 6.1+0.1 9.2+0.1

N-hydroxyiminodiacetic 2.82 +0.01 5.48 +0.03 7.16+0.03 6.10+0.05 5.0+0.1 6.4 +0.1

N-hydroxyimino-aa'-dipropionic 2.74+0.02 5.77+0.02 7.34 +0.02 5.51 +0.05 5.0+0.1 6.6+0.1

K 1 = [VO(OH)L] [H '] / [VO(H 2 0)L]; (3 22 =I(VO) 2 (OH) 2 L 2 ] [H'] 2 / [VO(H 2 0)L] 2

100

50

Fig. I

Distribution of the species as function of pH for V02+ com-

plexes with IDPA, in the ligand to metal ratio 5:1.

Total vanadium concentration=7.69x 10 -' M. T=25°C;

µ= 0.10 M KNO 3 . A K ML, constant of the order of that

found for the V0 2' complex of glycine was tentatively adopted

(K ML, =5.4x l0 4 )

100

xCy

50

pH 93

Fig. 2

Distribution of the species of as function of pH for VO2+

complexes with HIDPA, in the ligand to metal ratio 5:1.

Total vanadium concentration = 7.69 x 10 -* M; T=25°C;
µ=0.10 M KNO 3

Fig. 3

UV electronic spectra of VO2+ complexes of HIDPA, HIDA

and IDPA in the ligand to metal ratio 5:1.

Total vanadium concentration = 1.82 x 10 * M
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Fig. 4

Visible spectra of V02+ complexes of HIDPA, HIDA and ID-

PA in the ligand to metal ratio 5:1.
Total vanadium concentration = 4.54 x 10 - ' M

Fig. 5

EPR spectrum of "amavadine".

Experimental conditions: temperature 20 K, microwave power
2 mW, modulation amplitude 0.5 mT, microwave frequency
9.451 GHz, scan time 500 s. The superimposed dotted spec-
trum was simulated using the spectrum parameters of Table 4

Table 3

Spectral parameters for V02+ complexes of IDPA, HIDA and HIDPA (concentration of the complexes for UV= 1.82 x 10 -4 tit,' for

vis. 4.54x 10 -3 M). T=25 °C

VO(IDPA) (pH = 4.6)
	

VO(HIDA) Z (pH=6.3)	 VO(HIDPA)2 (pH=5.8)

X/nm e/mol - ' I cm - ' X/nm e/mol-' 1 cm - ' X/nm e/mol-' 1 cm - '

260 990 214 (sh) 12400 220 (sh) 13900
580 10.6 232 11870 236 14800
776 20.5 270 (sh) 5500 272 (sh) 7750

565 24.4 560 29.0
706 19.6 700 23.1
790 20.0 790 23.8

the three novel ligands and that of frozen pieces

of specimens of Amanita muscaria were also re-

corded and the g and A parameters obtained by

superimposing these with spectra simulates wan

an adequate computer program [8] shown in

Table 4, together with the corresponding data ob-

tained by Gillard and Lancashire for 2:1 VOZ+

complexes of some amino-acids and by PILBROW

et al. for 1:1 complexes of polyamino-carboxylic

acids [9].

In Figs. 5 and 6 the EPR spectra obtained from

pieces of Amanita muscaria and for the 2:1 com-

plex of VO 2+ with N-hydroxy-imino-aa'-dipropio-

nic acid are presented together with the simulated

spectra.

The data presented in Table 4 again show the

stricking similarity of amavadine and VO(HID-
PA)2 giving further and definite support to the

structure proposed by Bayer and Kneifel for the

product isolated from Amanita muscaria.
N-hydroxyiminodiacetic acid behaves in very

much the same manner as N-hydroxyimino-aa'-

-dipropionic acid but its V0 2 ' complexes are not

so closely similar to amavadine

It can be shown that g ii and A I are approximate

functions of the last ionization constants of the

ligands (different for 2:1 and 1:1 complexes) and

that A 1 is on the range 45-46 for 2:1 complexes

and 60-63 for 1:1 complexes.

The obvious question for which no answer has

Rev. Port. Quint., 27 (1985)	 421
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3900	 GAUSS 	1100

Fig. 6

EPR spectrum of 2:1 . VO2+ complex of HIDPA.

Experimental conditions: temperature 77 K, microwave power
2 mW, modulation amplitude 0.5 mT, microwave frequency
9.261 GHz, scan time 500 s. The superimposed dotted spec-
trum was simulated using the spectrum parameters of Table 4

lent: the apical site trans to the oxo ligand on va-
nadium (IV) is far more labile towards substitu-
tion reactions than the cis equatorial sites [11] —
typical rate constants are k >10 7 s -1 for the first
case and k 10 -1 s t for the second. Furthermore,
oxovanadium(IV) complexes are oxidised by outer
sphere oxidants provided that an aqua-ligand is
present in an equatorial site, but the conjugate ba-
se, the hydroxo complex is oxidised much more
rapidly to give cis-oxo species [11]. Other metal
ions of sub-groups IV, V and VI of the Periodic
Table also form oxocations, e.g. Ti, Cr and Mo,
but solubility reasons exclude titanium complexes,
redox properties and inertness of Cr(III) exclude
chromium, and molybdenum(V) complexes with
common ligands are frequently binuclear with
Mo 2 042+ cores.
Hence a V0 2+ complex is particularly advanta-

]100
	

1900	 3100

Table 4

EPR paramenters for "amavadine" and for various oxovanadium(IV) complexes of amino acids [5] and aminopolycarboxylic acids

(T=77 K)

Conditions gll g1 1 0' AN/cm -1 10* Al/cm -1

A. muscaria (England) direct in the
mushroom

1.920 1.982 153 45

A. muscaria (Portugal) 1.919 1.982 157 46

VO(L-ala) Z pH	 6.6 1.943 1.976 163 55

VO(serine) 2 pH 11.0 1.955 1.976 150 45

VO(cysteine) 2 pH	 7.8 1.962 1.976 143 45

EDTA pH	 5.8 1.943 1.980 168 60

EGTA pH	 5.5 1.941 1.975 173 63

DTPA pH	 5.5 1.943 1.980 167 63

TTHA pH	 5.5 1.943 1.980 168 60

VO(IDPA) pH	 5.3 1.939 1.980 170 60

VO(HIDA) 2 pH	 5.4 1.913 1.983 157 45

VO(HIDPA) 2 pH	 5.4 1.919 1.982 157 46

been found is why is a VOL2 complex necessary
for the toadstool and which function does it
perform.
A speculative suggestion is offered [7], taking into
account the characteristics that make V0 2+ unique
among the common metal ions.
Firstly, V0 2+ behaves as a transition metal ion
forming complexes as stable as those of nickel(II)
[10] with the donor atoms occupying the remai-
ning octahedral sites around the V(IV) ion, i.e.,
complexes with a square pyramidal structure rela-
tive to VO 2+. However, unlike all common metal
ions, these coordination sites are not all equiva-

geous if a reaction center ensuring high substitu-
tion rates is necessary, provided that the equato-
rial coordination positions are blocked to avoid
the formation of hydroxocomplexes or their di-
mers and to prevent oxidation; such a complex
must expose the apical site trans to the oxo ligand
to the reaction medium. The selection of a ligand
such as N-hydroxy-imino-aa'-dipropionic acid sa-
tisfies the required conditions: a 2:1 square pyra-
midal complex of V0 2+ can be formed, avoiding
the formation of hydroxocomplexes and their di-
mers, which might prevent coordination to the
apical sites besides being more easily oxidisable.

422	 Rev. Port. Quím., 27 (1985)
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The choice of a tridentate ligand may also be of
some significance; note that in the VO 2 ' comple-
xes of tetradentate nitrilotriacetic acid or pyridine-
methylimino-diacetic acid the apical site trans to
oxygen is blocked by the nitrogen atom of the
iminodiacetic moiety and substitution rates of
reaction are much smaller [11]. In these condi-
tions it is likely that "amavadine" is indeed "uni-
que" for its function, but it is still not clear what
kind of function it performs.
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METAL IONS AND THEIR INTERACTIONS
WITH BIOLOGICAL FLUIDS:
SPECIATION OF TRACE METALS
IN SALIVA

It is now well appreciated that the biological
action of a therapeutic agent is governed by the
dynamic equilibrium of complexes involving that
agent and the biological medium in which it acts.
Thus, the in vivo chemical speciation of a transi-
tion metal based agent or a chelating agent may
be different from the form in which it is adminis-
tered due to complexation of endogenous ligands
or metals in the biological fluid. Studies of the
mode of action of gold compounds for the treat-
ment of arthritis have recently been reported to be
complicated by such biological interactions [1].
In order to understand the factors which control
the efficacy of a particular agent, it is important
to establish the coordination chemistry of this
agent in the biological environment in which it
acts and how this is affected by the addition of
exogenous species. Unfortunately, it is rarely pos-
sible to measure directly the concentration of a
metal Or a ligand in a particular species in such
complex media. Rather, it is often only possible
to measure the total concentration of the metal or
ligand, respectively.
It is, therefore, necessary to use indirect methodo-
logy to determine the chemical speciation of such
systems. Recent technical advances in potentiome-
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Ill

tric data collection and analyses enable precise,
accurate formation constants to be routinely mea-
sured. These constants, together with sophistica-
ted computer modelling techniques, allow one to
compute metal-ligand species distributions in com-
plex systems [2]. Such techniques have been used
successfully to elucidate the principles governing
the efficacy of copper salicylate, for example [3].
We are currently interested in the mode of action
of active agents present in dentifrices, for exam-
ple, zinc salts in the reduction of the growth of
plaque [4]. As these agents exhibit their biological
activity in the oral environment, their interaction
with the components of saliva is of prime impor-
tance. As a first step in establishing the factors
which determine the clinical efficacy of these
agents, we have used the computer modelling
technique to determine the distribution of trace
metals amongst the organic ligands in saliva. The
poster will present details of this model together
with a collation of data concerning the composi-
tion of saliva and relevant binding equilibria.
Concentration effects for the various components
will be demonstrated and the "important" endo-
genous ligands will, thus, be identified.
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STUDIES ON THE BIOCHEMICAL ACTIVITY
OF SELENOCARRAGEENAN

The preparation and biochemical activity of sele-
nocarrageenan are described. The results indicate
that, for male mice, the supplementation of the
diet with kappa-selenocarrageenan results in signi-
ficantly higher biological availability and physio-
logical effects than the supplementation with
Na2 SeO 3 . The concentration of Se in whole
blood, the glutathione peroxidase enzyme activity
and the hemoglobin content increase by 23%,
13% and 22%, respectively with kappa-selenocar-
rageenan. The ability to prevent H 2 02 and free
radicals attack to the red cells also increases by
50% and 55% .respectively.
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THE FORMATION AND DISSOLUTION
OF CALCIUM BILIRUBINATE.
A CHEMICAL MODEL SYSTEM
SIMULATING THE FORMATION
AND DISSOLUTION
OF CALCIUM -CONTAINING PIGMENT
GALLSTONES

The nature of the formation of calcium-con-
taining gallstones is the formation of a specially
constructed solid phase of calcium bilirubinate in
the presence of bile acids and mucoproteins. As a
model, the kinetic and thermodynamic behaviors
of the Ca-Bilirubin-Taurocholate-Chondroitin sul-
phate system were studied by monitoring the va-
riations of the concentrations of calcium and bili-
rubin with time. The solid phase separated was
studied by means of X-ray diffraction, SEM, IR
etc. In the absence of bile acids and mucoprotein,
calcium ions react instantly with bilirubin (pH
7.9) giving aggregates of fine particles. No further
growth or aggregation is observed. Taurocholate
(TC) inhibits the reaction to some extent depen-
ding on the concentration of TC. The initial reac-
tion stage is of first order, with log k = a — bC Tc

(r = 0.9934). The conditional solubility products of
calcium bilirubinate decrease with the increasing
of the concentration of TC. SEM shows that, dif-
fering from the case without TC, the primary ag-
gregates may aggregate further to clusters of va-
rious shapes. The addition of chondroitin sulphate
compensates the inhibitory effect of TC and a
number of particular shaped particles were obser-

Rev. Port. Quínr., 27 (1985)

ved, which support the idea that the calcium bili-
rubinate binds to the polysaccharide.
The differential UV spectra of the solutions con-
taining TC and bilirubin and the potentiometric
studies of the solutions containing calcium and
TC show that both Ca and bilirubin tend to bind
to TC micelles. Thus, it is proposed that the reac-
tions of calcium ion and bilirubin proceed in a
special mode in the micellar background. The TC
micelles, with the bilirubin molecules in their
hydrophobic cores, catch calcium ions rapidly
from the solution. The calcium ions are likely to
be bound to the negative charged micellar surface.
And then, calcium ions react with bilirubin in the
micelle. Fluorescence studies give some evidence
supporting this proposal.
The dissolution of calcium bilirubinate pellets
with some chelating agents were studied by moni-
toring the concentration of calcium and bilirubin
at different time intervals in the presence or
absence of bile acids. The calcium and bilirubin
dissolve nonsynchronously. Thus a two step pro-
cess is suggested. This process includes a rapid
dissolution of calcium leaving the sparingly solu-
ble, polymerized bilirubin in the solid. As the se-
cond step, bilirubin dissolves slowly and to a
much smaller extent than calcium. A significant
cooperative dissolving effect was observed bet-
ween the chelating agents and the bile acids. For
different chelating agents, the limits of dissolution
(Ca concentration) are parallel with the conditio-
nal stability constants of the calcium chelates.
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INTERACTION OF CADMIUM
AND BOVINE SERUM ALBUMIN
AND THE MOBILIZATION OF CADMIUM
FROM BOVINE SERUM ALBUMIN
WITH CHELATING AGENTS

The binding of cadmium to Bovine Serum Albu-
min (BSA) was studied by means of the potential
recovery method with a Cd selective electrode as
the monitor. The average number of moles of Cd
bound to each mole of BSA (N) was determined
as the function of Cd concentration at different
pH values. log N vs log [Cd] profiles are linear
provided the pH is kept constant. If both [Cd]
and [H'] are introduced as variables, a general
equation &= K[Cd] m may be obtained to fit the
experimental data. Both K and m are functions of
pH. The N values under different conditions may
be calculated by means of this equation. From
Scatchard plots of the experimental data, it is sug-
gested that there are two strong and ten weak bin-
ding sites (from pH 5.28 to 7.92) and the binding
constants for these sites were determined. The re-
sults of competitive gel chromatographic studies
show that cadmium ions can hardly displace the
BSA-bound zinc ions, but zinc ions can displace
BSA-bound cadmium ions readily. It is supposed
that the strong binding sites for cadmium may be
the same ones as for zinc, the zinc binding being
stronger than the cadmium binding, while the

weak binding sites bind cadmium only. Fluores-
cence studies support this supposition. Surfactants
(SDS and Tween 80) change the fluorescence spec-
tra of BSA and Cd-BSA solutions and influence
significantly the binding capacity of BSA for Cd.
The mobilizing ability of chelating agents to BSA-
-bound dacmium was determined by gel chroma-
tography and the results are expressed as a para-
meter F, which is the ratio of BSA-bound cad-
mium in the presence and absence of chelating
agent. The relative mobilizing abilities are:
DTPA > EDTA > EGTA > NTA > TRIEN > PEN >
> CYS > HIS > SA.
The logF values vary linearly with logK c dL . Di-
mercapto chelating agents are anomalous in this
respect. DMPS and DMS increase the binding ca-
pacity of BSA. These results are in accord with
the in vivo experiments reported in ref. [1].
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