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The biological membrane, a cellular structure that
separates the cell from its environment and
intracellular compartments from each other, is
composed principally of a so-called "lipid bilayer"
that is made up of two apposed monomolecular
layers of amphiphilic lipids, generally phospholipids
but also glycolipids and cholesterol. The lipid bilayer,
a thin quasi-two-dimensional fluid film with two polar
surfaces and an apoiar core and a thickness of
approximately 10 nm, acts as a solvent system for
several proteins which may be dissolved in it or
adsorbed to its surface. The chemical composition of
the lipid bilayer is known to be complex, generally
containing three or four lipid classes known to be
not ideally miscible among themselves. This creates
the conditions for a probable heterogeneity of the
system in the physical-chemical sense. In fact, it is
known that the two monomolecular layers of the
lipid bilayer in many biological membranes have
different chemical compositions, what corresponds
to a transmembrane heterogeneity of the system.
Microscopic (molecular scale) and macroscopic
(cellular scale) in-plane heterogeneities are known to
exist. Although to a chemist it is quite clear that
between these two extremes (microscopic and
macroscopic scales) a mesoscopic heterogeneity
must also exist, this has not been clearly shown, to
be the case for biological membranes primarily
because of the non-existence of suitable techniques
with the necessary spatial resolution for this sort of
system. It must be emphasized, however, that the
existence of mesoscopic heterogeneities in artificial
lipid bilayers is today a generally accepted
phenomenon.
Mesoscopic heterogeneity raises interesting
questions with regard to phase topology which in its
turn has important consequences for component
distribution, percolation and chemical kinetics in the
system. Here we shall address ourselves primarily to
the questions of percolation and chemical kinetics
emphasizing experimental and Monte Carlo
simulations on model systems and the extrapolation
of these results and their consequences for
biological membranes.

A membrana biológica, a estrutura celular que separa a
célula do seu ambiente exterior e também os
compartimentos intracelulares uns dos outros, é composta
essencialmente por aquilo a que se convencionou chamar
"bicamada lipídica" que é constituída por duas
monocamadas moleculares adjacentes formadas por lípidos
anfifílicos, geralmente fosfolípidos, mas também glicolípidos
e colesterol. A bicamada lipídica, um filme fluido quase-
bidimensional de superfícies polares e centro apoiar, com
uma espessura de cerca de 10 nm, faz o papel de solvente
para muitas proteínas que nela se incorporam ou se
adsorvem à superfície. Esta bicamada lipídica natural tem
uma composição química complexa, geralmente contendo
três ou quatro classes de lípidos que se sabe não formarem
misturas ideais. É, portanto, de prever que estas misturas
apresentem heterogeneidade química-física. De facto, em
muitas membranas biológicas as duas monocamadas
constituintes da bicamada lipídica têm composição
diferente, donde resulta uma heterogeneidade
transmembranar. Porém, também se sabe existirem
heterogeneidades, quer microscópicas (à escala molecular)
quer macroscópicas (á escala celular) no plano da
membrana. De um ponto de vista estritamente químico não
pode deixar de existir também, entre estes dois extremos
(heterogeneidade microscópica e macroscópica), uma
heterogeneidade mesoscópica, embora esta nunca tenha
sido evidenciada de uma forma indubitável no caso de
membranas biológicas. Não podemos esquecer que não
existem, actualmente, técnicas com a resolução espacial
necessária para a observação destes sistemas sem criar
perturbações que ponham em dúvida os resultados. Em
bicamadas lipídicas artificiais a existência de
heterogeneidade mesoscópica está actualmente
experimentalmente provada.
Reconhecida a existência de heterogeneidade
mesoscópica, fica em aberto a sua topologia que, por sua
vez, condiciona a distribuição de solutos e componentes,
e, em consequência, a difusão/percolação e cinética das
reacções químicas no sistema. No presente trabalho
abordamos os problemas levantados pela percolação e
compartimentalização de reagentes em sistemas modelo,
analisados quer experimentalmente quer por simulação e
discutimos as consequências da extrapolação dos
resultados obtidos ao caso de membranas biológicas.
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Introduction

O ur current understanding of the biological
membrane has its origin in a report by Gorter
and Grendel [1], that was subsequently develo-

ped by reports from various researchers of which the
landmark papers of Danielli and Dayson [2],
Robertson [3] and Singer and Nicolson [4] merit
special mention. Today, the generally accepted
working hypothesis is that the biological membrane is
a "fluid mosaic" composed basically of a mostly, if not
completely, fluid lipid bimolecular layer as its basal
structure with proteins "extrinsically" adsorbed to the
polar surfaces of the layer or "intrinsically" dissolved in
the fluid sheet. The crucial point that is made in this
model is that the membrane is a quasi-two dimensional
fluid sheet and all its components (lipids and proteins)
are, in principle, free to diffuse (rotationally and trans-
lationally) in the plane,of the sheet. A homogeneous
state, in the physical-chemical sense, is generally assu-
med for the lipid bimolecular fluid layer. While this
model has helped advance our understanding of the
structure and dynamics of biological membranes and
their physiological role in the cell, in that it has stimu-
lated a considerable amount of research in the area, it
leaves many questions of a more quantitative nature
unanswered.

Very early studies [5] showed that under certain
conditions lipids in bilayers showed immiscibility both
in the solid and fluid phases. These studies have been
since confirmed and extended by several workers (for á

collection of data see [6]) and, from the several phase
diagrams for lipid bilayers formed from binary lipid
mixtures that are available now, the conclusion can be
drawn that lipid immiscibility in bilayers is more the rule
than the exception. This would lead us to expect that
the biological membrane or, more particularly, its lipid
bilayer is more probably a heterogenous system rather
than a homogenous one. This has, in fact, been obser-
ved to be the case at several levels. Macroscopic hetero-
geneities (over dimensions that are more comparable
with those of the cell than of the molecular constitu-
ents) in biological membranes have now been quite
well established. Careful analysis of the chemical
composition of the inner and outer leaflets of several
cellular membranes shows that the two halves of these
membranes have distinct compositions. Besides this
inside-outside heterogeneity, a clearly defined macros-
copic lateral heterogeneity, often termed "functional
polarity", has been clearly shown in some cell types,
epithelial cells [7] and hepatocytes [8] being some of
the best studied cases from this point of view. Another
form of membrane heterogeneity is observed at the
microscopic level (comparable to molecular dimensi-
ons) and arises from the specific interaction of
membrane components among themselves as is the
case in the so-called "boundary lipid" layer around inte-
gral membrane proteins.

If immiscibility is assumed, the two-dimensional
nature of the membrane should also permit heteroge-
neity at a mesoscopic (several 102 to 104 times molecu-
lar dimensions) level [9, 10]. Such a mesoscopic hetero-
geneity, while being extremely difficult to clearly
demonstrate due to unavailability of experimental
methods with an adequate resolution, would explain a
large number of observations with regard to the dyna-
mics of membrane constituents [9] . Jain [11]  has propo-
sed that the lipid bilayer in the fluid mosaic model
should include a phase heterogeneity that results in an
overall non-random distribution of components in the
system. We have subscribed this point of view [ 12, 13]
and discussed some of the consequences of this refine-
ment of the fluid mosaic model [9, 14].

In the present paper we propose to briefly review
some concepts on biological membrane heterogeneity,
discuss its causes and consequences and attempt to
propose new lines of research that may be important for
our understanding of the complex functions of this
important cellular structure.

Phase Behaviour in Lipid Bilayers

Artificial lipid bilayers, which form spontaneously
when certain phospholipids are hydrated, have provided
many important insights into the structural and dynamic
properties of the biological membrane. While the results
of studies on these systems are not always directly trans-
latable to the lipid bilayer in a biological membrane,
they do provide excellent points of reference for the
understanding of these. Model lipid bilayers prepared
from most of the classes of lipids commonly encounte-
red in biological membranes are lyotropic, thermotropic
and barotropic smectic liquid crystal systems that
undergo specific phase transitions between one or seve-
ral ordered phases and disordered phases [15]. The
ordered phases typically occur at low (<40 weight %)
water content, low temperatures and/or very high pressu-
res, all of which are not very significant from the biologi-
cal point of view. They are characterized by a high
degree of conformational order in the lipid acyl chains
and positional order of the lipid chains and of the lipids
themselves over long ranges in the plane of the bilayer.
The disordered (often called fluid, liquid or liquid
crystalline) phases are of more biological relevance in
that these are the phases found in most biological
membranes under normal conditions. These phases are
characterized by low conformational order in the chains
and lack of long range positional order in the plane of
the bilayer. A characteristic example of lipid bilayer
polymorphism in a single-component lipid bilayer under
constant pressure and in excess water is shown in Figure
1 in which the transitions between different phases is
thermally triggered. The temperatures at which these
transitions occur are dependent on the nature of the
phospholipid "head groups" (polar parts that are expo-
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Figure 1 — Diagrams showing the layer structures and chain packing

arrangements for the thermotropic phases found for pure phospholipids

at constant pressure in excess water.

sed to water in the bilayer) as well as the lengths and
degree and position of unsaturation of the acyl chains.
When ionizable lipids are involved, the local pH and
ionic strength of the aqueous phase in contact with the
bilayer must also be specified since these also influence
the bilayer polymorphism [16]. It is important to bear the
complexity of this polymorphism in mind when conside-
ring bilayers that are composed of several constituent
lipids as is the case in biological membranes.

We shall not address ourselves here to a considera-
tion of the complexity of phase behaviour in the biologi-
cal membrane. The problem is probably not addressa-
ble with the level of information we are presently capa-
ble of obtaining and processing. Rather, it is our inten-
tion to exemplify the consequences of phase separati-
ons in the lipid bilayers, as models for the far more
complicated biological membranes, using simple two-
phase bilayers prepared from binary lipid mixtures in
which the phase diagrams have been reasonably well
studied and understood. Figure 2 shows a few tempera-
ture-composition phase diagrams for lipid bilayers
formed in excess water under isobaric conditions from
binary lipid mixtures. It is of interest to note that the only
mixture that shows complete miscibility of the chemical
components in both ordered and disordered phases is
one in which the two components are identical in all

respects except for a difference of two carbon atoms in
their acyl chain lengths. All other systems show some
degree of immiscibility either in the ordered phases and
in some cases, particularly where the head groups are
different, in the disordered phases as well. It is probably
safe to state that in most biological membranes immisci-
bility in the disordered phases is more relevant since
these membranes are known to be mostly fluid. The
principles we shall be discussing, however, are more
easily demonstrable in systems with solid-fluid phase
coexistence and the lessons drawn from such models
are probably equally applicable to liquid-liquid phase
coexistence as well.

What causes phase coexistence in a lipid bilayer?
Gibbs [ 17, 18] was the first to describe the conditions of
chemical composition, temperature and pressure that
permit phase coexistence in heterogeneous systems.
Heterogeneity is a consequence of component immisci-
bility and the causes for this are primarily thermodyna-
mic: the intermolecular interaction energy between two
molecules in a system causes them either to associate or
repel each other and entropy drives the system towards
a homogenous state. This is true for any system at equili-
brium. Perturbations of such systems through chemical
(addition of new molecules) or physical (temperature,
pressure or electrical) stresses, will cause the system to
relax to a new equilibrium state at a rate that is depen-
dent upon several processes, the kinetics of some of
which may be extremely slow. It is important to remem-
ber that the biological membrane is a dynamic system,
being continuously subjected to chemical and physical
stresses which derive from the environment or from
physiological processes such as metabolic activity of the
cell and protein and lipid biogenesis, insertion and
sorting [19, 20]. Hindered lateral transport [21 - 24]
within the bilayer plane can make the kinetics of
membrane response to these perturbations quite slow.
Thus, it is very probable that the biological membrane is
not a system at equilibrium and that heterogeneity in it
is probably more determined by kinetic rather than by
thermodynamic considerations alone.

Having accepted that heterogeneity is a fact in the
biological membrane, phase disposition becomes an
important consideration. Typically, in a three-dimensio-
nal fluid, phase coexistence at equilibrium is characteri-
zed by a bulk separation of the coexisting phases with a
minimal interfacial area between them. The driving
force for this is the interfacial surface tension which
tends to reduce the interfacial area to a minimum.
Reduction of the interfacial surface tension, for example
by addition of surfactants to an oil-in-water or water-in-
oil dispersion, reduces the tendency for bulk phase
separation. In a two-dimensional system, such as the
lipid bilayer, the reduction in interfacial tension is a
consequence of reduced dimensionality (a two-dimensi-
onal system with an interfacial line tension as opposed
to a three-dimensional system with an interfacial surface
tension). Thus, one might expect microscopic to mesos-
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Figure 2 - Examples of temperature-composition phase diagrams for lipid bilayers in excess water under isobaric conditions. The phase diagrams are

shown for: (a) isomorphous mixture of di-C(14)PC and di-C(16)PC; (b) eutectic mixture of di-C(17)PC and C(12)C(22)PC; (c) peritectic mixture of di-

C(14)PC and di-C(18)PC; (d) peritectic mixture of di-C(16)PC and di-C(16)PS; (e) monotectic mixture of di-C(14)PC and cholesterol; (f) monotectic

mixture of di-C(18:1, trans)PC and di-C(16)PE.

copic dispersions of coexistent phases in lipid bilayers,
whether of thermodynamic or kinetic origin, to intrinsi-
cally have sufficiently long lifetimes to become physio-
logically relevant.

Component Distribution

From the previous section it should have become
clear that we visualize the biological membrane as a
heterogeneous quasi-two dimensional liquid system.
The various protein species that are associated with the
membrane must, strictly speaking, be viewed as chemi-
cal constituents of the system so that there is no distinc-
tion between "lipid domains" and "protein domains".
Thus, under a given compositional definition of the
membrane, the protein distribution in the coexistent
phases will be determined by the same rules that govern
lipid distribution which have been discussed earlier. An
alternative view is to consider the proteins and other
minor constituents of the membrane as a very small
molar fraction of the system and view them as solutes in
a heterogeneous solvent. From this point of view their
preferential presence in one or the other of coexisting
phases in a membrane is a consequence of preferential
solubility in those phases. This solubility preference can
be absolute so that it becomes conceivable that a given
protein species is encountered exclusively in (or totally

excluded from) one or some of several coexisting
phases in the membrane.

There are several examples in the literature for
solubility preferences of lipid probes and proteins in
lipid bilayer membranes, the most common cases being
the observed preferences of lipid-like molecules for
solid or fluid phases [25 - 27]. Freeze-fracture electron
microscopy studies [28] clearly show that some proteins
were excluded from solid phase lipid domains in bila-
yers with coexisting solid and fluid phases. More
recently, there has been a report [29] on the phase parti-
tioning of gramicidin between solid and fluid phases.
Fluid-fluid partitioning of lipid-like molecules and
proteins has never been experimentally shown but
some proteins are known to show a higher affinity for
certain lipids in their boundary lipid layer [30, 31] so
that it may be concluded that these proteins would
necessarily show a preferential solubility in phases rich
in these lipids if such phases existed in the membranes.
The "hydrophobic mismatch" of an integral membrane
protein in a heterogeneous fluid lipid bilayer could also
be a driving force for a preferential protein solubility
among the coexisting phases. We [32] have recently
shown that the insertion of a-hemolysin, a protein with a
membrane-inserting hydrophobic sequence, into orde-
red liquid phase bilayers (formed from phosphatidyl-
cholines with a high cholesterol content) is conside-
rably more difficult than its insertion into disordered
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liquid phase bilayers (formed from pure phosphatidyl-
cholines or binary mixtures of these with a low choleste-
rol content). While this in itself is not direct evidence for
a preferential solubility of this protein in disordered
liquid phases as compared to ordered liquid phases, it
clearly indicates that such may be the case.
Considerable work needs to be done in this regard
before clear rules emerge for solubility preferences of
lipid-like or protein molecules in lipid bilayers.

Another aspect of the heterogeneity of membrane
protein distribution has to do with the way in which
proteins are added to biological membranes in the
process of membrane biogenesis. This process probably
occurs via the intracellular fusion of vesicles with the
target membrane [33]. In this case the newly inserted
material must diffuse freely to become homogeneously
distributed in the membrane. Hindrances to diffusion
due to lack of percolation (see below) caused by intra-
membranous or extra-membranous (cytoskeletal or
glycocalyx) structure will cause a kinetic trapping of
components that may lead to physiologically significant
heterogeneities.

Finally, we may imagine a protein component of a
membrane which, though constrained to be integrally
associated with the membrane due to its hydrophobic
nature, finds no ideal solvent phase among the domains
available and is forced to "precipitate" or to form homo-
logous aggregates within the bilayer plane. Several
membrane protein aggregation phenomena associated
with important physiological processes are known.

Percolation

The ability of membrane components to laterally
diffuse in the membrane plane is an important conse-
quence of the fluid mosaic model for biological
membrane structure and dynamics. It makes interaction
between the membrane components possible, thereby
permitting bi- (or higher-) molecular reactions, that are
important for membrane physiology, to occur.
Fluorescence Recovery After Photobleaching (FRAP) is
a well established technique for the study of the lateral
diffusion coefficient in two dimensional samples [24,34]
(see Figure 3 for a short explanation of the method and
experimental setup). This method permits observation
of lateral diffusion in membranes over distances of seve-
ral tens to hundreds of micrometers and is useful in
studies with artificial lipid bilayers as well as with cellu-
lar membranes. In the case of synthetic bilayers the
experiment is performed on a stack of a few hundred
fully hydrated planar bilayers deposited on a micros-
cope slide. These bilayers are doped with a fluorescent
and photobleachable tracer molecule, which in our
case is a phospholipid marked with N-(7-nitro-2,1,3-
benzoxadiazol-4-yl), NBD, at a fractional molar concen-
tration of 510 -3 . The general recovery behavior in homo-
geneous fluid bilayers is presented in Figure 4A. The

fluorescence intensity, maximum before bleaching,
F(t<0), is reduced upon bleaching to F(t=0). Then, the
fluorescence intensity slowly recovers due to the diffu-
sion of neighboring tracer molecules into the bleached
spot, see Figures 3a and 4. If the reservoir of unbleached
molecules is infinite, as is generally the case for fluid

Figure 3 — Schematic description of a) a FRAP experiment performed

on a stack of lipid bilayers, and b), the scheme of the FRAP apparatus

where BSI and BS2 are beam splitters, SI the shutter that opens to

bleach the sample with the intense pulse of light. Both analyzing and

bleach beams are focused by Lt in an optical fiber whose output is

focused by L2 through a dicroic mirror. DM, on the sample. The fluores-

cence is observed by a photomultiplier, PMT, protected from the

intense bleaching pulse by the shutter S2, after being filtered by a

cut-off filer BF.
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homogeneous bilayers, the final fluorescence intensity
attains the initial value F(t=00)=F(t<0), that is, the frac-
tion of recovery, R, defined by equation (1) is 1.0.

R	
F(co) - F(0) 

F(t <0) - F(0)

The time dependent recovery curve, is parametri-
zed by the translational diffusion coefficient of the
tracer, D, and the radius of the circular bleaching spot,
w, according to equation (2) [35], where t p=0.)2/4D, and
I represent Bessel functions. We may, therefore, obtain
the diffusion coefficient of the tracer in the lipid matrix
from the best fit between experimental data and equa-
tion (2), as shown in Figure 4.

F(t)= F(oo)-1F( t < 0) - F(0)1 {1j -expl- 2rplr lo (

l
ZrDi)+llr

Ztp111
 l\	 t / IL	 t	 I t J JIJ

(2)

Depending on temperature, and tracer and lipid
characteristics, diffusion coefficients that vary between
-10-8 and X10- 16 cm2 sec 1 have been observed. Below
the ordered-disordered phase transition temperature,
when the bilayer is in the so-called gel phase, the fluo-
rescence recovery is usually very slow and incomplete
over reasonable measurement times. These experimental
curves, when analyzed using equation (2) often give
poor fits and, if a diffusion coefficient is to be derived,
values between =10 10 and as low as [1016 ] cm 2 sec -1

have been reported [36, 37], Figure 4B. In the rigid
phase, part of the diffusion observed has been attributed
to the mobility of the probe molecules in the grain
boundaries of the two-dimensional crystals. In fact, the
probe molecules, even if phospholipids of a very similar
structure to those forming the bilayer, having the fluores-
cent probe attached to them, will always behave as
impurities in the system with a high degree of order. In
this way, some of the molecules will be retained in the
crystals as point defects while other are forced into the
grain boundary defects. The first group of tracer molecu-
les is responsible for the incomplete and very slow reco-
very, and the second results in a recovery process that is
not, in principle, described by equation (2).

In our work over the past decade we have attemp-
ted to describe the lateral diffusion of membrane
components in phase-separated lipid bilayers in the
phase coexistence region using the FRAP technique.
While we are aware that ideally such studies, which
serve as models for the biological system, should
probably examine liquid-liquid phase coexistence, it is
very difficult to encounter tracer molecules that parti-
tion exclusively in one of the coexisting phases with the
consequence that data analysis becomes a very
complex matter. For the purposes of percolation the
principles governing diffusion are similar whether we
examine liquid-liquid or solid-liquid phase coexistence.
Our attention has, therefore, been mostly limited to bila-
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yers formed from binary lipid mixtures, in which there is
a clearly defined solid-liquid phase coexistence, using
probes that partition almost exclusively into the fluid
phase which is the case of a short chain phospholipid in
a longer chain matrix or an unsaturated phospholipid in
a mixture of saturated ones. Depending on the fraction
of the rigid phase, obtained from the phase diagram for
the mixture, a variety of behaviors are observed [26, 38 -
41] as seen in Figure 4 for the system constituted by 1-
docosanoyl-2-dodecanoyl-sn-gycero-3-phosphocholine
(C22OC 12 .0PC) and 1,2-diheptadecanoyl-sn-gycero-3-phos-
phocholine (di-C17.0PC) [40]. For small solid fractions,
the recovery of fluorescence after photobleaching is
slower than what is to be expected for an equivalent
fluid bilayer, but the recovery is still complete, Ra_1.0.
On increasing the solid fraction only a partial recovery is
obtained and the recovery, fast at the beginning beco-
mes slower for long times displaying a long tail, Figure
4C. The experimental data in this last case can no more
be fitted with equation (2). It is intuitive that such beha-
vior can be ascribed to the hindrance of diffusion by the
solid domains, and to the reservoir of tracer molecules
accessible to the FRAP spot being no more infinite [42].

The question arises as to what the topology of a
bilayer in this phase coexisting region is, and how it
relates to the experimentally observed FRAP result. It
has been observed that in Langmuir-Blodget monolayers
with the same composition the phase-separation is visi-
ble with an optical fluorescence microscope and the
rigid domains have a characteristic elliptical shape at
the beginning, growing in spiral-like formations [43].
However, in bilayers it has not been possible to observe
the domain geometry probably because, in this case, at
least one of the linear dimensions of the objects is
submicroscopic (smaller than the Abbé limit of -X/2).
Electron microscopy is not of much help because the
sample preparation procedure disturbs the system, and
the recent microscopic techniques with nanometer reso-
lution, adequate for this type of samples, are yet under
development. Therefore we are left with indirect
methods to model the geometry of the separated phases
and of the topology of the membrane. The results obtai-
ned by FRAP are, for this purpose, the most adequate
because what is in fact observed is the arrival to the
central spot (the photobleached area) of tracer molecu-
les that have, on their way, sampled the intricacies of
the membrane topology, i.e., we observe the result of
the two-dimensional lateral molecular percolation
through the system.

Percolation is a general phenomenon well known
to the chemists, the percolation filter being very
common in chemical industry. In the last two decades,
however, a new body of theory for percolation in latti-
ces has developed which results from the need to
mathematically describe phenomena such as forest fire
propagation, diffusion of small atoms in solid structures,
or electrical conductivity of composite materials. All
these processes fall within the area of discrete percola-

tion and are, in themselves, quite difficult to formalize
mathematically. As a consequence, and given that
problems in two spatial dimensions (plus time) are
some of the more relevant cases of percolation, most of
the practical cases are studied using straightforward
Monte-Carlo techniques. Diffusion with percolation, or
continuum percolation, is formally much more compli-
cated than discrete percolation and has not yet received
much attention from theoreticians. This lack of tools to
deal with continuum percolation has been circumven-
ted by the modeling of the continuum system as a
discrete matrix with a lattice resolution such that the
phenomena which are monitored are still described
with sufficient approximation. In our study of percola-
tion with diffusion in phase-separated synthetic bilayers
we follow this approach.

The general case of diffusion in a plane in the
presence of obstacles has been studied by Saxton using
Monte-Carlo techniques [44]. In the diffusion in a homo-
geneous bilayer the mean-square displacement, <12>, of a
molecule is proportional to the molecular diffusion coef-
ficient, D, and to time. In obstructed diffusion the mean
square displacement is still proportional to D but
depends upon a fractional power of time, equation (3).

<r 2> = 4Dt (t/ti)2idw 1 (3)

While for normal diffusion d=2, in the presence of
obstacles dW>2. The time constant i is the time neces-
sary for the probe to diffuse through the unit mean
square distance. When viewed with a macroscopic tech-
nique the observed diffusion coefficient, D*, is time
dependent because the tracer molecules near the
region of observation do not have to traverse the same
complicated path as the more distant ones.

In a two-dimensional infinite plane of which a given
fraction, p, is fluid, it has been shown that for a given
geometry of the solid obstacles, randomly distributed in
the plane, there is a fixed fluid fraction above which
there is at least one continuous fluid cluster that connects
one side of the plane with the other. This fluid fraction,
characteristic of the system, is called the percolation
threshold, p c . It is important to realize that above this
percolation threshold isolated finite regions of fluid do
exist, but there is at least one infinite fluid cluster. Since
pc is highly dependent on the system topology we could,
in principle, derive this topology from the experimental
value of p c obtained from the FRAP experiments.
However, for this to be possible we first need a precise
value of the percolation threshold experimentally obtai-
ned from FRAP and then need to know the shape of the
elemental forms that combine to build the solid network.

To simplify the analysis of FRAP results obtained
from experiments performed on systems with phase
coexistence, the recovery curves were analyzed using
the superposition of a fast recovery, given by equation
(2), and a slow recovery, simulated by a linear ramp.
The fast component describes the hindered diffusion in
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an archipelago while the linear ramp models, in the
experimental time range, the slow diffusion due to the
defects in the gel phase. With this strategy we were able
to analyze the non-conventional recovery of the fluores-
cence of many phospholipid systems in the region of
solid-fluid phase coexistence [38-41]. In Figure 4C we
present an example of the extremely good fits obtained
and the data obtained from such analysis. The total
recovery due only to the fast component is related to
the connective fluid region that crosses the bleaching
spot. At a first glance it could be suggested that since the
system is either percolative or non-percolative, there
should be either no recovery of fluorescence below the
percolation threshold and near complete fluorescence
recovery above it. However, the experimental results do
not confirm these expectations as presented in Figure 5
for the system 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) and 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC), 50/50 mole fraction. The sigmoid shape
of the curves indicate that below p c some flow of the
tracer probe is still existent and above p c recovery is still
observed. This behavior is characteristic of percolating
systems where the observation area, spot area, is of a
dimension comparable with the linear dimension of the
fluid regions. In figure 6 we show the theoretical varia-
tion of the fractional recovery for different relative linear
dimension of the fluid areas and spot radius [45]. We
may therefore conclude that whatever the geometry of
the phases the dimension of the fluid phase must be of
the order of magnitude of the spot radius (p.m). To
further define the topological characteristics of the
system we have to postulate the geometric characteris-
tics of the elements that constitute the rigid phase and
verify if the resulting structure is coherent with the exis-
ting experimental data. This verification has been done
by Monte-Carlo simulation of the FRAP experiments.
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Figure 5 - Percent recovery for a DMPC / DSPC 1:1 molar fraction as a

function of temperature.
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Figure 6 - Percolation theory prediction of the fraction of recovery

obtained in a FRAP experiment in a system for which the percolation

threshold is 0.5 for three different characteristic linear dimensions of the

fluid region, L, (whatever it means in our particular case). When L is

much smaller than the dimension of the spot a nearly step function is

obtained, solid line, but when the observation is done with a spot simi-

lar in dimension to the characteristic dimension of the fluid there is not

a well defined percolation point: dotted and dashed lines respectively

for L=20 and 7.5 times the spot radius.

The simulation of the rigid phase as randomly distri-
buted superimposable ellipses with aspect ratio b/a is
convenient from the view point of percolation theory and
reasonable with regard to two-dimensional phospholipid
crystal shape. Percolation in 2D with randomly distribu-
ted ellipses has been thoroughly studied by Thorpe and
coworkers [46,47] and, at least in monolayers, phospholi-
pid crystals grow initially with a well known elliptical
shape [43]. Based on this ellipse model we simulated the
fractional fluorescence recovery as a function of the fluid
fraction for the system DMPC:DSPC 50:50 [42]. The best
fit to the high fluid fraction range was obtained for an
ellipse major semi-axis of 1.0 µm and aspect ratio equal
to 0.2 near the percolation threshold.

Using the same topological model, the FRAP
curves simulated by Monte-Carlo in the time regime for
the same system resulted in a not much different
geometry of 1.0 µm and 0.3 for the major semi-axis and
ellipse aspect ratio, respectively, near the percolation
threshold [42]. The agreement between simulation and
experiment is quite good except for fluid fractions
below 0.4, Figure 7. The results from these simulations
lead to a picture of the phase separated bilayer as repre-
sented in Figure 8. For large fluid fractions, Figure 8a, all
the fluid is continuous but, near the percolation thres-
hold, Figure 8b, many small regions are isolated, and for
a fluid fraction of 0.2 all the fluid domains are very
small, Figure 8c. In fact, the histograms of Figure 9
demonstrate that large fluid pools become highly impro-
bable below the percolation threshold, p t.=0.47, and
dominate immediately above it.
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Figure 7 - Time dependent experimental fluorescence recovery curves

obtained for DMPC/DSPC (1/1 mol/mol) system at three different fluid

area fractions, p, and the corresponding Monte-Carlo simulations. The

rigid domains were simulated as a fixed number of random ellipses

that, for p=0.80, have semi-axes a=0.42 and ír=0.18 pm; for p=0.58, a=0.88

and b=0.29 pm, forp=0.47, a=1.12 and b=0.30 gm.

It is to be expected that molecules of reactant
proteins or any other membrane components with a
structure different from the lipid matrix will be more
soluble in the fluid bilayer than in the more structured
rigid region. Even if it is not the case those molecules
that stay in the rigid phase do not have much chance to
interact because of the small diffusion coefficients. In
this way the compartmentalization observed results
necessarily in an inhibition of bimolecular reactions
taking place between membrane components.

Reactions in heterogeneous systems

When dealing with reactions in microdispersed
systems two kinds of special effects have to be taken
into account: dimensional, and distributional effects.
The reduced dimensionality of such systems, two-
dimensional, nearly-two-dimensional, or any other case
where the reactants are not free to diffuse to infinite
distances, do not directly affect reaction controlled
processes but, in the case of diffusion controlled or
nearly diffusion controlled reactions, a quite different

Figure 8 - Simulation of a FRAP experiment in a single bilayer plane

for the DMPC/DSPC (1/1 mol/mol) system having =°47 for p-0.80 (a),

0.50 (b), and 0.20 (c). Red areas represent reservoirs that extend out of

the plane (considered as completely recoverable), yellow areas parti-

ally recoverable bleached areas and those in green are unrecoverable

because they are entirely closed and inside the spot.

kinetics from that expected for the equivalent 3D system
is observed [48]. In what concerns the yield of the reac-
tions, the dimensional effects will only affect those reac-
tions for which one of the reactants is short lived.
Distributional effects, however, have a marked impact
upon both, the kinetics and the yield of bimolecular
reactions. The consequences of distributional effects
upon the yield and kinetics of reactions are better illus-
trated for a dimerization reaction. Consider a reaction
micro-vessel where one single monomer is isolated: in
this case dimerization will never take place. If, instead,
two monomers are present, they dimerize, if there are
three the reaction will be faster but one monomer is left
unreacted. The consequences on the yield are evident,
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Figure 9 — Histograms of total fluid in domains with equal areas as a

function of the domain areas for four different fluid fractions: p=0.2, 0.3,

0.4, and 0.5. It is to note that the plane, simulated as in previous figures,

has a finite area of 1300 pmt which limits the largest fluid domain

present.

and it is also obvious that the global rate coefficient of
dimerization will appear time dependent with some
non-zero value at the beginning, and reaching zero
when only isolated single molecules are left in the
compartments without the possibility of reacting. From
what was said we may easily anticipate that, in the case
of heterobimolecular reactions where one of the reac-
tants is in much smaller amount than the other, the
difference between homogeneous and microcompart-
mentalized systems will be still more evident. In the
extreme case of an enzymatic reaction even a small
degree of compartmentalization will result in a practical
inhibition of the reaction.

To quantify the extent of the inhibition of a reac-
tion due to the membrane phase separation we define
the expected relative yield as:

<^> _  <^ret> 

<^cont>

where <Oret> is the reaction yield expected to be achie-
ved when the membranes are reticulated (microcom-
patmentallized), and < cont>, the yield in the homoge-

neous case. However, biological systems are a priori
compartmentalized in physically separated units such as
cells, and in model lipid bilayer systems in isolated lipo-
somes. When the conditions are such that phase separa-
tion occurs, in each of these units, U, a number Ndom of
non-connective fluid domains is formed. If we consider
that these domains are of equal size and that their
number is identical in each unit, it may be shown that
[49] for a reaction of an enzyme E with a substrate R
catalyzing the production of product P, according to the
reaction scheme: E + R > E + P, the relative yield of P
will be given by

In Figure 10 the relative yield of product forma-
tion is represented as a function of Ndom for four diffe-
rent concentrations of the enzyme represented as
[E]/[U]. It is immediately clear that the consequence
of a phase separation, giving rise to non-connective
fluid domains, has drastic consequences on the effici-
ency of the enzymatic reaction whenever the enzyme
concentration is low which, in the biological system, is
usually the case.

A common mechanism in cellular physiological
processes is the formation of protein aggregates compri-
sing a fixed number of monomer proteins. Also in this

20	 40	 60
Ndom

Figure 10 — Relative yield, <cp>, of product formation for a catalyzed

reaction as a function of the number of domains per reaction unit, U,

for different enzyme (catalyst) concentrations.
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case there is a strong inhibition of the process due to
isolation of the monomers in fluid non-connective
domains. The relative yield for a general polymerization
reaction producing aggregates of k molecules
kR —>12,  with k= 2, 3,... is [49]

0o k -1	 (ki+j-1)
1- exp(- f^cont ) E E

- ucont 

1=0 j=0 (ki + 1)f

where the mean number of reactants per domain in the

case of reticulated units is Pre,= 
 [R1

	which becomes[U INaom
1. For the quite common case of tetramerµcoot for Ndo n 

formation the reaction becomes inefficient even for a
very small number of domains per unit, as can be seen
in the representation of <0> as a function of Ndom , equa-
tion (6), for the cases of k=2, 3 and 4, Figure 11.

It is clear that in the real case of a phospholipid
mixture below the percolation threshold, all these physi-
ologically relevant reactions will become highly impro-
bable and by changing the physical-chemical state of
their membrane a cell could, in principle, control many
of its metabolic steps.

The effect on the yields is accompanied by a no
less noticeable modification of the reaction kinetics. We
have studied the kinetics of photodimerization of 12-(9-
anthroyloxy) stearic acid, 12AS, in a model system cons-

20	 40	 60

N dom

Figure I1 - Relative yield of a polimerization reaction for 20 mono-

mers per unit as a function of the number of domains per unit. Plots are

presented for the case of dimer (k=2), trimer (k=3), and tetramer (k=4).

tituted by a dispersion of cetyltrimethylamonium chlo-
ride, CTAC, and polyoxyethylene(10) lauryl ether,

C12E1 0, micelles [50]. In these systems two different
dimers are formed, one thermally unstable head-to-head
dimer, Dhh , and a stable head-to-tail dimer, Dht . The
global kinetic scheme of the reaction in micelles, inclu-
ding the steps of exit and entrance of the monomer, A,
in the micelles, is presented in the Scheme I. The exit
steps are slow, as can be seen in Table 1 where the rele-
vant rate constants involved in the process are presen-
ted, but for large irradiation times they lead to the
randomization of the system [50]. The relative order of
magnitude of the rate constants involved, is similar to
what is to be expected for phospholipid bilayers with
non-connective fluid domains: the reaction is nearly
diffusion controlled, and the interchange of molecules
between micelles model quite well the possible leakage
of reagents between separated fluid domains observed
in bilayers.

Scheme I

Table I - Steady-state photodimerization rate constant, k n , association

rate constant, k+, and exit rate constant, k-, for 12-(9-anthroyloxy) stea-

ric acid, 12AS, in micelles of cetyltrimethylamonium chloride, CTAC,

and polyoxyethylene(10) lauryl ether, C 12E 10 , according to Scheme I.

Surfactant kn k+ k-

(107 M-ls 1) (10 10 M's') (10-3 5')

CTAC 2.2 1.2 0.7

C12E10 8.9 1.6 30.

In Figure 12 a simulation of our system in CTAC,
irradiated with a typical light intensity and in the
absence of water solubility of the reagents, displaying
the time dependence of the apparent rate coefficient for
the reaction defined as

d[A2] 
dt

kapP = [A] [A 
*

]

Cw) = (6)

80
	

100

(7)
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is presented for several occupation numbers. The value
of the time-independent rate constant for a homogene-
ous phase with the same characteristics of the micelle
media is also shown for comparison. Due to the large
number of molecules left unreacted when the occupa-
tion number is small, see insert of Figure 12 where the
yield of the reaction is presented, the apparent rate coef-
ficient attains values near zero immediately after the
beginning of the irradiation.

Figure 12 – Theoretical simulation of a non-reversible photodimeriza-

tion reaction in a micelar system without exchange of monomers

between micelles. Variation of k 5 (d[A2 ]/dt)/[A] [Al, with time of

irradiation for mean occupation values of 0.3 (•••), 1.0 (–••–), 2.0 (–•–),

and 5.0 (– – –). The solid horizontal line, at the top, indicates the rate

constant of the same reaction in a homogeneous media with identical

characteristics. Inset: efficiency of dimerization in the homogeneous

(—) and comparmentalized (– – –) system as a function of the mean

occupation number, p.

The effect of the rate of entrance and exit from the
micelles, k+ and k-, is to reduce the difference between
homogeneous and compartmentalized media but, as
may be seen in Figure 13, only when the interchange is
quite fast the behavior approaches the one observed for
homogeneous media. It should, however, be noted that,
once interchange is considered, the theoretical relative
yield of the reaction is unity no matter how much time
the system will need to approach this maximum yield
[50].

The results obtained with this micellar system show
how important the distribution of reactants in non-
communicating compartments can be for the kinetics of
a bimolecular reaction triggered by an external factor,
light in our case.
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Figure 13 – Theoretical simulation of the disappearance of reactant

concentration as a function of time in a photodimerization reaction in

micelles when exchange between micelles is considered and compa-

red with the reaction in homogeneous phase (—). Curves are plot for

k- (s- ') = 0.0 (– – –), tx10 4 (--), 1x10-3(–.. ) , 
lx102 (...) , lxt0-4 (--),

10.0 (---),

Relevance to Biological Systems

In a recent paper we have discussed several conse-
quences of phase separations in membranes [9]. What
follows will be a brief synopsis of those considerations.

Biological membranes are the interface of commu-
nication between the cell and its environment.
Reception and processing of information from the envi-
ronment will, therefore, be conditioned by the ability of
the membrane to respond to external stimuli so that the
consequences of heterogeneity in this structure could
be quite significant. Processing of information involves
membrane protein activity at the unimolecular (first
order reaction) level and the ability of membrane
components to react with each other at the multimole-
cular (second or higher order reactions) level.

Conformation and dynamics of proteins, and as a
consequence their activity, is largely conditioned by the
environment. When a membrane protein encounters
itself in a given membrane phase, the physical (fluidity
and lateral pressure) and chemical (ionic environment,
charge and hydrogen-bonding ability) properties of that
phase may condition the activity of the protein [31]. This
concept can be applied to membrane-bound enzymes
and receptors. The relationship between membrane lipid
environment and membrane enzyme activity has been
well studied and it is not uncommon in receptor bioche-
mistry and pharmacology to encounter multiple affinities
of a single receptor species in a membrane for its ligand.
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Without excluding other plausible explanations, we
propose that these multiple affinities may be a conse-
quence of multiplicity of membrane environments for
the receptor population in a given membrane as the
consequence of phase coexistence in it.

As shown in the preceding sections, the effects of
membrane heterogeneity on reaction yields and reaction
kinetics can be quite significant. When reactants are
micro-compartmentalized, reaction yields are, in the
extreme case, limited to encounters at the phase bounda-
ries which implies a slow reaction rate and very low reac-
tion yields. In homogenous media the reactions proceed
to completion at a considerably faster, often diffusion-
controlled, rate. As a consequence, transitions between
heterogeneous and homogenous states, induced by
physical and/or chemical processes, will imply simultane-
ous transitions in the rate and yields of chemical reacti-
ons that occur in the system and could act as trigger
processes that may be important in cell physiology.

Assuming that membrane components (proteins
and lipids) show preferential partitioning (solubility)
behavior in different coexistent membrane phases, the
existence of heterogeneity raises questions with regard
to long-range diffusivity of these components. The range
and rate of diffusion is, as discussed earlier, a function
of the percolative properties of the membrane lipid bila-
yer. A considerable body of evidence indicates that
protein diffusion in cellular plasma membranes is gene-
rally hindered. This has been generally attributed to vari-
ous types of associative interactions of these proteins
both within and outside the membrane but can also be
interpreted in terms of the percolative behavior in a
heterogeneous membrane context [9].

Finally, microscopic and mesoscopic domains in a
membrane may be diffusionally trapped by specific
binding interactions of one or more of their components
with structures that are external to the cell. Situations
can be visualized in which such a diffusional trapping
forces domains of an identical phase to come in contact
with each other so that the phase boundary between
them disappears and the domain size grows. This sort of
growth can eventually lead to a macroscopic phase
separation as is seen in many cells. Elsewhere [9] we
have hypothetically described the formation of apical
and basolateral domains and the formation of the tight
junction in epithelia.
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