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Topology of Gel-Phase Domains and Lipid Mixing Properties in Phase-
Separated Two-Component Phosphatidylcholine Bilayers
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ABSTRACT The influence of the lipid mixing properties on the lateral organization in a two-component, two-phase
phosphatidylcholine bilayer was investigated using both an experimental (fluorescence recovery after photobleaching (FRAP))
and a simulated (Monte Carlo) approach. With the FRAP technique, we have examined binary mixtures of 1-stearoyl-2-
capryl-phosphatidylcholine/1,2-distearoyl-phosphatidylcholine (C18C10PC/DSPC), and 1-stearoyl-2-capryl-phosphatidyl-
choline/1,2-dipalmitoyl-phosphatidylcholine (C18C10PC/DPPC). Comparison with the 1,2-dimyristoyl-phosphatidylcholine/
1,2-distearoyl-phosphatidylcholine (DMPC/DSPC) previously investigated by FRAP by Vaz and co-workers (Biophys. J.,
1989, 56:869-876) shows that the gel phase domains become more effective in restricting the diffusion coefficient when the
ideality of the mixture increases (i.e., in the order C18C10PC/DSPC — C18C10PC/DPPC — DMPC/DSPC). However, an
increased lipid miscibility is accompanied by an increasing compositional dependence: the higher the proportion of the
high-temperature melting component, the less efficient the gel phase is in compartmentalizing the diffusion plane, a trend that
is best accounted for by a variation of the gel phase domain shape rather than size. Computer-simulated fluorescence
recoveries obtained in a matrix obstructed with obstacle aggregates of various fractal dimension demonstrate that: 1) for a
given obstacle size and area fraction, the relative diffusion coefficient increases linearly with the obstacle fractal dimension
and 2) aggregates with a lower fractal dimension are more efficient in compartmentalizing the diffusion plane. Comparison of
the simulated with the experimental mobile fractions strongly suggests that the fractal dimension of the gel phase domains
increases with the proportion of high-temperature melting component in DMPC/DSPC and (slightly) in C18C10PC/DPPC.

INTRODUCTION

Although it is now well demonstrated that in-plane domains
exist in the plasma membrane of eukaryotic cells (Tocanne,
1992), their detailed organization is still an open problem. In
addition to lateral protein-protein organization and interaction
of membrane components with the cytoskeleton (Sheetz et al.,
1980), the lateral phase separation of lipid molecules may play
an important role in membrane microdomain formation and
organization. Even though no distinct phase transitions can be
observed by calorimetry in plasma membranes (Wolf et al.,
1990), presumably because of the great diversity of lipid spe-
cies and to the presence of high concentrations of cholesterol,
the existence of biomembrane domains with different lipid
fluidity cannot be ruled out a priori.
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Over the past few years, the lateral organization adopted
by a two-component lipid membrane in the liquid crystal-
line/gel phase coexistence region has been investigated in a
variety of phosphatidylcholine mixtures using the fluores-
cence recovery after photobleaching (FRAP) technique
(Vaz et al., 1989, 1990; Bultmann et al., 1991, Almeida et
al., 1992). Because the translational diffusion coefficient in
the gel phase is much lower than in the fluid phase (esti-
mated to be 1/10th to 1/1000th), the FRAP data (diffusion
coefficient, D, and mobile fraction, M) have been inter-
preted in terms of two-dimensional percolation of the fluid
phase (Stauffer and Aharony, 1992), with the gel phase
treated as a nonconducting phase: a mobile fraction less
than 1 is analyzed as a compartmentalization of the diffu-
sion plane, i.e., as the formation of closed cavities in which
the diffusion is restrained. Thus, the higher the area fraction
of gel phase at which M drops, and the more centrosym-
metric (or less ramified) are the gel phase domains (Vaz et
al., 1989 and 1990, Bultmann et al., 1991).

Beyond these qualitative ramified or centrosymmetric
designations derived from M data, the domain sizes can be
estimated from the decrease of the diffusion coefficient due
to the obstruction effect of the gel phase domains by using
the results of Monte Carlo simulations (Eisinger et al., 1986;
Saxton, 1989, 1992; Schram et al., 1994) or analytical
treatments (Almeida et al., 1992, Barros et al., 1992). These
approaches show that, for nonoverlapping immobile obsta-
cles of a given size and shape, the normalized diffusion
coefficient D* decreases almost linearly as the obstacle area
fraction increases. A linear decrease of experimental D*
versus the gel phase area fraction is thus a good indication
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that the topology of the gel phase domains remains constant
all across the phase diagram. Even though this point was
demonstrated for highly immiscible lipid mixtures such as
DPPC/N-lignoceroyldihydro-galactosylceramide (Almeida
et al., 1992), it may not be true with lipids that mix more
ideally.

Indeed, an ESR study (Sankaram et al., 1992) together
with a recent fluorescence quenching investigation
(Piknova et al., 1996) clearly suggest that even in the
peritectic mixture 1,2-dimyristoyl-phosphatidylcholine/
1,2-distearoyl-phosphatidylcholine (DMPC/DSPC), the
average sizes of the fluid and gel phase domains vary
across the phase diagram. These data favor a model of
liquid crystalline — gel phase transition proceeding by
the growth of a constant number of gel phase domains,
instead of an increase in the number of domains. Lipid
components mixing well together, with a low composi-
tional difference and a low energetic difference between
the coexisting fluid and gel phases are likely to form in
the two-phase coexistence region gel phase domains of
small size and/or of ramified structure. However, a highly
immiscible lipid mixture, with a higher compositional
difference and a higher energetic difference between the
coexisting fluid and gel phases will probably organize in
larger and/or more centrosymmetric gel phase domains.
Although proposed as a key factor regulating the shape
and time stability of the gel phase domains (Vaz, 1992),
the influence of the lipid mixing properties on the mem-
brane lateral organization has not been investigated thus far.

Because the topology of the gel phase domains seems to
vary across the phase diagram in the DMPC/DSPC mixture,
lipid systems of higher immiscibility are expected to display
less compositional dependence. Although mixtures includ-
ing either dilauroyl-phosphatidylcholine or diarachidonyl-
phosphatidylcholine represent a priori the simplest choice,
their bilayer thickness difference at the gel/fluid interface
would be much larger than in DMPC/DSPC, which is likely
to bias a comparison of the gel phase domain topology:
computer simulations using a molecular interaction model
clearly suggest that an increasing bilayer thickness gap at
the gel/fluid interface, subsequent to a larger acyl chain
length difference of the lipid components, leads to the
formation of large centrosymmetric domains (Jorgensen et
al., 1993). Moreover, a similar approach shows that a layer
of gel-phase molecules of the low-temperature melting
component may accumulate at the fluid/gel boundary (Jor-
gensen and Mouritsen, 1995), which may account for the
necessity to consider the presence of an annulus of motion-
ally restricted lipids around each gel phase domain to obtain
a realistic value of their size (Almeida et al., 1992).

Lowering the miscibility without increasing the mismatch
at the gel/fluid interface is thus critical and can be achieved
by substituting for DMPC the asymmetric acyl-chain phos-
phatidylcholine of identical molecular weight, 1-stearoyl-2-
capryl-phosphatidylcholine (C18C10PC). C18C10PC adopts
in the gel phase a mixed-interdigitated configuration in which
the longer acyl chain spans the entire bilayer, resulting in three
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acyl chain cross-sectional areas per headgroup (Mclntosh et
al., 1984; Slater and Huang, 1988). Above its phase transition
temperature, C18C10PC exhibits partial dynamic interdigita-
tion (Halladay et al., 1990; Mason, 1994), but with no mea-
surable effect on the long-range translational diffusion coeffi-
cient measured by FRAP (Schram and Thompson, 1995).
Moreover, the bilayer thickness of liquid crystalline
C18CI10PC is almost identical to fluid DMPC (Hui et al,,
1984). Thus, one can reasonably consider that in lipid mixtures
whose low-temperature melting component is either DMPC or
C18C10PC and high-temperature melting component is either
DPPC or DSPC, the bilayer thickness difference at the gel/
fluid interface does not vary much.

In the present study, we have investigated by FRAP the
translational diffusion of NBD-PE probes in C18C10PC/
DPPC and C18C10PC/DSPC mixtures as a function of
temperature. C18C10PC/DSPC, a highly immiscible lipid
mixture, was investigated by Mason (1988), and we have
established the phase diagram of C18C10PC/DPPC by dif-
ferential scanning calorimetry. These two lipids display a
limiting case of an eutectic mixture, with the eutectic point
too close to pure C18C10PC to be detected. An unusual
feature of the phase diagram of this system is the presence
of an inflection point on the liquidus line between 20 and
40% of DPPC, probably associated with a continuous tran-
sition of the liquid crystalline phase from a dynamic par-
tially interdigitated to a “classical” (i.e., noninterdigitated)
conformation.

Plots of the normalized diffusion coefficient D* versus
the gel phase area fraction obtained in the three lipid mix-
tures show an increasing efficiency of the gel phase do-
mains to restrict the diffusion coefficient when the ideality
of the mixture increases (in the order C18C10PC/DSPC —
C18C10PC/DPPC — DMPC/DSPC). This trend strongly
suggests a reorganization of the gel phase domains in
smaller and/or more ramified structures in more nearly ideal
lipid mixtures, as can be expected. Size and fractality may
be discriminated by the mobile fraction values, as a reduc-
tion of the fractal dimension of the gel phase domains
should have a major effect on the efficiency to compart-
mentalize the diffusion plane, i.e., in restricting M. Unfor-
tunately, the mobile fractions display a compositional de-
pendence which increases with the ideality of the mixture,
thus complicating this analysis: in a given mixture, the
higher the proportion of the high-temperature melting com-
ponent, the less efficient is the gel phase in obstructing the
long-range translational diffusion. This trend, absent in
C18C10PC/DSPC, clear in C18C10PC/DPPC, and consid-
erable in DMPC/DSPC, is most likely due to an increase of
the fractal dimension of the gel phase domains at high ratio
of high-temperature melting lipid.

To clarify the impact of the obstacle fractality on the
diffusion coefficient and mobile fraction measured by
FRAP, we have developed simple computer sirhulations of
fluorescence recovery curves in a matrix obstructed with
aggregates of point obstacles. These clusters are generated
by a self-obstructed diffusion process of point obstacles,
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which irreversibly stick with a defined probability when
they come in contact with a nucleation site or with a point
obstacle already in contact with one. An aggregation prob-
ability of 1 yields highly ramified aggregates, with a low
fractal dimension and a high efficiency in restricting diffu-
sion, whereas lower probabilities of aggregation lead to
more compact aggregates, whose fractal dimension grows
toward 2 and are less efficient in obstructing the diffusion.
This model was chosen by us as a simple way to generate
essentially centrosymmetric structures with variable inter-
face detail. We do not intend to imply that there is any
physical basis for believing the solid domains in the bilayer
form by this process or have this shape in detail. Certainly
the aggregation probability has no link to the mixing prop-
erties of the lipid components.

For a constant average aggregate size, we found a linear
increase of the relative diffusion coefficient with the fractal
dimension of the aggregates. This linear relationship, valid
only in an essentially open diffusion plane (M close to 1),
should not depend of the radius of observation and thus may
be applied to experimental FRAP measurements. The ob-
stacle fractality has also a major impact on the mobile
fraction: highly ramified aggregates are extremely efficient
in compartmentalizing the diffusion plane, whereas a higher
area fraction of compact aggregates is required to form
closed cavities. The variation of M with a decreasing prob-
ability of aggregation closely resembles the compositional
dependence evidenced on the mobile fractions mainly by
DMPC/DSPC and, to a lesser extent, by C18C10PC/DPPC.
This observation further support the view that the fractal
dimension of the gel phase domains increases with the
proportion of high temperature melting component in
DMPC/DSPC and (slightly) in C18C10PC/DPPC.

Even though the data obtained on the highly immiscible
lipid mixture C18C10PC/DSPC can be analyzed with a
classical model of nonoverlapping circular obstacles
(Schram et al., 1994) to yield a gel phase domain size of
~500 lipid molecules, the interplay of the obstacle size and
fractality, which may compensate each other, renders diffi-
cult a deeper analysis of the FRAP data obtained on
C18C10PC/DPPC and DMPC/DSPC. However, these re-
sults, together with the variation of size evidenced in
DMPC/DSPC by other approaches (Piknova et al., 1996;
Sankaram et al., 1992), clearly suggest that an increasing
miscibility of the lipid components complicates the topol-
ogy adopted by the gel phase domains, in terms of size,
fractality, and compositional dependence.

MATERIALS AND METHODS
Chemicals

C18CI10PC, DPPC, DSPC, NBD-DPPE, and NBD-DOPE were purchased
from Avanti Polar Lipids (Eugene, OR). All other chemicals were of
analytical grade.
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Calorimetry

Separate chloroform solutions of C18C10PC and DPPC were mixed, and
the solvent was removed in a rotary evaporator at 55°C. The samples were
then dissolved in benzene, colyophilized, and kept overnight under high
vacuum. The lipid mixtures were hydrated with a buffer NaCl 10 mM,
NaH,PO, 5 mM, EDTA 1 mM pH = 7.42, heated 15 min at 55°C, and
cooled down to room temperature three times. Samples were incubated 3 h
at 4°C before differential scanning calorimetry scans performed at a
heating rate of 15°C/h on a Microcal MC-2 differential calorimeter (Mi-
crocal, Inc., Amherst, MA). Two or three differential scanning calorimetry
runs were performed for each lipid composition and averaged. The onset
and completion temperatures were determined with the software supplied
by Microcal.

Multibilayers

Supported multibilayers were formed following the standard protocol of
Vaz et al. (1985), with a molar ratio phosphatidylcholine/fluorescent probe
of 2/1000. The standard buffer was NaCl 10 mM, Na,HPO, 5 mM,
NaH,PO, 5 mM, EDTA 1073 M, pH = 7. The samples were incubated 2
days at 10°C above their phase transition temperature before measurement.

FRAP experiments

FRAP experiments were carried out on an ACAS 470 workstation (Me-
ridian Instruments, Okemos, MI). In this apparatus, the 488-nm line of an
argon ion laser (Coherent 90 SUV) operated at 200 mW is split by an
acoustic-optic modulator. The resultant first order beam is used as a
bleaching (100% power) or monitoring (<10% power) beam in an inverted
microscope equipped with a 40X air objective and a motorized stage. After
the photobleaching phase, the fluorescence intensity profile is scanned
repeatedly through the bleaching area by computer driven translations of
the microscope stage. The laser power supply, acoustic optic modulator,
and motorized stage are interfaced with an IBM compatible microcomputer
and operated by the software provided by Meridian. Note that between two
consecutive scans (typically 90% of the time), the beam is “parked” far
away from the observation area and thus does not bleach the sample as it
would with steady illumination.

Recovery scans were analyzed with the diffusion function of Koppel
(1979). The diffusion coefficient D, the mobile fraction M, and three
parameters of the shape of the initial Gaussian profile of the fluorophore
concentration (maximum bleaching amplitude, «0; half-width at half-high,
0; and x-coordinate of a0) were adjusted to obtain the best fit between the
experimental points and the diffusional function. Each D and M value
reported is the average of 40 recoveries recorded on four different samples.
The standard deviations are always less than =15% on D, +3% on M.

The temperature of the sample was regulated by a Peltier stage unit.
Multilayers were preincubated at the highest temperature of the scan for
1 h, then cooled down in steps of 3°C, allowing 30 min of equilibration at
each temperature before measurement.

Simulation of fluorescence recovery curves

A portion of a flat membrane was modeled by a square area of a 500 X 578
sites triangular lattice with periodic boundary conditions. Each site of the
lattice can be either empty, occupied by an obstacle or a tracer. The
equivalent of the spot FRAP fluorescence intensity is determined by
counting the number of tracers present in a circular observation area of
50 lattice spacings (l.s.) radius in the center of the lattice. All the lattice
sites are examined sequentially, a scan of the whole matrix represents a
time step of the system. When a site bears a tracer, a direction of jump is
chosen at random among the six possible. Unless the destination site is
occupied by an obstacle, the tracer jumps to the neighboring site, even if
the destination site is already occupied by another tracer. The situation in
which several tracers occupy the same position has no physical relevance
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but is intended to simulate a purely random diffusion process and avoid
self-obstruction diffusion effects, which increase rapidly with the tracer
area fraction (Abney et al., 1989). With an equilibrium perturbation such as
a FRAP experiment, tracer-tracer obstruction would give rise immediately
after the bleaching to the equivalent of a chemical potential between the
observation area (tracer-depleted) and the surrounding medium, thus bias-
ing the recovery.

Fluorescence recovery curves are generated in three steps:

1) A total of 10% of the matrix sites, chosen at random, is initially occupied
by tracers, and the system is equilibrated on a 1000 time steps run. I, the
prebleach fluorescence intensity, is set equal to the average number of tracers
present in the observation area during this equilibration phase.

2) The photobleaching process is then simulated by erasing all the
tracers present in the observation area.

3) The fluorescence intensity is recorded over 15,000 time-steps. A
complete recovery mobilizes ~1000 tracers, a number high enough to
ensure a good signal/noise ratio for each recovery curve. The resolution is
further improved by recording several recoveries and averaging them,
allowing eventual obstacles distribution heterogeneities in and around the
observation area to be averaged. The resultant recovery curve is analyzed
with the standard spot-FRAP diffusional functions (Lopez et al., 1988)
with the bleached area radius equal to 50 l.s. The agreement between the
simulated recoveries and the best-fit diffusional curves is excellent with the
standard deviation between them <1072 in every case. In an obstacle-free
lattice, we obtained, by averaging 10 recoveries, a diffusion coefficient of
0.241 arbitrary unit and a mobile fraction of 0.998, with a standard
deviation of 0.0054. D values are normalized relative to this obstacle-free
reference to give a relative diffusion coefficient, D*.

The obstacles, either points or aggregates, are distributed before introducing
the tracers, with a new distribution for each recovery recorded. Aggregated
obstacles are generated with a diffusion limited aggregation process derived
from the model developed by Saxton (1992): a fraction of the point obstacles
(1 in 250) is assigned as immobile nucleation sites. The system then undergoes
an aggregation phase, in which the mobile point obstacles diffuse randomly.
The aggregation is modeled as a self-obstructed process, i.e., when a point
obstacle tries to jump to a site occupied by another point obstacle, the jump
fails. When a point obstacle comes in contact with a nucleation site, it sticks
irreversibly to it and becomes part of a growing nucleation cluster if a random
number chosen between 0 and 1 is larger than an initially assigned probability
of aggregation, P,,,. When a point obstacle comes in contact with several
nucleation sites, an equal number of attempts are made to aggregate. Obstacle
aggregates are not allowed to diffuse. The aggregation goes on until all point
obstacles become part of some nucleation cluster.

In such a model, the density of the nucleation sites determines the scale
length at which the aggregation takes place (average aggregate size),
whereas the probability of aggregation determines the fractality (ramified
or compact shape) of the aggregates (Saxton, 1992). For each obstacle area
fraction and probability of aggregation, the fractal dimension Df of the
aggregates is calculated from the slope of the cluster weights (number of
lattice sites) versus their radius of gyration in a double-logarithmic plot
(Stauffer and Aharony, 1992). Note that because of cluster merging, the
average cluster size becomes significantly larger than 250 lattice sites
above an obstacle area fraction of 20% (Table 1). For that reason, Df is
calculated only from clusters whose weight does not exceed 250 sites. The
fractal dimensions in Table | thus reflect the cluster topology resulting
from the aggregation process, not cluster merging. Both become signifi-
cantly different at high obstacle area fractions and low probability of
aggregation. We also determined the lowest obstacle area fraction at which
the matrix contains at least one cluster of weight larger than 32,000 lattice
sites, that is of a scale-length comparable to the matrix dimensions.
Although that point does not represent exactly the percolation threshold, it
gives an estimate of it in the 10% obstacle area fraction increment we used.

To compensate for obstacle distribution heterogeneities, due either to a
low number of aggregate or to a large aggregate size (see Table 1), we
averaged 10 recoveries for aggregates at 10 and 20% area fraction for all
probabilities of aggregation and above 30% obstacle area fraction for
probability of aggregation of 1/100 and 1/1000. For all other conditions,
five recoveries were averaged.
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RESULTS
Phase diagram of C18C10PC/DPPC

As the phase diagram of C18C10PC/DPPC has not previ-
ously been determined, we have examined mixtures of these
two phosphatidylcholines by differential scanning calorim-
etry. The heat capacity curves as a function of temperature
for different mole fractions of C18C10PC in DPPC are
plotted in Fig. 1. The sharp endotherm of pure C18C10PC
centered at 17.4°C broadens appreciably when the DPPC
content increases from 0 to 20%. At more than 20 mol %
DPPC, the heat capacity curves display broad, high temper-
ature wings, but the onset temperature remains constant at
17.4°C up to 70% of DPPC. Between 20 and 40% DPPC,
the completion temperature increases markedly from 22.5 to
34.8°C, then slowly goes up to 41.4°C above 40% DPPC.
At 50% DPPC, a clear high temperature endotherm begins
to appear, shifting to higher temperatures when the DPPC
content increases, before finally merging with the pure
DPPC endotherm. Above 70% DPPC, the low temperature
endotherm wing merges with the high temperature one.

The onset and completion temperatures determined from
these thermograms were used to construct the phase dia-
gram of the C18C10PC/DPPC mixture (Fig. 2B). The in-
variance of the onset temperature at 17.4°C, corresponding
to the phase transition temperature of pure C18C10PC,
indicates that a gel phase, G1, of almost pure C18C10PC
coexists with a DPPC-rich gel phase, G2. This extended gel
phase immiscibility is not unexpected because C18C10PC
adopts a mixed-interdigitated conformation in the gel phase,
in which the bilayer thickness is considerably smaller than
the noninterdigitated gel DPPC (Mclntosh et al., 1984). In
the same way, the solubility of fluid phase DPPC in the
mixed interdigitated gel phase C18C10PC is extremely low,
probably due to the important difference in bilayer thickness
between both phases. C18C10PC/DPPC is thus likely to be
a limiting case of an eutectic mixture, with the eutectic point
too close to pure C18C10PC to be detected.

The unusual shape of the liquidus line with an inflection
point (Fig. 2 B) may be accounted for by the peculiar nature
of the liquid crystalline phase of C18CI10PC. At <20%
DPPC, it must present the same kind of dynamic partial
interdigitation as pure fluid C18C10PC (Halladay et al.,
1990; Mason, 1994). The inflection zone, between 20 and
40% DPPC, is likely to correspond to a continuous transi-
tion of the fluid phase from a dynamic partially interdigi-
tated to a classical (i.e., noninterdigitated) configuration.

The phase diagram of the C18C10PC/DSPC mixture,
established by Mason (1988) is shown in Fig. 2 A. These
two lipids are highly immiscible in the gel phase, and even
display a limited region of liquid-liquid immiscibility,
F1+F2. The main gel/liquid crystalline phase coexistence
region, F1+G3, consists of a DSPC-rich (>95%) gel phase
coexisting with a C18C10PC-rich (>80%) fluid phase (Fig.
2 A) (see Mason, 1988). The phase diagram of DMPC/
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TABLE 1 Computer simulated recovery curves: variation of the diffusional parameters D* and M and of the aggregate
topology (fractal dimension Df, average weight, and average radius of gyration Rgyr, with SD) with the obstacle area
fraction ¢ and the probability of aggregation P, ,. p = percolating aggregate. Df and Rgyr are calculated only below the

obstacle percolation threshold

c D* M Df Weight + SD Rgyr = SD
0 1.00 1.00
Random points
0.1 0.89 0.96
0.2 0.70 0.94
0.3 047 0.95
04 0.21 0.90
05 1.07 0.23
0.6 35.48 0.05
0.7 481.33 0.03
Aggregates P,,, = 1
0.1 0.59 0.91 1.45 250 = 131 127 £ 40
0.2 0.40 0.78 1.53 254 = 154 120 * 4.3
0.3 0.64 0.50 1.61 305 = 260 11.8 £5.7
0.4 1.00 0.26 14 14 P
0.5 8.13 0.09 P p p
0.6 180.50 0.04 p p P
Aggregates P, = 1/10
0.1 0.69 0.93 1.51 251 =127 11.8 £ 3.6
0.2 0.46 0.86 1.54 258 = 140 106 £ 34
03 0.40 0.77 1.53 276 = 152 9.8 £3.0
04 0.42 0.67 1.63 372 = 267 104 * 4.1
0.5 0.74 0.39 1.68 912 = 1511 147 = 10.9
0.6 1.29 0.22 P p P
0.7 15.31 0.08 p P p
Aggregates P, = 1/100
0.1 0.76 0.94 1.57 252 = 120 92+*26
0.2 0.60 0.95 1.64 266 = 130 8.0£22
0.3 0.55 0.94 1.69 307 £ 151 79*22
04 0.55 0.88 1.69 375 = 211 84 x27
0.5 0.57 0.82 1.80 590 + 458 105 £ 49
0.6 0.50 0.67 1.77 1384 = 1795 16.2 £ 12.1
0.7 1.10 0.41 D P p
Aggregates P,,, = 1/1000
0.1 0.80 1.00 1.77 264 = 109 69 * 15
0.2 0.83 0.95 1.85 323 £ 161 73+x21
0.3 0.93 0.89 1.84 434 + 260 85x31
04 0.83 0.89 1.86 691 * 653 109 £63
0.5 0.84 0.73 1.89 1385 = 2099 153 £13.0
0.6 1.26 0.60 p p 14
0.7 1.68 0.42 p p P

DSPC, refined by Knoll et al. (1991) by small-angle neu-
trons scattering, is shown in Fig. 2 C.

We will adopt the point of view that the ideality of a lipid
mixture can be approximated by the deviation of the fluidus
and solidus lines from the straight line connecting the tran-
sition temperatures of both lipids, relative to their difference
in transition temperature. The progression from C18C10PC/
DSPC (Fig. 2 A) to C18C10PC/DPPC (Fig. 2 B) to DMPC/
DSPC (Fig. 2 C) thus corresponds to an increase of the
mixture ideality, even though it does not strictly parallel the
temperature extent of the two-phase coexistence region.

FRAP experiments

We used NBD-DOPE as fluorescent probe for the lipid
mixture C18C10PC/DSPC and NBD-DPPE for the lipid

mixture C18C10PC/DPPC. Although the lateral diffusion
coefficient has not been reported to depend on the acyl
chains of the probe or of the host lipid (Vaz et al., 1984), a
fluorescent probe with acyl chains much shorter than the
high-temperature melting lipid may accumulate at the gel/
fluid interface (Jorgensen et al., 1993), and thus not report
accurately the diffusion in the liquid crystalline phase.
Moreover, to remain consistent with most published simu-
lations and analytical treatments of obstructed diffusion, we
performed only cooling scans, thus promoting the formation
of gel phase domains in a continuous liquid crystalline
phase.

The diffusion coefficients obtained in C18C10PC/DSPC
and C18C10PC/DPPC are shown as Arrhenius plots in Fig.
3, A and B. We compare our data with those obtained with
NBD-DLPE in DMPC/DSPC by Vaz et al. (1989) (cooling
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FIGURE 1 Differential scanning calorimetry heating thermograms for
samples of DPPC containing various amounts of C18C10PC. The heat
capacity curves of the pure components have been reduced to fit on the
plot.

scans) in Fig. 3 C. In this case, the diffusion coefficients for
the homogeneous fluid phase were calculated from the D
values at temperatures above the fluidus line in DMPC/
DSPC mixtures (Vaz et al., 1989). On an Arrhenius plot,
these points are well fitted by a straight line (data not
shown), yielding an activation energy of 6.9 kcal/mol, well
within the range commonly found for the lateral diffusion of
a phospholipid analog in a liquid crystalline phase bilayer
(Almeida et al., 1992; Vaz et al., 1985).

As expected at a given temperature, the diffusion coeffi-
cient in a phase-separated lipid bilayer is always less than in
the homogeneous fluid phase. The deviation corresponds to
the restriction of lateral diffusion caused by the gel phase,
and thus increases markedly when the temperature de-
creases (higher 1/T values) and when the concentration of
high-temperature melting component increases (Fig. 3 A-C),
as both factors increase the proportion of gel phase present
in the system. Since the NBD phosphatidylcholine analogs
diffuse appreciably only in the liquid crystalline phase, this
restriction reports the interactions between the coexisting
fluid and the gel phases, and is thus related to the gel phase
area fraction and to the gel phase domain topology. The
deviations from the fluid-phase values of D are weak in
C18C10PC/DSPC (Fig. 3 A), more important in
C18C10PC/DPPC (Fig. 3 B), and increase further in
DMPC/DSPC (Fig. 3 C). As can be seen from Fig. 2, this
progression parallels an increase of the lipid mixture
ideality.
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FIGURE 2 Phase diagrams for different phosphatidylcholine mixtures.
(A) C18C10PC/DSPC (Mason, 1988); (B) C18C10PC/DPPC (this study);
(C) DMPC/DSPC (Knoll et al., 1981); (F) fluid; (G) gel. The lines in B are
smooth lines drawn through the onset and completion temperatures ([]).

Note that even if their activation energies are similar, the
diffusion coefficients in homogeneous fluid phases in Fig.
3, A and B are much higher than in Fig. 3 C. This disagree-
ment addresses the legitimacy of comparing data obtained
with a square profile (Vaz et al., 1989, experimental and
simulations, this study) and a Gaussian profile (this study,
experimental data) of the postbleach fluorophore concentra-
tion. Although starting from different initial perturbed
states, both methodologies monitor the same phenomenon
over similar time and length scales, and we have a priori no
reason to believe they should yield different results. The
difference in observation radius used in this study (~7 pm
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(Vaz et al., 1989).

half-width at half-height) and by Vaz et al. (1989) (radius =
3 wm) becomes a critical parameter only if one is to calcu-
late an average size of closed cavities in which the diffusion
is restrained above the percolation threshold (Schram et al.,
1994). However, it is generally accepted that the diffusion
coefficients measured by FRAP do contain an experimental
contribution, that can be eliminated by calculating the nor-
malized diffusion coefficient, D* = D/D_, where D, stands
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for the diffusion coefficient of the fluid phase at a given
temperature.

D* values are plotted versus the gel phase area fraction,
¢, for each lipid mixture in Fig. 4. The gel phase area
fraction was calculated from the phase diagrams of Fig. 2,
assuming a molecular area of 63 A? for a phosphatidylcho-
line molecule in the liquid crystalline phase (Lewis and
Engelman, 1983) and of 45 A? in the gel phase (Weiner et
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FIGURE 4 Plot of the normalized diffusion coefficients D* versus the
area fraction of gel phase. (A) CI18CIO0PC/DSPC (this study); (B)
C18C10PC/DPPC (this study); (C) DMPC/DSPC (Vaz et al., 1989). The
legends in each plot indicate the molar fraction of the higher temperature
melting component. Straight lines in A and B are linear regressions,
discarding the data points with an associated mobile fraction <0.3 (Fig. 5
A-B), slope: —0.46 y intercept: 0.95 in A, slope: —1.19, y intercept: 0.97
in B.
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al., 1989), independent of acyl-chain length and chain
asymmetry. Although not rigorous, these assumptions rep-
resent reasonable estimates: the three lipid mixtures display
a coexistence region of a liquid crystalline C18C10PC- or
DMPC-rich phase and of a gel DPPC- or DSPC-rich phase.
Note that the molecular area of C18C10PC was determined
by x-ray diffraction to be ~55 A? at 22°C (McIntosh et al.,
1984), but because of the lack of resolution of this meth-
odology with fluid lipid bilayers and to the low water
content of the sample studied, we did not retain this value.
Moreover, introducing 55 A? as the molecular area of fluid
C18C10PC barely changes the results in Fig. 4, A and B and
Fig. 5, A and B.

In C18C10PC/DSPC, D* decreases regularly and linearly
when the gel phase area fraction increases (Fig. 4 A). D*
displays a steeper dependence on the gel phase area fraction
in the C18C10PC/DPPC mixture, and the data points may
still be fitted with a straight line (Fig. 4 B). This linear
dependence is a good indication that, over the whole range
of composition and temperature studied, the topology of the
gel phase domains remains almost constant. In contrast, the
data of Vaz et al. (1989) obtained in the DMPC/DSPC
mixture do not fall on a common plot: if each lipid ratio may
be adjusted by a straight line, they all display clearly dif-
ferent trends (Fig. 4 C): when the ratio of DSPC to DMPC
increases, D* becomes less dependent on the gel phase area
fraction, which unambiguously suggest that the gel phase
reorganizes in larger and/or more centrosymmetric domains
at high DSPC fraction. Note that the lack of linearity of the
data points in Fig. 4 C can hardly be accounted for by
uncertainties in the diffusion coefficient in the fluid phase:
completely unrealistic values of the activation energy are
needed to linearize this plot.

This compositional dependence is evidenced in a straight-
forward way in plots of the mobile fraction versus the gel
phase area fraction. If in C18C10PC/DSPC, all the data
points fall on a common trendline (Fig. 5 A), the mobile
fractions exhibit in C18C10PC/DPPC a clear compositional
dependence (Fig. 5 B) that was not apparent in the normal-
ized diffusion coefficient plot: the higher the fraction of
DPPC, the less efficient is the gel phase in compartmental-
izing the diffusion plane, which let suppose a reorganization
of the gel phase into more compact domains at high con-
centrations of DPPC. This trend increases further in the
DMPC/DSPC mixture, where the compositional depen-
dence is extreme (Fig. 5 C). It is noteworthy that for every
lipid mixture investigated with either NBD-DOPE (Fig. 5
A), NBD-DPPE (Fig. 5 B) or NBD-DLPE (Fig. 5 ), the M
values show an initial plateau region close to 1, meaning
that a significant amount of gel phase can exist without any
immobilization of the probes. This observation demon-
strates that in a two-phase, two-component phosphatidyl-
choline bilayer investigated by FRAP, the NBD-PE probes
report only the diffusion occurring in the liquid crystalline
phase, due either to their low solubility in the gel phase, or
to a low fluorescence intensity in gel phase subsequent to a
modification of the local polarity around the NBD ring
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of gel phase. (A) C18C10PC/DSPC (this study); (B) C18C10PC/DPPC
(this study); (C) DMPC/DSPC (Vaz et al., 1989). The legends in each plot
indicate the molar fraction of the higher temperature melting component.

(Fery-Forgues et al., 1993,) or to auto-quenching resulting
from a common exclusion from the gel phase.

Simulations

The normalized diffusion coefficients D* obtained with ran-
domly distributed point obstacles, and with obstacle aggregates
generated with a density of nucleation sites of 1/250 and a
probability of aggregation of 1, 1/10, 1/100, and 1/1000 are
plotted versus the obstacle area fraction in Fig. 6 A. As ex-
pected, for randomly distributed point obstacles, D* decreases
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FIGURE 6 Computer-simulated recovery curves. Variation of the nor-
malized diffusion coefficient D* (A) and of the mobile fraction M (B)
versus the area fraction of obstacles. [], randomly distributed point obsta-
cles. Obstacles aggregates obtained with a density of nucleation sites of
1/250 and a probability of aggregation of A: 1, ¢: 1/10, O: 1/100 and +:
1/1000. The arrows in B correspond to the appearance of a percolating
obstacle aggregate (see text). Continuous lines in A and B are guidelines
drawn through the points. Dashed line in A is from the Eq. 4 of Schram et
al. (1994) for nonoverlapping circles of 250 lattice sites surface.

almost linearly as the obstacle area fraction increases and can
be extrapolated at D* = 0 to an obstacle area fraction of 0.5
(Fig. 6 A), which is the percolation threshold for a triangular
lattice (Saxton, 1989, Stauffer and Aharony, 1992). Above an
obstacle area fraction of 0.5, D* displays an artifactual increase
(Table 1) due to the restriction of the diffusion in closed
cavities (Schram et al., 1994).

As demonstrated by Saxton (1992), at low obstacle area
fraction, obstacle aggregates are more efficient in restricting
the diffusion coefficient than randomly distributed point
obstacles (Fig. 6 A). The higher the probability of aggrega-
tion used to generate them, and the more effective they are
in decreasing D*, because of the formation of more ex-
tended structures. This tendency is clear at low obstacle area
fraction but above ¢ = 0.2, D* increases or exhibits a
plateau region (Fig. 6 A) well before the matrix is occupied
by a percolating obstacle cluster (arrows in Fig. 6 B). This
behavior comes from an increase of the obstacle aggregate
average size, due to aggregates merging, and, to a lesser
extent, to an increase of their fractal dimensions with the
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obstacle area fraction (Table 1). Both factors result in large
obstacle aggregates with a slightly more compact structure,
that is less effective in obstructing diffusion. Note however
that below their respective percolation thresholds, all the
relative diffusion coefficients are less than the obstacle-free
D* value (Fig. 6 A and Table 1), showing the consistency of
the data.

Variations of the mobile fraction versus the obstacle area
fraction are reported in Fig. 6 B. If for randomly distributed
point obstacles, M remains close to 1 up to ¢ = 0.4, as little
as 20% area fraction of aggregates generated with a prob-
ability of aggregation of 1 and 1/10 causes a significant
decrease of the mobile fraction (Fig. 6 B). A percolating
obstacle cluster is formed at ¢ = 0.4 for P, = 1l,andatc =
0.6 for P,;, = 1/10 (arrows in Fig. 6 B; see also Table 1).
For lower probabilities of aggregation of 1/100 and 1/1000,
M decreases significantly only above ¢ = 0.4, and a perco-
lating obstacle aggregate appears at ¢ = 0.7 and 0.6, re-
spectively (Table 1).

The key feature in Fig. 6 B is that, when the probability
of aggregation decreases from 1 to 1/10 to 1/100, there is
a systematic shift of the curves toward higher obstacle
area fractions, that is a decreasing efficiency in compart-
mentalizing the diffusion plane. Note that above ¢ = 0.4,
the obstacle aggregates formed with a probability of
aggregation of 1/1000 yield significantly lower mobile
fractions than those generated with P,,, = 1/100. This
disagreement is probably due to the large average size
and size distribution of the aggregates formed at P,,, =
171000 at high obstacle area fraction (Table 1), which
may also account for the relatively broad scattering of the
diffusion coefficients obtained with this probability of
aggregation (Fig. 6 A).

At low obstacle area fraction, the merging of obstacle
aggregates during their formation is not frequent and the
average aggregate size remains constant around its nom-
inal value, that is 250 lattice sites: Poye = 1, 1/10, 1/100,
and 1/1000 at an obstacle area fraction of 0.1, and Poge =
1, 1/10, and 1/100 at an obstacle area fraction of 0.2
(Table 1). The variation of the relative diffusion coeffi-
cient versus the fractal dimension Df of the obstacles
obtained at constant average aggregate size is plotted in
Fig. 7. Results are compared with what is expected for
nonoverlapping circular obstacles (plain two-dimensional
objects, that is Df = 2) of a surface of 250 sites using the
analytical expression of Schram et al. (1994) (Eq. 1).
Both models are roughly identical at low obstacle area
fractions when the aggregates are well separated from
each other. As can be seen from Fig. 7, the values for
each obstacle area fraction can be adjusted by a straight
line. At 20% obstacle area fraction, there is a monotonic
increase of D* from Pagg =1 to 1/10, 1/100, and con-
tinuous circles. With 10% obstacle area fraction, the
slope is lower, but D* still increases regularly from
P, = 1 to 1/10, 1/100, 1/1000, and continuous circles
(Fig. 7).
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FIGURE 7 Computer simulated recovery curves. Variation of the nor-

malized diffusion coefficient D* versus the fractal dimension Df of aggre-
gates at constant aggregate average size (~250 sites) for an obstacle area
fraction of l, ¢ = 0.1 and [, ¢ = 0.2. The values at Df = 2 are calculated
from Eq. 4 of Schram et al. (1994) for nonoverlapping circles of surface =
250 sites. Straight lines are linear regressions.

DISCUSSION

The lipid mixing properties are probably a key factor reg-
ulating the gel phase domain topology: due to a low com-
positional difference and to a low energetic content of the
transition between the coexisting fluid and gel phases, lipid
components mixing well together are expected to organize
in small and/or ramified gel phase domains and thus to
reduce strongly the long-range translational diffusion,
whereas immiscible lipids are likely to form large and/or
compact gel phase domains, with less influence on the
lateral diffusion at comparable gel phase area fractions. The
diffusion coefficients obtained in this study on C18C10PC/
DSPC and C18C10PC/DPPC mixtures, together with the
DMPC/DSPC mixture previously investigated by Vaz et al.
(1989), are consistent with this consideration. The increas-
ing efficiency in restricting the diffusion coefficient is par-
ticularly clear between CI18C10PC/DSPC and both
C18C10PC/DPPC and DMPC/DSPC (Fig. 4), and support
the view that the gel phase tends to organize in small and/or
ramified domains when the ideality of the lipid mixture
increases.

Unfortunately, no distinction can be made between a
diminution of size and a decrease of the fractal dimension.
If a variation of the gel phase domain fractality is expected
to have a major effect on the mobile fraction, the compo-
sitional dependence of M evidenced in DMPC/DSPC (Fig.
5 O) and, to a lesser extent, in C18C10PC/DPPC (Fig. 5 B)
prevents such an analysis. Nevertheless, this compositional
dependence of the mobile fraction is a clear indication that
for each of these two lipid mixtures, the gel phase domain
topology varies across the phase diagram, as it was previ-
ously reported in the literature for DMPC/DSPC: an ESR
study of Sankaram et al. (1992) suggests that, in this mix-
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ture, the average gel phase domain size increases linearly
with the molar fraction of gel phase. This view is further
supported by a recent fluorescence quenching investigation
that also suggests an increase in the average fluid phase
domain size with the proportion of fluid phase in DMPC/
DSPC (Piknova et al., 1996). The data in Figs. 4 and 5,
however, show a direct correlation between the extent of
this compositional dependence and the ideality of the lipid
mixture: the higher the miscibility of the lipid compounds,
and the more the gel phase domain topology varies.

The decreasing efficiency in compartmentalizing the dif-
fusion plane when the proportion of high-temperature melt-
ing component increases (Fig. 5, B and C) can be accounted
for by considering a variation of the gel phase domain shape
rather than size. To obtain a quantitative estimate of the
influence of the obstacle fractality on the mobile fraction
and diffusion coefficient measured by FRAP, we have de-
veloped simple computer simulations of fluorescence recov-
ery curves in a matrix obstructed with aggregates of point
obstacles. A diffusion-limited aggregation process, de-
scribed in Material and Methods, was used to generate
randomly distributed obstacles of various fractal dimensions
with an average size of 250 sites (lipid molecules). That is
the order of magnitude expected for a gel phase domain in
a phase-separated two-component phosphatidylcholine bi-
layer (Almeida et al., 1992, Sankaram et al., 1992). Note
that because of cluster merging during their formation, the
average aggregate size increases rapidly above an obstacle
area fraction of 0.2 (Table 1).

We do not mean to suggest that this diffusion-limited
aggregation model is the actual mechanism involved at a
molecular level in the lateral phase separation process. We,
therefore, do not relate the probability of aggregation be-
tween point obstacles to a lipid mixing nonideality param-
eter (von Dreele, 1978). However, this model might be
representative of the lateral phase separation if one assumes
that phase separation proceeds via the initial formation of
circular gel phase domains of small size that diffuse and
aggregate at a later stage, as suggested by Florsheimer and
Mohwald (1989). The model may also be applied to the
aggregation process of a trans-membrane protein. One site
of the lattice would then correspond either to a small-size
gel phase domain or to a protein molecule, but provided that
the aggregate junctions are tight and obstruct the transla-
tional diffusion of the fluid-phase lipid molecule, this
rescaling of the matrix should not affect the results if the
diffusion coefficients are renormalized.

In the present study, we adopt the point of view that the
model generates obstacle aggregates whose size and frac-
tality have the same impact on the diffusion coefficient and
mobile fraction measured by the FRAP as the actual gel
phase domains. The detailed mechanism used to generate
the aggregates should not have an influence on the way their
size and fractality obstruct the lateral diffusion. Two major
conclusions can be drawn from these simulations:

1) At low obstacle area fraction, where the average ag-
gregate size remains constant around 250 lattice sites, the
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relative diffusion coefficient increases linearly with the
fractality of the aggregates, with a slope increasing with ¢
(Fig. 7). This relation, valid only in an essentially open
diffusion plane (mobile fraction close to 1), does not depend
on the observation area and thus may be generalized to
experimental FRAP data if the average size of the gel phase
domains can be deduced from other approaches, such as
ESR (Sankaram et al., 1992).

2) As expected, the efficiency in compartmentalizing the
diffusion plane, i.e., in decreasing the mobile fraction, de-
pends strongly on the obstacle fractality. At constant aver-
age aggregate size (that is for ¢ = 0.2 in Fig. 6 B), highly
extended obstacles are much more efficient to do so than
compact ones (Fig. 6 B). When considering the aggregate
merging, the variation of M with a decreasing probability of
aggregation deduced from the simulations (Fig. 6 B) closely
resembles the compositional dependence evidenced in the
mobile fractions by DMPC/DSPC (Fig. 5 C) and, to a lesser
extent, C18C10PC/DPPC (Fig. 5 B), and thus strongly sug-
gests that the fractal dimension of the gel phase domain
increases with the proportion of high temperature melting
component in DMPC/DSPC and (slightly) in C18C10PC/
DPPC.

Because the diffusion coefficients in C18C10PC/DPPC
display no clear compositional dependence (Fig. 4 B), the
increase of the gel phase domain fractal dimension with the
proportion of DPPC has to be compensated by a reduction
of their size to keep D at an almost constant value. In
DMPC/DSPC, the reorganization of the gel phase domains
into more compact structures at high proportions of DSPC
seen on the mobile fractions (Fig. 5 C) is consistently
reflected by a reduced efficiency to restrict the diffusion
coefficient (Fig. 4 C), but the linear increase of the gel phase
domain size with the gel phase area fraction deduced by
ESR in DMPC/DSPC by Sankaram et al. (1992) might have
been overestimated. These authors did not consider a vari-
ation of the domain shape, which may be crucial in terms of
spin-spin interactions. We could not deduce from the FRAP
data obtained on DMPC/DSPC nor on C18C10PC/DPPC a
consistent trend between either D or M and the gel phase
area fraction. Besides the differences in the dynamics sam-
pled by the ESR spectroscopy and the FRAP, it could be
that the fraction of the coexisting fluid and gel phases as
well as their composition are both involved in determining
gel phase domains topology.

In the C18C10PC/DSPC mixture, both the diffusion co-
efficients and the mobile fractions fall on common
trendlines (Figs. 4 A and 5 A): the results obtained for this
highly immiscible mixture may thus be analyzed in terms of
nonoverlapping circular obstacles of identical size. Using
the phenomenological equation of Schram et al. (1994):

D*=1-[1574—-0475 - In(")] - ¢ ¢))
where r is the obstacle radius expressed in (triangular) 1.s.

Considering that below a mobile fraction of 0.3, the recov-
eries are too small to be meaningful in the time window
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used, and discarding the corresponding points, we obtained
a size for the gel phase domains of ~500 lipid molecules in
C18C10PC/DSPC, which is probably a good estimate of
their actual size. This value was determined from a simple
linear regression of the data points in Fig. 4 A with an
associated mobile fraction of more than 0.3, to take into
account possible uncertainties in the diffusion coefficient in
the all-fluid phase. The y-intercept is, however, very close
to 1, showing the consistency of the data. Not surprisingly,
a similar approach on C18C10PC/DPPC yields an obstacle
size of ~20 lipid molecules (Fig. 4 B), too small to be the
actual size of the gel phase domains.

Due to the interplay of the obstacle size and fractality,
which may compensate for each other, the FRAP data
obtained on DMPC/DSPC and C18C10PC/DPPC mixtures
cannot be analyzed further. However, the variation of the
gel phase domain fractality with the global lipid composi-
tion seen in DMPC/DSPC and C18C10PC/DPPC, com-
bined with other investigations pointing to a variation across
the phase diagram of the size of the gel and fluid phase
domains in DMPC/DSPC (Piknova et al., 1996, Sankaram
et al., 1992), suggests that the lateral organization adopted
by a phase-separated two-component lipid bilayer becomes
more dependent, in terms of size and fractality, of the
proportion of the coexisting fluid and gel phase but also of
their composition, when the ideality of the mixture in-
creases. Dynamic local heterogeneities, which are likely to
increase with the mixture ideality, probably further compli-
cate the lateral organization. These considerations may be
especially relevant in terms of membrane microdomain for-
mation, since variation of either the global lipid composi-
tion or of the lipid acyl chains seems to promote drastic
changes in the long-range membrane topology.
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