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Monte Carlo Simulation of Protein-Induced Lipid Demixing in a
Membrane with Interactions Derived from Experiment
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ABSTRACT Lipid domain formation induced by annexin was investigated in mixtures of phosphatidylcholine (PC), phosphati-
dylserine (PS), and cholesterol (Chol), which were selected to mimic the inner leaflet of a eukaryotic plasma membrane.
Annexins are ubiquitous and abundant cytoplasmic, peripheral proteins, which bind to membranes containing PS in the presence
of calciumions (Ca®"), but whose function is unknown. Prompted by indications of interplay between the presence of cholesterolin
PS/PC mixtures and the binding of annexins, we used Monte Carlo simulations to investigate protein and lipid domain formation in
these mixtures. The set of interaction parameters between lipids and proteins was assigned by matching experimental observ-
ables to corresponding variables in the calculations. In the case of monounsaturated phospholipids, the PS-PC and PC-Chol inter-
actions are weakly repulsive. The interaction between protein and PS was determined based on experiments of annexin binding to
PC/PS mixtures in the presence of Ca®*. Based on the proposal that PS and cholesterol form a complex in model membranes,
a favorable PS-Chol interaction was postulated. Finally, protein-protein favorable interactions were also included, which are
consistent with observations of large, two-dimensional, regular arrays of annexins on membranes. Those netinteractions between
pairs of lipids, proteins and lipids, and between proteins are all small, of the order of the average kinetic energy. We found that

annexin a5 can induce formation of large PS domains, coincident with protein domains, but only if cholesterol is present.

INTRODUCTION

Cholesterol (Chol) is one of the most abundant lipids in
animal plasma membranes. Yet its role in membrane physi-
ology remains to be understood. When cholesterol is mixed
with saturated and unsaturated phospholipids, its preference
for ordered, saturated acyl chains leads to the formation of
liquid-ordered (L,) and liquid-disordered (L4) domains that
coexist in the plane of the membrane (1-5). Mixtures of
cholesterol with saturated phospholipids, such as phosphati-
dylcholine (PC) and especially sphingomyelin (SM), form
particularly ordered bilayers (1,6,7), which are still liquid
above the main phase transition of the phospholipid (8-
10). If the PC is unsaturated, SM/PC/Chol mixtures may
be good models for the outer leaflet of the cell membrane.
Cholesterol has been suggested to organize the membrane
through formation of liquid-ordered domains, which consti-
tute the physical basis of lipid rafts (11-14).

The lipid composition of the inner leaflet of animal
plasma membranes, however, is very different; it consists
mainly of phosphatidylethanolamine (PE), phosphatidylser-
ine (PS), and cholesterol (15-17). Mixtures of PE/PS/Chol
have been much less studied than those of SM/PC/Chol.
One important feature of PE/PS/Chol membranes, though,
is that they do not form L, phases or rafts (18). If the role
of cholesterol in the outer leaflet is in membrane organiza-
tion through compartmentalization into raft (L,) and nonraft
areas (11), what is its role in the inner leaflet?
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We wanted to investigate the role of cholesterol in a system
mimicking the inner leaflet. The model system chosen must
be quantitatively well understood, in terms of lipid-lipid
and lipid-protein interactions, so that meaningful predictions
are possible. This knowledge is especially necessary because
differences in interactions between lipids in membranes are
generally small (4,19), and the effect of cholesterol may be
subtle. Previously, we showed that addition of a peripheral
membrane protein, the C2 domain of synaptotagmin I, in-
duces lipid domain formation in the fluid state, in mixtures of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and  1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS). PS/protein domains result from coupling of a favor-
able protein-PS interaction with an unfavorable PC-PS inter-
action (20). We further conjectured that “one might also
postulate that some proteins that have no apparent enzymatic
or signaling activities, like the annexins, might function
specifically to organize lipid domains upon which other
proteins can bind” (20). Although they have no known enzy-
matic function, these membrane-binding proteins account for
~2% of the cytoplasmic proteins.

The design of this investigation was prompted by a few
observations: annexins show a preference for binding PS
relative to PC in the presence of Ca’t (21); cholesterol
seems to influence the interaction of annexins with phospho-
lipid bilayers (22,23); there is evidence for a preferential
interaction of cholesterol with PS relative to PC, especially
if the lipids have saturated or monounsaturated acyl chains
(24-26) (if the lipid has a polyunsaturated acyl chain, the
preference is reversed but very weak (27)); and annexins
are prone to forming large, two-dimensional, regular arrays
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on membrane surfaces (28), suggesting that protein-protein
interactions are also involved.

On this basis, we hypothesized that cholesterol may effec-
tively enhance the PS-PC repulsion, leading to larger PS
domains, even in the absence of protein. Then, in the pres-
ence of Ca®", the annexins would induce formation of large
domains in PC/PS/Chol mixtures. These mixtures resemble
the lipid composition of the inner leaflet of eukaryotic
plasma membranes, with the difference that the zwitterionic
lipid PE is replaced by another zwitterionic lipid, PC. The
replacement of PE by PC was motivated by practical consid-
erations and is explained below. To model this system, we
used Monte Carlo simulations of a simple lattice represent-
ing the lipid bilayer, to which proteins adsorb. The goal was
to predict the conditions—composition, concentrations, and
magnitudes of interactions between lipids and proteins—
under which domains should be observed.

METHODS
Monte Carlo simulations

Simulations were performed as previously described (5,20,29,30) using stan-
dard Monte Carlo methods (31-33). The lipid membrane was represented by
a 100 x 100 triangular lattice with skew-periodic boundary conditions. Each
site on the lattice is occupied by one phospholipid or cholesterol. To obtain
equilibrium configurations, the lipids are exchanged by randomly selecting
partners on the lattice, using a nonnearest-neighbor Kawasaki step (34).
The proteins are initially placed in solution, in a virtual volume calculated
to yield the correct lipid concentration, [L]. For a 100 x 100 lattice, which
contains 10* lipids, this volume is 107[L)/N4 (Avogadro’s number), thus
yielding [L] = 1 mM. The total number of proteins in the system was 10°,
thus yielding a concentration of 100 uM. The proteins are allowed to bind
to the lattice and, when bound, occupy a 19-site hexagon, superimposed on
the lipids. On the surface, a protein is allowed to move its center to another
lattice site (randomly chosen), or to desorb back into solution. The choice
between these two types of moves is aleatory. Steric overlap of proteins is
not allowed. In addition, acceptance or rejection of all attempted moves,
for both lipids and proteins, is based on the Metropolis criterion (35) with
a move probability that depends exponentially on the interaction free energy
change, using a random number (36) for the decision. The simulations
included a preequilibration period of 2 x 10* Monte Carlo cycles followed
by a period of 1-2 x 10° acquisition cycles, which were found to be more
than sufficient to reach equilibrium, as judged by the evolution of domain sizes
and protein binding. Simulations in larger lattices, of 200 x 200 and 300 x
300 sites, which correspond to an increase of up to an order of magnitude
in system size, yielded equivalent results (Fig. S1 and Fig. S2 in the Support-
ing Material). Six interaction parameters are used, three involving the annexin
and three involving only the lipids. Both a5-PC and a5-Chol interactions are
represented by a membrane binding free energy, 4Gyp, the a5-PS preferential
interaction is represented by €p, and the protein-protein interaction, by €4. The
three lipid-lipid, unlike nearest-neighbor AB interaction parameters are of the
form wap = eap— 1/2(e4 + €pp), Where the g;; represent the contact (nearest-
neighbor) interaction between the lipids i and j, and A, B=PC, PS, or Chol (4).

RESULTS AND DISCUSSION
The experimental model system simulated

The experimental model system consisted of bilayers of PC/
PS/Chol mixtures and the peripheral, membrane-binding
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protein annexin a5. We believe PC/PS/Chol mixtures should
capture the essence of the lipid component of the inner
leaflet of a eukaryotic plasma membrane, with respect to
the properties investigated here, although this is a working
hypothesis at this point. PC was used instead of PE because
the phase transition temperatures of the PE (37,38) are not
suitable for the experiments designed to obtain the protein-
lipid interactions. At first sight, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE) appears like the
most obvious choice to mimic the PE component of the bio-
logical membrane. However, the gel-to-fluid transition of
POPE occurs at 25°C and the POPS transition, at 12°C.
Therefore, a PE/PS 60:40 mixture is very near phase separa-
tion, at room temperature, a drastic and unphysiological
condition that must be avoided for subtler effects to be
observed. Dioleoyl-sn-glycero-3-phosphoethanolamine has
a more convenient gel-to-fluid transition temperature,
—16°C, but its fluid-to-hexagonal II phase transition occurs
at 10°C, rendering it useless at room temperature for these
experiments. (POPE would not suffer from this complica-
tion, with a fluid-to-hexagonal II transition at 72°C.) In
using POPC instead of POPE, we could also take advantage
of our previous work on PC/PS mixtures (20,39) and of the
knowledge of most interaction parameters with high
confidence.

Previously, we examined binding of annexin a5 to large
unilamellar vesicles composed of PC/PS in the presence
of varying concentrations of the lanthanide ion Tb**, which
was a mimic for Ca*" (21). More recently, annexin a5
binding to PC/PS membranes was reexamined, but in the
presence of its physiological ligand, Ca®". (J. W. Gauer,
K. J. Knutson, J. R. Murphy, S. R. Jaworski, and A. Hinder-
liter, unpublished data). The equilibrium binding constants
for annexin a5 obtained are now summarized. In aqueous
solution, binding of Ca*" to annexin a5 was described by
a model with five identical and independent sites, with a
binding constant Ky = 3.0 x 10° M~'. In the presence of
PC/PS 60:40 membranes (large unilamellar vesicles), the
binding isotherm included two types of sites. The first two
sites were of high affinity, with binding constant K, =
1 x 10° M~!. The second three sites were of low affinity,
similar to those in solution, with K;;, = 5.6 X 10° M.
Measuring binding of annexin a5 to PC/PS 60:40 in the
presence of 1 mM Ca®" yielded an apparent binding
constant K;** = 5.7 x 10* M™!, which is given by

(1 + K [Ca*])*(1 + K [Ca*])*

K™ = K
L ¢ (1 + Ko[Ca?*])’

6]

With the simplifying approximation of K, = Kj;, a
self-consistent thermodynamic cycle was constructed,
from which the binding constant of annexin a5 to PC/PS
60:40,1in the absence of Ca”, was calculated to be K; =
50 M.
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Interaction parameters for the Monte Carlo
simulations

Simulations of PC/PS membranes, with and without Chol,
were performed in the absence and in the presence of the
peripheral protein annexin a5, using standard Monte Carlo
methods (5,20,29,33). The lipid membrane was simulated
as a 100 x 100 triangular lattice, each site representing a
phospholipid or a cholesterol molecule. The annexins
were added from a virtual volume representing the aqueous
solution above the membrane. When bound, each protein
covers the area of a 19-site hexagon on the lattice (20).
The proteins associate with the lipid lattice with binding
constants derived from experiment, which depends on Ca*"
concentration and membrane composition. In all simula-
tions, the number of proteins in the system was 103, which
corresponds to a solution concentration of 100 uM, but the
number bound was = 50-100 proteins. The number of lipids
was 104, which corresponds to a concentration of 1 mM.

Binding of a5 to POPC was too weak to be reliably
measured. In the Monte Carlo simulations, we assumed a
sufficiently small free energy of interaction, 4Gp. =0,
which corresponds to a dissociation constant K, = 1 M.
The same interaction was assumed between annexin a5
and Chol (no preference over PC). Then, based on the exper-
imental binding constants to PC/PS 60:40, we determined &p
which represents the free energy by which annexin a5 binds
better to a PS lipid, located underneath the protein, than to
a PC lipid. This parameter was determined by varying its
value in Monte Carlo simulations of annexin a5 binding to
a PC/PS 60:40 lattice, in the limit of very few proteins bound
(to minimize excluded volume interactions), until the frac-
tion of bound a5 matched the value calculated from the ex-
perimentally derived binding constants, in the presence of
various Ca>" concentrations, at room temperature (295 K).
We found that ep = — 375, — 445, and — 470 cal/mol-lipid
in the presence of 20, 100, and 200 uM Ca**, respectively.
All simulations reported here were performed with ep =
— 445 cal/mol, corresponding to 100 uM Ca**.

In addition to these parameters, three lipid-lipid, unlike
nearest-neighbor interaction parameters were necessary.
They are defined by wyp = €45 — 1/2(e44 + €pp) and repre-
sent the excess free energy of contacts between the three
possible unlike A-B lipid pairs (PS-PC, PS-Chol, and
PC-Chol) over the average of the interactions between
each set of like pairs (4). The PS-PC interaction (wps_pc)
was set to +240 cal/mol, the value we previously found
to provide the best match between experimental and simu-
lated pyrene excimer/monomer emission ratios (20).
Measurements of Ca>" activity in combination with simula-
tions have shown that PS and PC do not mix randomly, but
form separate clusters, despite the electrostatic repulsion
between PS headgroups (41). Consistent with those observa-
tions, molecular dynamics simulations indicated a net favor-
able PS-PS interaction in mixtures with PC (42), in the
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presence of Ca’", corresponding to wps_pc = + 200
to 4350 cal/mol at room temperature (4). This is probably
because the high hydrogen bonding capacity of the PS head-
groups overrides the electrostatic repulsion, at least in the
presence of Ca®". Note that the interaction parameters
used in our simulations correspond to experimental condi-
tions that include Ca”".

The PC-Chol interaction (wpc_cho) Was set to
4200 cal/mol, a value previously found to yield very good
agreement between Monte Carlo simulations and fluores-
cence (Forster) energy transfer data in SM/POPC/Chol
mixtures (29). This value was also obtained from measure-
ments of lipid partitioning determined by isothermal titra-
tion calorimetry (4,43). However, the PC-Chol interaction
depends on the type of PC and on the state of the bilayer.
Cholesterol and dipalmitoylphosphatidylcholine (DPPC)
interact favorably in the L, phase, thus wpppc_chor < 0
(4,5,44). The same applies to interactions with dimyristoyl-
phosphatidylcholine (DMPC) and distearoylphosphatidyl-
choline (DSPC) in the L, phase (4). In the Ly phase,
however, the interaction between saturated PC and Chol is
essentially zero (4,44). PC with polyunsaturated acyl chains,
on the other hand, interact very unfavorably with Chol (45—
47), because the large conformational space of the unsatu-
rated acyl chains (48,49) is restricted next to cholesterol
molecules, resulting in an entropic penalty (4). The interac-
tion of monounsaturated PC (POPC) with Chol must lie
somewhere in between those of polyunsaturated and satu-
rated PC in the Ly phase (50). Thus wpopc_chor = + 100
to +200 cal/mol (29) appears correct, at least at low choles-
terol concentration (L4), which is the regime used here (10
mol% Chol). Now probably, the POPC-Chol interaction
becomes more favorable at high cholesterol concentration,
so that WpPOPC-Chol ~ 0 in POPC/Chol 70:30 (4)

Recent Monte Carlo simulations of the phase diagram
of DSPC/dioleoylphosphatidylcholine (DOPC)/Chol (51)
employed (at room temperature and in our notation)
Wpspc—chol = —760, Wpopc_chol = =590, and wpspc_popc =
4320 cal/mol. The phospholipids were simulated as linked
dimers (51), so the values are not directly comparable, but
they would actually be larger in absolute value if translated
into the simpler model we use. The DSPC/DOPC/Chol
system, however, is quite different from POPS/POPC/Chol
and even from SM/POPC/Chol, because its behavior is
dominated by the very unfavorable DSPC-DOPC interac-
tion (4,51,52). A favorable DSPC-Chol interaction is in
qualitative agreement with experiment, which, however,
yielded much smaller absolute values, wpspc_chol = —250
cal/mol close to room temperature (4). The negative value
of the DOPC-Chol interaction (51), on the other hand,
appears to fall outside the pattern, in the L4 phase, but
may be correct at high cholesterol concentration. We
suspect that fits of similar quality to the ternary DSPC/
DOPC/Chol phase diagram are possible using a smaller
absolute value for wpspc_chor ad Wpopc_chop > 0 but small,
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in the low-cholesterol regions. Those simulations are prob-
ably not very sensitive to the exact values of these two inter-
actions, as long as their difference remains constant,
because of the dominant effect of wpspc_popc-

The PS-PC and PC-Chol interactions used in our simula-
tions are weakly repulsive. In contrast, the PS-Chol interac-
tion was set to wps_chol = —350 cal/mol, which is favorable
and identical to that previously used for the SM-Chol inter-
action (29). This choice was based on observations that sug-
gested the formation of a PS-Chol complex in lipid
monolayers (24), as proposed for SM-Chol (53). That
SM-Chol and PS-Chol interactions may be of similar
magnitude is further suggested by the observation that
PS can compete with SM for Chol (54). Formation of
a complex or a preferential association requires a favorable
interaction, hence wps_cnor < 0. Smaller absolute values for
both SM-Chol and PS-Chol interactions, but still negative
(favorable) compared to POPC-Chol, are calculated from
partitioning experiments that use cyclodextrin (26). The
value of —350 cal/mol was used as a starting point, but the
effect of wps_chpo On domain size is examined below in
detail.

Finally, we allowed for the possibility that annexins
interact favorably when adjacent to each other on the
membrane surface. Evidence for a favorable interaction
between the proteins comes from the observation of ordered
two-dimensional arrays of annexins on membranes with
clear hexagonal packing (28). The corresponding Gibbs
free energy is represented by the interaction parameter
e4 = —0.68 kcal/mol. This value was chosen because it is
the minimum necessary to produce small protein clusters
in PC/PS 60:40 (Fig. 1 D and Fig. 2, light gray bars),
which were observed experimentally by fluorescence
microscopy (55). Fig. 2 shows the effect of varying 4 from
—0.65 kcal/mol (black bars) to —0.68 kcal/mol (light gray)

FIGURE 1 Snapshot of a simulation of PC/PS 60:40 in the presence of
annexin. (A) Lipid and (B) protein without protein-protein interactions
(4 = 0); (O) lipid and (D) protein with a protein-protein interaction of
&4 = —0.68 kcal/mol. Lipid (A and C): PS = black, PC = gray. Protein
(B and D): black hexagons on lipid matrix (gray).
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FIGURE 2 Protein domain size distributions in PC/PS 60:40 (number
of proteins in domains of a given size) as a function of the protein-protein
interaction parameter, €4: black, —0.65 kcal/mol; light gray, —0.68 kcal/mol;
dark gray, — 0.70 kcal/mol. The ordinate scale is truncated for clarity.

to —0.70 kcal/mol (dark gray). This variation of &4 results
in going from very small clusters (dominated by single
proteins) to very large ones (essentially one large domain)
over a range of only 50 cal/mol. If g4, < —0.8 kcal/mol
(more negative), complete agglutination of the protein on
the membrane results, which was not observed experimen-

tally (55).

Lipid and protein domain formation

We will now describe the most significant results of these
Monte Carlo simulations. First, we simulated the effect of
replacing 10% of the PC with Chol in a PC/PS 80:20
membrane. As found previously (20), in the absence of
Chol, the distribution of PS in the PC matrix is close to
random (Fig. 3 A). In PC/PS/Chol 70:20:10, however, small
PS/Chol domains form (Fig. 3 B). When annexin a5 is added
to PC/PS 80:20, no significant change in PS domain distri-
bution occurs, whether or not the proteins interact favorably
with each other (Fig. 3 C). Even with favorable protein-
protein interactions, the protein distribution on PC/PS
80:20 is also essentially random (Fig. 3 D). Similarly, in
PC/PS 60:40 no phase separation occurs, and even small
protein clusters are only observed in the presence of attrac-
tive protein-protein interactions (Fig. 1).

When annexin a5 is added to PC/PS/Chol 70:20:10,
however, larger PS/Chol domains form, even without
protein-protein interactions (Fig. 4 A). If the proteins
interact favorably with each other the PS/Chol domains
increase dramatically in size (g4 = —0.68 kcal/mol, Fig. 4
(), concomitant with formation of large protein domains
on the membrane surface (Fig. 4 D). Such large protein
domains do not form if the proteins interact only by hard
core repulsions (g4 = 0, Fig. 4 B).

Biophysical Journal 101(8) 1930-1937
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FIGURE 3 Snapshots of Monte Carlo simulations of PC/PS 80:20 (A)
and PC/PS/Chol 70:20:10 (B) in the absence of annexin; PC/PS 80:20
lipid (C) and protein (D) in the presence of annexin with a protein-protein
interaction parameter €4 = —0.68 kcal/mol. The PS-Chol interaction is
Wps_chol = —350 cal/mol. Lipid: PS, black; PC, gray; Chol, white. Protein:
black hexagons on lipid matrix (gray).

A more quantitative representation of these observations
is provided by the distribution functions of the PS domains,
shown in Fig. 5. In the absence of Chol, even with proteins
bound on the membrane, the PS domain distribution is
dominated by very small clusters (Fig. 5, black). Similarly,
in the absence of protein but in the presence of Chol, the PS

Almeida et al.

domain size distribution shows essentially an exponential
decay in size, albeit less pronounced (Fig. 5, light gray).
Well-defined, large PS domains are only observed if Chol
and annexin are both present, and especially so if the
proteins interact favorably with each other (Fig. 5, dark
gray).

It is known from experiment that the primary effect of
cholesterol is not on annexin binding, which is similar in
PC/PS and PC/PS/Chol at fixed PS content in the presence
of Ca®t (22,23) (also, S. Jaworski and A. Hinderliter,
unpublished data). Rather, cholesterol appears to affect
lipid-lipid interactions in the membrane. Therefore, it is
important to determine the effect of wpg_cpo on domain
formation, which is shown in Fig. 6 (A, wps_cho = —250;
B, -300; C, -350; D, —400 cal/mol). The corresponding
protein domains coincide with the PS domains (Fig. S3).
These results show that if wpg_cher = =300 cal/mol (less
negative) the large domains dissipate (although this can be
compensated by slightly more favorable protein-protein
interactions). The effect of the PS-Chol interaction is cast
in quantitative terms in Fig. 7, which shows the PS domain
size distributions for the same four values of wps_ chol
(increasingly negative from left to right).

These results do not contradict the observation that choles-
terol does not induce formation of L, domains in bilayers
modeling the plasma membrane inner leaflet (18), because
our simulations indicate that large domains do not form in

FIGURE 4 Snapshots of simulations of PC/PS/Chol 70:20:10 in the presence of annexin. (A) Lipid and (B) protein, without protein-protein interactions
(e4 = 0); (C) lipid and (D) protein, with a protein-protein interaction €4 = —0.68 kcal/mol. Lipid: PS, black; PC, gray; Chol, white. Protein: black hexagons on

lipid matrix (gray).
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FIGURE 5 PS domain size distributions (number of PS lipids in domains
of a given size). Black, PC/PS 80:20 in the presence of a5 with a protein-
protein interaction €4 = —0.68 kcal/mol; this corresponds to Fig. 3 C. Light
gray, PC/PS/Chol 70:20:10 without protein and wps_cho = =350 cal/mol;
this corresponds to Fig. 3 B. Dark gray, PC/PS/Chol 70:20:10 in the pres-
ence of a5, with e, = —0.68 kcal/mol and wps_cnho = —350 cal/mol; this
corresponds to Fig. 4 C. The ordinate axis gives the product of domain
size by the number of domains of that size, thus representing how much
PS is found in a domain of a given size; the ordinate scale is arbitrary
and is truncated for clarity.

POPC/POPS/Chol mixtures in the absence of annexin (Fig. 3
B). It would be interesting, however, to determine if probes
designed to detect domains based on partitioning between
ordered and disordered phases (18) could detect domains in
POPE/POPS/Chol in the presence of annexin.

Magnitudes of interactions and physical
interpretation

It is well established that annexins bind to PS-containing
membranes in the presence of Ca>". We used experimen-

FIGURE 6 Effect of varying the PS-Chol interaction (wps_cho1) on PS
domain sizes in PC/PS/Chol 70:20:10, in the presence of annexin a5. (A)
Wps_chol = —250 cal/mol, (B) -300 cal/mol, (C) =350 cal/mol, and (D)
—400 cal/mol. The other parameters are the same as in Fig. 4. PS, black;
PC, gray; Chol, white.
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FIGURE 7 Effect of varying the PS-Chol interaction on the PS domain
size distributions in PC/PS/Chol 70:20:10 (number of PS lipids in domains
of a given size). The four distributions represent the same conditions as
panels A-D in Fig. 6. Black (A) wps_cho = —250 cal/mol; Light Gray (B)
—-300 cal/mol; Dark Gray (C) =350 cal/mol; White (D) —400 cal/mol. The
ordinate axis gives the product of domain size by the number of domains
of that size, thus representing how much PS is found in domains of different
sizes; the ordinate scale is arbitrary and is truncated for clarity.

tally measured binding affinities of annexin a5 for Ca®"
and for PC/PS membranes to set the free energies of interac-
tion of annexin a5 with PC and PS in the Monte Carlo simu-
lations. The preference of a5 for PS over PC means that the
preferential interaction of the protein with PS contributes an
additional free energy of ep = —445 cal/mol of lipid to its
binding to the membrane surface, in the presence of 100
uM Ca*". Because this is not a very large energy, addition
of annexin does not lead to appreciable PS clustering in
PC/PS lattices (Fig. 3, C and D).

However, adding annexin to PC/PS/Chol mixtures re-
sulted in formation of PS domains that were especially large
if a favorable protein-protein interaction was also included
in the Monte Carlo simulations (Fig. 4 C; Fig. 5, dark
gray bars). The largest domains that can form in a 100 x
100 lattice are of course limited by the size of the lattice.
In the presence of favorable protein-protein interactions,
there is essentially one annexin/PS/Chol domain that scales
with the lattice size (Fig. S1). In very large systems, we
expect this domain to grow to sizes observable experimen-
tally by fluorescence microscopy.

The free energies of interaction used in the Monte Carlo
simulations are small. They are approximately of the magni-
tude of the thermal energy (RT) for protein-protein interac-
tions, about RT/2 for lipid-lipid interactions, and just
slightly above RT/2 for protein-lipid preferential interac-
tions. Yet these small interactions are sufficient to induce
formation of large lipid and protein domains in a PC/PS/
Chol lattice (Fig. 4, C and D). Those large domains, however,
are predicted to occur in a membrane only in the presence
of cholesterol and if wps chol 1S <-350 cal/mol (more
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negative). Otherwise, even with a favorable protein-protein
interaction and a preference of annexin a5 for PS over PC,
no large lipid domains form in PC/PS/Chol membranes.
The physical reason why cholesterol is essential for the
large domains to form was previously discussed for the
SM/POPC/Chol system (4). The negative wps_cpo increases
the likelihood of observing PS-Chol complexes. Because
the interaction of POPC with PS and Chol is unfavorable,
a POPC molecule adjacent to the complex is repelled
by both, therefore even more strongly. The value of
—350 cal/mol was previously used for the SM-Chol interac-
tion, which resulted in very large SM/Chol domains in
mixtures with POPC (4,29). The difference between these
two ternary lipid mixtures (without protein) arises because
the SM-PC interaction (+300 cal/mal) in SM/POPC/Chol
(29) is significantly more unfavorable than the PS-PC inter-
action (4240 cal/mol) in POPC/POPS/Chol, so POPC is
repelled more strongly by the “complex” in the former case.
It appears that large domains form in these mixtures if the
combination of the three interaction parameters is such that
the sum of the two repulsive minus the attractive one is at
least = 4850 cal/mol, at room temperature (4,5). In PC/
PS/Chol this COITCSpOIldS tO Wps_pc + WpC_Chol — WPS—Chol =
790 cal/mol, which is close but not enough (Fig. 3 B). The
protein-PS interaction coupled with the protein-protein
interaction provides the small additional driving force for
large PS-rich domains to appear. This role of choles-
terol—not so much in forming rigid lipid rafts, but rather
in providing an additional, if subtle, contribution to clus-
tering of PS domains in the inner leaflet of the plasma
membrane—is clearly suggested by the present results.

SUPPORTING MATERIAL

Three figures are available at
supplemental/S0006-3495(11)01073-3.
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