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ABSTRACT It is known from experimental studies that lipid bilayers composed of unsaturated phospholipids, sphingomyelin,
and cholesterol contain microdomains rich in sphingomyelin and cholesterol. These domains are similar to “rafts” isolated from
cell membranes, although the latter are much smaller in lateral size. Such domain formation can be a result of very specific and
subtle lipid-lipid interactions. To identify and study these interactions, we have performed two molecular dynamics simulations,
of 200-ns duration, of dioleylphosphatidylcholine (DOPC), sphingomyelin (SM), and cholesterol (Chol) systems, a 1:1:1 mixture
of DOPC/SM/Chol, and a 1:1 mixture of DOPC/SM. The simulations show initial stages of the onset of spontaneous phase-
separated domains in the systems. On the simulation timescale cholesterol favors a position at the interface between the
ordered SM region and the disordered DOPC region in the ternary system and accelerates the process of domain formation. We
find that the smooth a-face of Chol preferentially packs next to SM molecules. Based on a comparative analysis of interaction
energies, we find that Chol molecules do not show a preference for SM or DOPC. We conclude that Chol molecules assist in the
process of domain formation and the process is driven by entropic factors rather than differences in interaction energies.

INTRODUCTION

There is abundant evidence gathered in recent years
suggesting that cellular plasma membranes contain phase-
separated domains of different lipid composition. In
particular, there is a major focus on nano-size membrane
fragments that are not solubilized by the detergent Triton
X-100. These domains are called detergent-resistant membrane
domains (DRM) or ‘‘rafts’” (Simons and Ikonen, 1997
Reitveld and Simons, 1998; Pralle et al., 2000; Jacobson and
Dietrich, 1999). For reviews on the subject see Brown and
London (1998) and Edidin (2003). In a biological context
there is much recent evidence that nanometer-sized domains,
presumably similar in structure to DRMs, are important
membrane structural components in signal transduction
(Manes et al., 1999; Aman and Ravichandran, 2001; Xavier
et al., 1998; Kawabuchi et al., 2000), protein transport
(Rozelle et al., 2000; Cheong et al., 1999; Viola et al., 1999),
and sorting of membrane components (Manie et al., 2000;
Harder et al., 1998; Sonnichsen et al., 2000; Zerial and
McBride, 2001). There is also evidence for rafts functioning
as sites for the binding and transport into the cell of several
pathogens and toxins, including the human immunodefi-
ciency virus 1 (HIV-1) and the prion protein PrP*® (Fantini
et al., 2002).

At lower temperatures much of the sphingolipid and
cholesterol components of mammalian cell membranes can
be isolated in DRM fragments (Brown and Rose, 1992;
Brown and London, 1998). Data from fluorescence polari-
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zation measurements of liposomes incorporating diphenyl-
hexatriene show that the extracted DRM domains are in
a liquid-ordered phase (L) (Schroeder et al., 1994) in which
lipid chains are highly ordered but whole lipid molecules
have rotational and lateral diffusion coefficients comparable
to those in the liquid crystalline (L,) phase. Subsequently
a major focus of raft research has shifted to studies of bilayer
systems in the L, phase (Brown and London, 1998). These
systems typically involve mixtures of saturated phospholi-
pids, sphingolipids, and cholesterol. Reitveld and Simons
suggested that the *‘rafts’” are L,-phase domains dispersed in
a liquid crystalline (L,) phase bilayer (Reitveld and Simons,
1998). Hence, the term ‘‘raft’” is now used by many authors
to denote not just a DRM but also a L,-phase domain sur-
rounded by L,-phase lipids and other membrane com-
ponents (Brown and London, 1998).

A variety of experimental techniques have been employed
to study the properties of rafts or related L,-phase domains in
simple model membrane systems. The model membrane
systems are generally multilamellar vesicles, monolayers, or
giant unilamellar vesicle systems. Techniques employed
typically include fluorescence microscopy (Dietrich et al.,
2001; Samsonov et al., 2001; Veatch and Keller, 2002),
single particle tracking (Dietrich et al., 2002), differential
scanning calorimetry, and x-ray diffraction (Gandhavadi
et al.,, 2002) and atomic force microscopy (AFM) (Rinia
et al., 2001; Yuan et al., 2002; Lawrence et al., 2003). A
recent comprehensive review of experimental studies of rafts
and DRMs (Edidin, 2003) concludes that actual rafts in
membranes may be very small (=10 nm in diameter), and
that the intermolecular interactions that drive the formation
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and stability of these nano-domains are still largely un-
known.

Simulation studies offer the possibility of gaining atomic-
level insights not easily obtained in experiments. In recent
years numerous simulation studies have been performed on
saturated phospholipid and cholesterol systems to investigate
atomic level interactions and properties of bilayers in the L,
phase (see, e.g., Tu et al., 1998; Smondyrev and Berkowitz,
1999; Pasenkiewicz-Gierula et al., 2000; R6g and Pasenkie-
wicz-Gierula, 2001; Chiu et al., 2002; Hofsi} et al., 2003;
Pandit et al., 2004a). Most of these simulations focus on the
detailed interaction of cholesterol with the saturated phos-
pholipid and the clustering behavior leading to the L,, phase.
In our group, we recently used simulation to study the L,
phase of sphingomyelin (SM) in a 2:1 mixture of SM and
cholesterol (Chol) (Khelashvili and Scott, 2004). We found
that the L, phase in SM/Chol mixtures persisted over a 30°C
range in temperature. Despite these extensive simulations of
systems in a L, phase, there have been relatively few
simulation and modeling attempts that directly focus on the
issues related to the separation of L, and L,, phases in bilayer
systems (see, e.g., Huang et al., 1993; Anderson and
McConnell, 2001; Pandit et al., 2004b). In previous work,
we began to address this problem by carrying out a molecular
dynamics (MD) simulation of a 2:1 sphingomyelin/choles-
terol domain (in the L, phase) in a large dioleylphosphati-
dylcholine (DOPC) bilayer that was in an L, phase (Pandit
et al., 2004b). Due to the extremely large size of this system
(1424 DOPC, 264 SM, 122 Chol, and 62,561 SPC waters)

the longtime behavior of this system was beyond current
computational capacity. Hence, we have now carried out two
MD simulations of smaller systems to examine the onset of
spontaneous phase separation in DOPC, SM, and Chol
mixtures. The results of these simulations are presented in
this article.

METHODS

The MD simulations were performed on a ternary mixture of DOPC/SM/
Chol with a 1:1:1 composition (system S;) and a binary mixture of DOPC/
SM with a 1:1 composition (system S,). Both of these simulations were
performed using the GROMACS package (Berendsen et al., 1995; Lindahl
etal., 2001). Force-field parameters for the cholesterol molecules were those
used by Holtje et al. (2001). The parameters for the phosphocholine polar
groups were taken from our DPPC force field (Chiu et al., 1999a). The
parameters for the sphingosine chain and polar groups were taken from the
SM parameter set we developed for the simulation of a large pure 18:0 SM
bilayer (Chiu et al., 2003). The hydrocarbon chain parameters were taken
from our earlier determination of these quantities by fitting to density and
heat of vaporization data (Chiu et al., 1999b). The LINCS algorithm was
used to constrain all bonds in the system (Hess et al., 1997) allowing an
integration time step of 4 fs. Periodic boundary conditions were applied in all
three dimensions and long-range electrostatics were calculated using the
SPME algorithm (Essmann et al., 1995) with a real space cutoff of 9.5 A. A
cutoff of 18 A was employed for van der Waals interactions. The
temperature in both S; and S, simulations was maintained at 300 K, using
the Nose-Hoover scheme. The systems were equilibrated in an NPT
ensemble using the Parrinello-Rahman pressure coupling scheme (Nose and
Klein, 1983; Parrinello and Rahman, 1981) at a constant pressure of 1 atm.

The initial configurations for both the systems were generated by random
placement of 100 DOPC and 100 SM molecules (taken randomly from our
previous simulations of pure DOPC and pure SM bilayers) such that the
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phosphorus atoms of the headgroups were at the z = 25 A and z = —25 A
planes and the hydrocarbon chain were pointing toward the z = 0 plane.
System S; also had 100 cholesterol molecules randomly placed equally in
both the leaflets with hydroxyl oxygen in the planes z = 25 A and z = —25 A.
Two slabs of 5000 and 3500 SPC waters were placed above and below the
constructed bilayers for systems S; and S,, respectively. The systems were
energy minimized to remove bad contacts. A 200-ps MD simulation was
performed on each system at 500 K. This was done to ensure proper
disordering of the hydrocarbon chains. Then the temperature was brought
down to 300 K in steps of 50 K. At each temperature step a small 100-ps MD
simulation was performed on each system. Both the systems were simulated
for 2 ns of MD with regeneration of velocities from a Maxwellian distribution
at 300 K after every 100 ps. Then 3 ns of continuous MD simulations were
performed on each system. At this point the velocities were regenerated as
before and continuous 200-ns simulations were performed on both S; and S,.
Throughout the simulations we monitored the dimensions of the simulation
cells. The simulation cells were stable over a short timescale, but decreased
slightly in size during the full 200 ns of simulation time (see Fig. 2).

RESULTS AND DISCUSSION

Lateral diffusion coefficients for the lipids in the liquid
crystalline phase, determined from experiment, are of the
order of ~5 X 10~'% m?/s (Filippov et al., 2003). This value
along with Einstein’s relation gives a root mean square (RMS)
displacement of ~20 A for a single lipid in 200 ns. To address
the basic question of whether such a small RMS displacement
should allow for any domain formation in the simulation, we
consider the following: The area of the simulation cell of
system S, was ~6100 A%, We have 50 points (SM lipids)
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FIGURE 2 Plots of the X, Y, and Z dimensions of the simulation cells for
the systems S; and S, as functions of time.
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uniformly randomly distributed over this area. Therefore, the
average distance between nearest neighbors is ~9 A. If we
assume that SM molecules in the neighborhood of each other
tend to associate to begin to form a cluster then we should
expect to see several pairs or triplets of SM molecules gather
together to form small clusters on the simulation timescale. In
system S; we expect this effect to be more prominent as there
are 100 points (SM/Chol) randomly distributed over the plane.

Before investigating the issues related to domain formation
we first calculate standard structural and dynamic properties
and compare them with experimental data. At the end of the
simulation the MSD is ~3.2 nmz, which corresponds to ~18
A of RMS displacement. The calculated RMS displacement
of the molecules is similar to that estimated from the
approximate diffusion coefficient (as discussed above). To
obtain better sampling of the MSD we divided the 200-ns
trajectory into four 50-ns trajectories and averaged the MSD
over these four trajectories. Results of these averaged MSD
are presented in Fig. 3. Because the molecules clearly exhibit
diffusive behavior we use Einstein’s relation,

(r’y = 4Dy1, (1)
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mass of (@) Chol, (b) DOPC, and (c¢) SM as a function of time averaged over
four trajectories of 50-ns duration.
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to calculate the lateral diffusion coefficient (D). Table 1 lists
the resulting values of D for both systems (calculated by
fitting a straight line to the MSD traces in Fig. 3). We note that
the diffusion coefficients of DOPC in systems S; and S, both
are consistent with the experimental values (Filippov et al.,
2003, 2004). Further, all the diffusion coefficients in system
S, are smaller than those in system S,. This is probably a result
of the formation of localized clusters of cholesterol with the
lipid molecules in system S; (Pandit et al., 2004a), inhibiting
lateral mobility of the lipids. Fillipov et al. have observed that
the lateral diffusion of SM is significantly slower than that of
DOPC in 1:1:1 mixtures of SM/DOPC/Chol (Filippov et al.,
2004). We also observe a reduced diffusion of SM molecules.
However, on the simulation timescale, the difference in
diffusion coefficients of DOPC and SM is not large. One
possible reason is that the SM in the simulations is still in
a liquid crystalline phase rather than a gel or a liquid-ordered
phase. If the simulation were continued further in time then we
would expect a reduction in the diffusion of SM as it
aggregates into dense, ordered clusters. Hence, the calculated
reduced diffusion of SM is indicative of the onset of domain
formation in the system, but the less-than-expected reduction
in Dy of SM implies that the process has not reached
equilibrium in 200 ns.

A distinct feature of phase-separated domains is a differ-
ence in chain order and packing between ordered and fluid
domains. The ordering of hydrocarbon tails is determined in
NMR experiments by measuring the deuterium order param-
eters. The order parameter tensor, S, is defined as

1
S = 5(3005(6’3)cos(6b) -8y a,b=x,y,z, (2)

where 6, is the angle made by a™ molecular axis with the
bilayer normal and &, is the Kronecker delta. In the sim-
ulations, with the united atom force field, the order param-
eter for saturated and unsaturated carbons Scp can be determined
using the following relations

a2 1
S = 0+ 35w 3)

nsa 1 3 — \/§
St — S ST S 4)

TABLE 1 D, for various constituents of the systems
pborc DM DChol
ﬂ12 2 th 2 —le 2
System (X 107 ° m?/s) (X 1077 m?/s) (X 107 “ m?/s)
S 3.166 = 0.011 2.853 = 0.010 3.779 * 0.011
S, 4.803 = 0.013 4471 * 0.014 -

The values are calculated by averaging MSD over four 50-ns time slabs and
fitting a straight line to the data over the last 30 ns of each slab. The error
bars are the estimates of the error in straight-line fit.
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respectively, (Douliez et al., 1995). Figs. 4 and 5 show the
calculated order parameter profiles for both the chains of
DOPC and SM in systems S; and S,, respectively. The
calculated order parameter values after 200 ns for DOPC are
lower in the plateau region compared to their initial values.
On the other hand the SM order parameters after 200 ns are
slightly larger than their initial values. This means that
during the course of the 200-ns simulation time SM
molecules became slightly more ordered on average and
the DOPC molecules became less ordered, on average. This
is indicative of a slow process of separation of the phases
into domains. We also note that due to the presence of Chol
the order parameters in system S; are higher than those of
system S, for both DOPC and SM.

Fig. 6 shows the calculated electron densities for both
simulated systems. The distance between the peaks in
electron densities for both the systems, a measure of
thickness of the bilayer, is ~38 A. The thickness reported
by Gandhavadi et al. (2002) on 1:1:1 DOPC, bovine brain
SM, and Chol is ~43 A. There are two possible reasons for
this discrepancy: i), the bovine brain SM used in experiments
include SM molecules with longer chains than the 18:0 SM
used in this simulation; and ii), the simulated system is not
yet in a completely phase-separated state where the SM
chains are significantly ordered. Hence, we expect the
thickness of the bilayer to increase over long simulation
times. The electron density did not exhibit a bimodal
structure due to regions of different thickness.

Area per lipid and Voronoi tessellation

In simulations the area per lipid molecule is often used to
assess the validity of the simulation. However, as described
in our previous work (Pandit et al., 2004b), it is difficult to
calculate the area per molecule in a ternary mixture. Hence,
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FIGURE 4 Plots of chain-order parameter profiles for DOPC chains and
SM chains in system S;. The symbols represent (O) values averaged over
the first 10 ns of the simulation and (@) values averaged over the last 10 ns.
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FIGURE 5 Plots of chain-order parameter profiles for DOPC chains and
SM chains in system S,. The symbols represent (O) values averaged over
the first 10 ns of the simulation and (@) values averaged over the last 10 ns.

we used the voronoi tessellation technique introduced
previously (Pandit et al., 2004b). We began by projecting
each molecule onto a plane. We then approximated the
projected molecule by a two-dimensional polygon of area

1N—l

Apolygon = 5 ;) (xiyi-H - yixi+1)7 5

where N is the number vertices of the polygon and (x;, y;)
with i mod(N) are the coordinates of the vertices of the
polygon. A straightforward way of achieving this goal is by
taking centers of masses of the molecules and generating
a Voronoi tessellation (Jedlovszky et al., 2004; Falck et al.,
2004; Gurtovenko et al., 2003; Patra et al., 2003; Shinoda
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FIGURE 6 Electron density profiles for systems S; and S,.
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and Okazaki, 1998). However, for any system with a mixture
of molecules of different sizes, this method should over-
estimate the areas of smaller molecules and underestimate
the areas of larger ones. We verified this by calculating areas
per molecule in this and another simulation of ternary
mixture of DOPC/SM/Chol (Pandit et al., 2004b). Hence, we
decided to choose certain key atoms on molecules that lie
approximately at the interface of hydrophobic and hydro-
philic portions of each molecule type. To this end we chose
Cc!, CH!, and C? for DOPC (see Fig. 1) and C!, CH!, and
CH? for SM. The Chol was represented by the hydroxyl
oxygen.

We projected each of these atoms on the z = 0 plane and
constructed a Delaunay triangulation of these points. For
each of these triangles we calculated the circumcenters.
These circumcenters are the coordinates of the vertices of the
Voronoi polygons corresponding to the projected coordi-
nates of the key atoms. The vertices were then sorted to have
a consistent orientation for all the polygons. The correspond-
ing atomic polygons were combined to form a molecular
polygon. Area analysis was performed on these molecular
polygons. Because each polygon is associated with an in-
dividual molecule we can calculate the average area per
molecule.

Fig. 7, a and b, show the traces of the average areas per
molecule of DOPC, SM, and Chol as a function of time for
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systems S; and S,, respectively. Both systems show an
increase in the area per DOPC and a reduction in the area
per SM over the initial values of these areas. The figure
therefore provides evidence for a gradual separation of
phases between DOPC and SM. However, it does not
unequivocally prove the existence of equilibrated, phase-
separated domains. We will revisit this issue in the next
section. We note that in system S;, unlike system S,, the
area per lipid changed rapidly (in ~50 ns) to its steady-state
(>200 ns) value. This suggests a possible role for Chol in
accelerating the process of phase separation between DOPC
and SM. The average area per lipid for SM, DOPC, and
Chol at the end of 200 ns of the simulation are listed in
Table 2. The value of area per DOPC for system S; is closer
to the pure DOPC area than that for system S, (Nagle and
Tristram-Nagle, 2000). A similar trend is also seen in the
area per SM that again supports the possibility of
cholesterol-assisted phase separation. Fig. 8 shows initial
and final snapshots of one of the leaflets of systems S; and
S,. The figure shows, at a visual level, that small clusters
have indeed formed for both SM and DOPC molecules,
representing the initial stages in the aggregation of phase-
separated regions in system S;. System S, shows little or no
such aggregation over 200 ns. Quantitative aspects of this
process will be discussed below.

The definition of a domain

Lipid ‘‘rafts’’ are presumed to be L, regions of membrane
dispersed in regions having a different degree of order, e.g.,
an L, phase (Brown and London, 1998; Reitveld and
Simons, 1998). Fluorescence microscopy experiments are
able to generate images of these domains (Dietrich et al.,
2001; Samsonov et al., 2001; Veatch and Keller, 2002). In
supported bilayers these domains are detected as regions of
different membrane thickness. AFM experiments are able to
detect these domains by measuring the height difference in
supported bilayers (Rinia et al., 2001). Although we can
calculate the chain order and height difference (Pandit et al.,
2004b) in simulations, the large error bars on order
parameters and height differences do not provide sufficiently
well-resolved temporal description of the lateral organization
of the system. Hence we decided to characterize the phase-
separated domains in terms of a more robust criterion based
on the projected polygonal areas of the molecules. As a rule
of thumb, higher chain order gives rise to smaller areas per
molecule. Hence, if we consider all molecules having their

TABLE 2 Area per lipid for various constituents of the systems

System Apopc (A% Asm (A?) Achol (A?)
Si 68.9 = 0.7 52.7 £ 0.8 30.5 £ 0.7
S, 66.9 = 0.7 544 * 0.6 -

The values are calculated by averaging the area per lipids over the last 20 ns
of the simulation.
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polygonal area below a certain cutoff value to be ‘‘ordered’’
and find connected aggregates based on polygon neighbors
then we can identify domains based on this chosen cutoff
value, as connected sets of molecules with areas less than the
cutoff. We call such domains A-domains where A is the cut-
off value used to identify the domains. Because the choice of
a particular area cutoff does not uniquely characterize a
nano-scopic domain, we examine A-domains for various
cutoff values of A.

Fig. 9 shows the ratio of the area of a largest A-domain to
the area of the box for systems S; and S, and for cutoff areas
of 44, 48, 52, and 54 A2 These cut offs are chosen to span
the entire range of areas from the gel to the liquid crystalline
phase of SM (Maulik et al., 1991; Koynova and Caffrey,
1995). Fig. 9 shows that the fraction of area occupied by the
largest A-domain in system S, is always much smaller than
that in system S;. This suggests that, at least on a 200-ns sim-
ulation timescale, domain formation is favored and accel-
erated by the presence of Chol.

By studying the rates of increase in domain size for
various cutoff values we can extract additional information
about the formation of A-domains. Domains in system S, did
not show significant growth from their initial size, which
indicates that, on the 200-ns simulation timescale, the rate of
association and dissociation of molecules into domains
should be approximately equal for system S,. On the other
hand in system S; at higher area cutoff values, i.e., 48, 52,
and 54 AZ, close to those associated with the L, phase of SM,
the domain increased in size in the first ~20 nanoseconds
and then remained approximately constant. Based on these
findings, we suggest that either: i), the formation of domains
in this system occurs in two steps; firstly, there is a localized
‘‘condensation,’’ or increase in order associated with nano-
clusters of SM and SM/Chol (which we observe in the 200-
ns simulations); secondly, there is a further aggregation of
microclusters, and more cooperative chain ordering within
aggregates over much larger length and timescales (which
we do not observe in the 200-ns simulations); or ii), at the
simulation temperature (300 K) lipid microdomains in
a DOPC/SM/Chol system are in fact very small and localized
(see, e.g., Dietrich et al., 2001; McMullen et al., 2004), and
in the 200-ns simulation we see the full extent of lateral
aggregation that will occur. Further simulations and accurate
coarse-grained modeling may help to determine which
alternative is correct.

The role of cholesterol

Having established that the Chol molecules play a significant
role in domain formation, we have investigated further the
nature of the interaction of cholesterol with lipids. To this
end we calculated radial distribution functions (RDF)
between the CH' of DOPC (see Fig. 1) and the oxygen of
Chol, and between the CH' of SM and the oxygen of Chol.
The RDF is defined as

Biophysical Journal 87(5) 3312-3322
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FIGURE 9 Plots of ratios of largest connected A-domains to the total
simulation box area, as functions of time, for systems S; (shaded) and S,
(black) for 44-, 48-, 52-, and 54-A” area cutoffs. For the clarity of viewing,
the plots are shown as moving averages calculated over 500-ps sliding
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FIGURE 8 Snapshots of one of the leaflets in
systems S; and S, at 0 ns (left) and 200 ns (right).
The top snapshots are for system S; and the bottom
snapshots are for system S,. The DOPC molecules are
represented by gray solid atoms, SM is represented by
orange solid atoms, and Chol is represented by yellow
solid atoms.

of CH! atoms, taken as the ratio of the number of atoms to the
volume of the simulation cell. Fig. 10 shows these RDFs. Fig.
10 shows that the first coordination shell of SM, with respect
to Chol, as defined by the location of the sharp peak in the
RDF, actually consist of two peaks, indicating two possible
binding locations for SM. The plot for DOPC in Fig. 10 (top)
shows only one peak. We calculated the coordination number,
defined as the number of CH' atoms in the first coordination
shell around the Chol oxygens. The radius of the shell was set
at 6 A based on the location of the peaks in Fig. 9. The
calculated coordination number of SM and DOPC around
Chol is 0.55 *£ 0.04 and 0.57 = 0.04, respectively. This
suggests that, even if there are two binding locations for SM,
the coordination number of Chol with SM and DOPC is nearly
the same, so that Chol does not show specific binding
preference for SM or DOPC. Recent fluorescence spectros-
copy and differential calorimetric studies performed on
mixtures of PyrPC, PyrSM, and Chol also indicate a lack of
specific interaction between SM and Chol (Holopainen et al.,
2004). Hence, the RDFs by themselves do not provide direct
insight into the role of Chol in domain formation.

The Chol molecule has one flat face (denoted as the «-face)
and one face that is rough due to protruding methyl groups
(denoted as the B-face). Because Chol lies primarily in the
hydrocarbon region of the bilayer, it is reasonable to question
whether this specific design of the Chol molecule plays any
role in promoting domain formation. Hence, we calculated
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FIGURE 10 Radial distribution functions between the hydroxyl oxygen
in Chol and CH' (see Fig. 1) of DOPC and SM.

a bivariate correlation function g(r, ¢) between the CH' atoms
of DOPC and SM, respectively, and the oxygen atom of Chol,
defined by

N(r, ¢)
g(ra ¢) - 27Tl‘p81’8(/)7

where the distance r and p are defined as in RDFs, the angle
@ is the angle made by the distance vector with respect to the
positive x axis of the Chol body coordinate frame (see
Fig. 11) and N(r, ¢) is the number of CH' atoms of lipids in
an area element réré¢ at the point (r, ¢) from the oxygen of
Chol. Fig. 12 shows g(r, ¢) for SM and DOPC averaged over
the last 150 ns of the trajectory. The figure clearly shows
that, on the simulation timescale, SM is associated with the
a-face of Chol. On the other hand DOPC does not show
a preference for either face of Chol. From the tail order
parameters of SM and DOPC (Fig. 5), the nearly saturated
chain of SM is more ordered than either chain of DOPC. The
preferential arrangement of SM around Chol indicates that
on the simulation timescales the Chol molecules tend to
locate at the interface between the SM and the DOPC regions
of the membrane, with the a-face of the Chol molecule
interacting most strongly with SM chain. Such an arrange-
ment again should be entropically favored because the
saturated SM chains pack well around the a-face and more
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FIGURE 11
(see text).

The body coordinate system used in calculation of g(r, ¢)

disordered unsaturated DOPC chains should pack well
around the B-face.

To investigate the entropic role of Chol in promoting
domains, we calculated the interaction energy between all
pairs of Chol with SM and DOPC that are within 10 A of each
other and we binned these energies to obtain a distribution of
Chol-lipid interaction energies. As a control case we also
calculated the distribution of interaction energies between
DOPC-DOPC and SM-SM pairs. (The distribution of
interaction energy between DOPC-DOPC and SM-SM are
calculated for S, as well as S; systems. The curves did not
show significant quantitative difference. Hence, only plots
corresponding to S; systems are presented here.) Fig. 13, a and
b, show the distributions of these energies. Unlike lipid-lipid
interactions (Fig. 13 a) there are specific binding modes
between Chol and lipid molecules. Hence, we observe peaks
in the energy distribution favoring that particular interaction
energy (Fig. 13 b). We find that the interaction energies of
both DOPC and SM with Chol have peaks ~—25 KJ/mol,
indicating a binding possibility. However, the energy profiles
are nearly identical for SM-Chol and DOPC-Chol, which
leads us to speculate that the preferential organization of Chol
at the interface of the domains may be due to entropic factors.
Additional work is needed to verify this conjecture.

SUMMARY

The aim of the simulations described in this article is to
identify and quantify the molecular interactions in binary and
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FIGURE 12 Density plot of g(r, ¢)
on the XY-plane of Chol body co-
ordinate system. A Chol molecule is
schematically shown as a black - where
the small appendage denotes the B-face
of the Chol molecule with possible
fluctuation of its shape (with respect to
the body coordinates) shown in gray.
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ternary mixtures that may be responsible for the formation
and stability of phase-separated domains. We have carried
out long (200 ns) simulations of two mixed lipid bilayers. In
both systems the initial placement of lipid molecules was
random. Only in system S;, a 1:1:1 mixture of DOPC/SM/
Chol did we observe initial stages of aggregation of SM and
Chol into separate, elongated regions. We conclude that the
initial stages of phase separation in our simulations are
enhanced by the presence of Chol, which seems to form
a natural interface between SM-rich and DOPC-rich regions.

It is conceivable that the preferential localization of Chol
at the interface between SM-rich and DOPC-rich regions,
observed in our simulations, contributes to the reduction of
interfacial (line) tension between regions of different
compositions. The reduced interfacial tension in this
hypothesis is a consequence of Chol molecules orienting
their a-face toward SM molecules leaving the rough 3-face
to interact with DOPC molecules. This allows and likely
enhances the formation of L,-phase SM domains and L,-
phase DOPC domains. In our earlier simulation of an SM-
Chol nano-domain embedded in a DOPC matrix, the Chol
molecules were largely situated, by design, in the interior of
the SM-Chol region (Pandit et al., 2004b). We observed in
this simulation that the L,-phase central domain induced
a marked increase in the order of the DOPC matrix. The
insight gained from the simulations in this article suggests
that, had we situated Chol at the edge of the SM-Chol central
domain, in the previous simulation, the DOPC would have
remained in its L,-phase properties.

In light of these findings, we further conjecture that the
shape of a spontaneously formed domain may be curvilinear
in shape, as a consequence of the reduced interdomain line
tension. If this results stands over a much larger timescale,
then an implication is that the DRMs contain structures
resembling stripe phases of alternating DOPC and SM

Biophysical Journal 87(5) 3312-3322

domains, with Chol at the boundaries. We stress that the
current simulation timescale, 200 ns, is too short by at least
an order of magnitude to test these conjectures. However, to
formulate models for lateral organization at longer time-

0.002 ; ; ; ; . :
(a) DOPC—-DOPC
SM-SM
$
S 0001
3
g
0
0002 T T T T T T T
(b) CHOL-DOPC
CHOL-SM
B
3 o001
=
)

Interaction energy between molecules (KJ/mol)

FIGURE 13 Distributions of pair interaction energies of (¢) DOPC with
DOPC and SM with SM, and (b) Chol with DOPC and SM. The
distributions were calculated by summing over all atomic pair interactions
between atoms of molecules whose centers of mass were <10 A apart and
sorting these energies into bins of width 0.1 KJ/mol.
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scales, it is necessary to carefully study the initial stages of
domain formation at atomistic level. We are currently
developing coarse-grained models based on these simula-
tions that may help in this effort.

This work was supported by the National Institutes of Health (grant no.
GM54651).
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