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ABSTRACT By using molecular dynamics simulation technique we studied the changes occurring in membranes con-
structed of dipalmitoylphosphatidylcholine (DPPC) and cholesterol at 8:1 and 1:1 ratios. We tested two different initial
arrangements of cholesterol molecules for a 1:1 ratio. The main difference between two initial structures is the average
number of nearest-neighbor DPPC molecules around the cholesterol molecule. Our simulations were performed at constant
temperature (T 5 50°C) and pressure (P 5 0 atm). Durations of the runs were 2 ns. The structure of the DPPC/cholesterol
membrane was characterized by calculating the order parameter profiles for the hydrocarbon chains, atom distributions,
average number of gauche defects, and membrane dipole potentials. We found that adding cholesterol to membranes results
in a condensing effect: the average area of membrane becomes smaller, hydrocarbon chains of DPPC have higher order, and
the probability of gauche defects in DPPC tails is lower. Our results are in agreement with the data available from experiments.

INTRODUCTION

It is now well-known that the presence of cholesterol is
required for normal functioning of mammalian plasma
membranes. To better understand how cholesterol influ-
ences the properties of natural membranes one studies the
effect of cholesterol on phospholipid membranes first.
While a large amount of research was done to investigate
the effect of cholesterol on physical properties of phospho-
lipid membranes, molecular-level understanding of changes
in these properties is still incomplete (McMullen and McEl-
haney, 1996). It is known that the addition of cholesterol to
phospholipid membranes produces a reach phase diagram of
the mixture. Such a phase diagram was recently mapped out
for dipalmitoylphosphatidylcholine (DPPC)/cholesterol in
the presence of water (Vist and Davis, 1990). It was shown
that when a substantial amount of cholesterol is added to
DPPC membrane, a new phase is formed that has properties
of a liquid and a solid. According to the classification
introduced by Zuckermann et al. (1993) the new phase that
appears in the cholesterol/phospholipid mixture is called a
liquid-ordered phase, while the gel phase is called a solid-
ordered phase and the liquid crystal phase is called a liquid-
disordered phase. In this classification the liquid or solid
description refers to the order in the translational degrees of
freedom, while the ordered or disordered description is
reserved for the conformational degrees of freedom. At
small amounts of cholesterol one observes the usual two
phases: solid-ordered and liquid-disordered. The transition
from the solid-ordered to liquid-disordered phase occurs at
;40°C. When the amount of cholesterol in DPPC is rather

large (.25 mol %) the liquid-ordered phase is present.
Interestingly enough, no phase transition to solid-ordered
phase is observed with lowering the temperature. To gain
more understanding of the properties of phospholipid mem-
branes in the presence of cholesterol on a molecular level,
one can perform detailed computer simulations. Recently,
three such simulations were described in the literature. Two
of the simulations dealt with a dimyristoylphosphatidylcho-
line (DMPC)/cholesterol mixture (Robinson et al., 1995;
Gabdouline et al., 1996), and one with a DPPC/cholesterol
mixture (Tu et al., 1998). In the simulations of Robinson et
al. and Tu et al. the study was done at low content of
cholesterol, while the simulation of Gabdoulline et al. was
performed at high content of cholesterol (50 mol %). The
simulation of Robinson et al. was performed under constant
volume conditions, so that effects of cholesterol on geomet-
rical properties of membrane could not be investigated.
They characterized the effect of cholesterols on membrane
structure and dynamics in great detail, but their time scale
(400 ps) may not be sufficiently long for convergence.
Gabdouline et al. studied the properties of DMPC mem-
brane with 50 mol % cholesterol at different temperatures.
The last 100 ps of their simulation was used for data
analysis, which is too short to accurately sample the motions
of cholesterol molecules and conformations of lipid hydro-
carbon tails. The results of their pure DMPC control simu-
lation should be regarded with caution, since the area per
lipid was much smaller than the experimental value. To
understand the systematic changes in the phospholipid
membrane on a nanosecond time scale when a small amount
of cholesterol is added to it and when a large amount of
cholesterol is present in the membrane, we performed 2-ns
simulations on a DPPC/cholesterol bilayer when the amount
of cholesterol was 11 and 50 mol %. The data from these
simulations were compared to the data from our previous
simulations on pure DPPC membrane (Smondyrev and
Berkowitz, 1999a).
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METHODS

We used the same united atom force field for DPPC molecules that we
employed in our recent simulations of DPPC/water (Smondyrev and
Berkowitz, 1999a,b) and DPPC/dimethylsulfoxide (DMSO) systems
(Smondyrev and Berkowitz, 1999c). Parameters for the cholesterol mole-
cules were taken from the united atom AMBER force field (Weiner et al.,
1984) and partial atomic charges were calculated using the Gaussian 98
program at the 6-31G(d) basis set level and the Mulliken population
analysis (Frisch et al., 1998). The structures of the cholesterol molecules
with atomic labels are shown in Fig. 1, and partial atomic charges are given
in Table 1. The water model employed in our simulations was TIP3P
(Jorgensen et al., 1983).

We performed three simulations of the DPPC/cholesterol system. In
one, the simulation membrane contained a low amount of cholesterol (11
mol %), and in two others the cholesterol level in the bilayer was high (50
mol %). In simulations with high levels of cholesterol the distributions of
sterol molecules in the membrane differed, as we shall explain below. The
initial configuration was prepared in several steps. First, we created a
monolayer containing DPPC and cholesterol molecules. Coordinates of
DPPC molecules were obtained by adding two carbon atoms to each tail of
the DMPC molecule coordinates determined by Vanderkooi (1991). Co-
ordinates of cholesterol molecules were taken from the crystal structure
(Shieh et al., 1981). To create a monolayer for a system with DPPC/
cholesterol at an 8:1 ratio (11 mol % cholesterol) we placed 36 lipid
molecules on the sites of the hexagonal lattice. Then four DPPC molecules
were replaced with cholesterol molecules, so that the distance between
cholesterol molecules was at its maximum. This distribution of cholesterol
molecules in lipid bilayer was similar to the one used in a recent simulation
of a DMPC/cholesterol system (Robinson et al., 1995). In this arrangement
each cholesterol molecule is completely solvated by the lipid’s hydrocar-
bon chains.

Molecular packing of DMPC and cholesterol in structures A and B
reported by Vanderkooi (1994) was used to construct the monolayers of
DPPC/cholesterol at ratios 1:1. Each monolayer contained 32 molecules:
16 of DPPC and 16 of cholesterol. The difference between structures A and
B can be seen in Fig. 2. In structure A, cholesterol molecules alternate with
DPPC molecules, so that nearest-neighbor interactions occur between
DPPC and cholesterol molecules. In structure B, strips of cholesterol
molecules are placed between strips of DPPC molecules, so that interac-
tions between like molecules (DPPC:DPPC or cholesterol:cholesterol) are
predominant. It should be pointed out that our choice of initial arrangement
is not unique. Recent experiments provided evidence for the regular dis-
tribution of cholesterol molecules with sterol molecules maximally sepa-
rated (Chong, 1994). This arrangement is similar to structure A used in our
work. Other possibilities include random distributions of cholesterol mol-
ecules, coexisting cholesterol-rich and -poor domains, and regular arrays of
sterol molecules (for review see McMullen and McElhaney, 1996). Com-
puter simulations allow us to perform comparative studies of membranes
with predetermined arrangements of cholesterol molecules. By studying
two very distinct DPPC/cholesterol bilayers (structures A and B) we

attempt to provide information on changes of structural properties of
sterol-containing membranes as a function of cholesterol distribution. After
constructing the initial structures, the preparation method described below
was the same for all three systems. Each monolayer was equilibrated for 20
ps with phosphorus atoms of DPPC and all cholesterol atoms held fixed.
After this step, the final configuration of the monolayer was used to
construct the bilayer using the appropriate symmetry group (Vanderkooi,
1994). The bilayer was equilibrated for another 20 ps with the same
constraints. Water molecules were then added to the bilayer, so that the
number of water molecules per molecule in the membrane wasnW 5 20.5,
as in our previous simulations of pure DPPC bilayer (Smondyrev and
Berkowitz, 1999a). The total number of water molecules in the simulation
of DPPC 1 11 mol % cholesterol was 1476. Bilayers with 50 mol %
cholesterol were surrounded by 1312 water molecules. The interlamellar
spacing was then gradually decreased, allowing the system to equilibrate
for 2 ps at each step. After adjusting the dimensions of the simulation cells
we performed a 50-ps simulation with free phosphorus atoms allowing
DPPC molecules to move freely. Cholesterol rings were held fixed, but the
cholesterol tail and hydroxyl group were not constrained. Keeping atoms in
cholesterol rings frozen, we increased the temperature to 423 K and then
reduced it in a series of 20-ps simulations (T 5 393, 363, 343, 333, and 323
K) to ensure that DPPC and cholesterol tails are disordered. Finally, all
atoms were allowed to move and the system was equilibrated atT 5 323
K for another 100 ps.

After equilibrating the system at constant volume we performed a
simulation at constant pressure (P 5 0 atm) and temperature (T 5 323 K)
with periodic boundary conditions. We kept angles of the simulation cell
fixed and varied the dimensions of the cell using a Hoover barostat.
Thermostat and barostat relaxation times were, correspondingly, 0.2 ps and
0.5 ps. All bond lengths were constrained using the SHAKE algorithm with
a tolerance of 1024, allowing us to use the time step of 0.002 ps. The Ewald
summation technique was employed to calculate electrostatic contributions
with a tolerance of 1024. The real-space part of the Ewald sum and van der
Waals interactions were cut off at 10 Å. The length of each constant-
pressure run was 2 ns. Calculations were performed on Cray-T3E at the
San Diego Supercomputer Center and Texas Advanced Computing Center
using the DL_POLY simulation package version 2.8 developed in the
Daresbury Laboratory, N. Warrington, England (Smith and Forester,
1996).

RESULTS

Let us first examine the changes in the bilayer geometry due
to the inclusion of cholesterol. In Fig. 3 we show the area of
the heterodimer of DPPC and cholesterol in simulations
with 50 mol % cholesterol as a function of time. After
;1000 ps, areas in both simulations mostly converged to
their corresponding plateau values. For structure A, the area
per heterodimer continued to drift slowly even after the first
1 ns of simulation. The average change in its value during

FIGURE 1 Structure of cholesterol molecule. Carbon atoms are labeled
with numbers, hydrogens are not shown except for the one in the hydroxyl
group.

TABLE 1 Partial atomic charges for cholesterol molecules

Atom Charge Atom Charge Atom Charge

C1 0.012 C11 0.015 C21 0
C2 20.013 C12 0.024 C22 0.017
C3 0.347 C13 20.080 C23 20.004
C4 0.046 C14 20.002 C24 0.013
C5 20.007 C15 0.010 C25 20.028
C6 20.051 C16 20.001 C26 0.007
C7 0.029 C17 0.015 C27 0.007
C8 20.001 C18 0.026 O 20.694
C9 0.003 C19 0.046 H 0.343
C10 20.070 C20 20.009
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the last 1 ns was;1 Å2. This may indicate that when sterol
is distributed uniformly in membrane, the system is trapped
in a metastable state. Using the data for the last 1 ns we
determined the average values of the heterodimer areas:
78.5 6 0.8 Å2 and 76.76 0.6 Å2 for structures A and B,
respectively. We should mention here that determining the
value for the area per dimer is a suitable method to describe
the geometries of systems with equal amounts of lipid and
cholesterol, but we cannot use it for systems with, for
example, low cholesterol content. Moreover, we would like
to know the average area occupied by a DPPC molecule in
the presence of cholesterol in order to compare it with the
value found in the simulations of pure DPPC bilayers. To
extract the area per DPPC molecule we need to know the

area of a cholesterol molecule. This value was determined
by different authors and varied in the range from 26 to 39
Å2 (Craven and DeTitta, 1976; Pearson and Pascher, 1979;
Hyslop et al., 1990; Almeida et al., 1992; Chong, 1994). For
our estimates we adoptedAchol 5 32 Å2 (Ipsen et al., 1990;
Engelman and Rothman, 1972), which is similar to the area
of the cholesterol molecule (32.4 Å2) obtained in recent
simulations of the DPPC/cholesterol bilayer (Tu et al.,
1998). Therefore, to get an estimate for the area per DPPC
molecule in the simulation with 11 mol % cholesterol, we
subtracted from the total area per monolayer the total aver-
age area occupied by sterol molecules (43 32 Å2) and
divided the difference by the number of lipids in monolayer
(32 molecules). The time evolution of the area per DPPC
molecule obtained for a system with 11 mol % cholesterol

FIGURE 4 Area per DPPC molecule in bilayer with 11 mol % choles-
terol. Horizontal dashed line shows the average area per lipid headgroup in
pure DPPC membrane.

FIGURE 2 Initial structures of membrane with 50 mol % cholesterol.
DPPC molecules are shown in gray, cholesterols in black.

FIGURE 3 Area per DPPC:cholesterol heterodimer for structures A (top
curve) and B (lower curve) in bilayers with 50 mol % cholesterol.
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is shown in Fig. 4. During the first 800 ps of simulation the
area per DPPC molecule remained close to the value in the
pure DPPC bilayer. After;1 ns it dropped to a lower value
and remained stable for the remainder of our run. The
average value of the area per DPPC molecule calculated
during the last 750 ps of simulation was 58.36 0.6 Å2. If
we use the same value for the area per cholesterol (32 Å2)
in cases when the simulations are done with 50 mol %
sterol, the average areas per DPPC molecule would be 46.5
and 44.7 Å2, respectively. The average values of the inter-
lamellar spacing (see Table 2) increase accordingly. This is
partially due to the thickening of the water layer due to the
reduction in membrane area. In addition, the thickness of
the membrane becomes larger and contributes to the total
increase in repeat periods. Recent simulations of DPPC/
cholesterol bilayer at 12.5 mol % cholesterol (Tu et al.,
1998) did not reveal any change in the average area per
DPPC molecule. Mean-field calculations and Monte Carlo
simulations of DPPC/cholesterol bilayers (Zuckermann et
al., 1993) indicate that the area per DPPC is decreasing with
the increasing concentration of cholesterol. For 0, 10, and
45 mol % cholesterol the area per DPPC molecule was 64.5,
60, and 42 Å2 from mean-field calculations and 64.7, 60.3,
and 46.5 from model MC simulations. Our recent simula-
tion of the pure DPPC bilayer (Smondyrev and Berkowitz,
1999a) gave an average area per DPPC headgroup of 61.6
Å2. As we can see, the area per DPPC molecule decreases
with the increase in cholesterol content similarly to the
results of Zuckermann et al. (1993) and even at 11 mol %
cholesterol changes by almost 4 Å2.

In Fig. 5 we show the side view of lipid bilayer with 11
mol % cholesterol. Cholesterol molecules exhibit high
translational and orientational freedom of motion. We can
see that they can move toward the bilayer center and away
from it. They can also tilt with respect to bilayer normal and
rotate around the bilayer normal. Both DPPC and choles-
terol hydrocarbon tails are in disordered state. In bilayers
with 50 mol % cholesterol (Fig. 5) the structure of mem-
brane is different. DPPC and sterol hydrocarbon tails are

more ordered and cholesterol molecules are aligned more
parallel to the bilayer normal. Although there is more trans-
lational order in membrane compared to a system with low
cholesterol content, it is not as high as in bilayers in gel
phase. This behavior is expected for lipid/cholesterol bilay-
ers in the liquid-ordered phase. Cholesterol hydroxyl groups
are located at approximately the same distance from the
bilayer center as the DPPC ester groups. In Fig. 6 we show
pictures of bilayer halves at 50 mol % cholesterol (struc-
tures A and B) when looking at the surface of the mem-
brane, and at the tails of lipid and cholesterol molecules
looking from the center of bilayer. Close to the bilayer
center lipid’s hydrocarbon tails and cholesterol molecules
are densely packed. There is little free volume between
them and we can clearly identify regions occupied by lipids
and cholesterols. At the membrane surface the situation is
very different. Cholesterol molecules are covered by DPPC
headgroups and sometimes become obscured from view.
The surface of the membrane is rough and there are voids
between lipid molecules occupied by water (this is also
evident when looking at the side views of membranes, Fig.
5) through which it can penetrate deeper inside the bilayer.
It becomes evident now that results for the area per DPPC
molecule should be interpreted more carefully. The values
for the areas per DPPC molecule at different sterol concen-
trations obtained earlier, namely 58.3, 46.5, and 44.7 Å2 at
11 and 50 mol % cholesterol, should be viewed as the area
per DPPC hydrocarbon tails. Since cholesterol is buried in
the tail region we can estimate the area available for the
DPPC headgroups at 50 mol % as the area per DPPC/
cholesterol heterodimer, which is;77.6 Å2 in structures A
and B. This is almost 30% larger than the area per head-
group in pure DPPC membranes. As we can see from the
present discussion, the area per DPPC molecule in the 1:1
DPPC:cholesterol mixture is a notion that is somewhat
confusing. If measured as the area per headgroup, it
is ;77.6 Å2, while if measured as the area per tails, it is
;45.6 Å2.

Despite the fact that the average area per DPPC head-
group is larger in membranes with 50 mol % cholesterol
compared to pure DPPC bilayers, lipid headgroups have a
higher probability to point toward the water layer in bilayers
with cholesterol, rather than to orient parallel to the bilayer
surface, as in pure DPPC bilayers. This is also evident from
the distributions of the cosines of the angle between vector-
connecting phosphorus and nitrogen atoms in the DPPC
headgroup and bilayer normal (see Fig. 7). The average
values of this angle are listed in Table 2. In pure DPPC
bilayers the cosine distribution is almost uniform, indicating
that P-N vectors have almost equal probabilities to point
either toward the water layer or bilayer interior. The addi-
tion of 50 mol % cholesterol to lipid membrane reduces the
probability of finding the P-N vector pointing toward the
bilayer interior. Above some threshold value the distribu-
tion is almost uniform. In bilayers with 11 mol % choles-
terol the distribution has features seen in pure membranes
and membranes with 50 mol % cholesterol. There is a

TABLE 2 Average values of the area per DPPC molecule,
lamellar spacing, angle between P-N vector, and bilayer
surface and distances from bilayer center to atoms in DPPC
molecules

0 mol % 11 mol % 50 mol % (A) 50 mol % (B)

Area DPPC 61.66 0.6 58.36 0.6 46.56 0.6 44.76 0.6
L 59.06 1.0 63.06 0.6 76.06 0.6 77.96 0.6
P-N tilt 9 16 18.8 22.0
P 19.06 2.0 20.06 1.9 22.16 1.2 23.26 1.2
Cg 19.56 3.6 21.16 3.6 23.46 2.4 24.46 2.6
Ca 19.56 2.5 20.86 2.6 22.86 2.0 24.06 2.0
Cb 19.46 2.9 20.76 3.0 22.76 1.7 23.76 1.8
CG3 17.26 2.0 18.16 1.9 20.26 1.4 21.56 1.2
C4 11.76 1.9 12.66 1.8 14.86 1.3 15.56 1.1
C5 10.86 1.9 11.76 1.8 13.66 1.4 14.36 1.2
C9 7.16 1.9 7.86 1.8 8.96 1.4 9.56 1.2
C14 3.26 1.7 3.36 2.0 3.26 1.8 2.86 1.1
C15 2.16 2.4 2.36 2.5 2.36 2.2 1.96 1.2
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higher probability of finding the P-N vector pointing toward
the bilayer interior than in the case of membranes with 50
mol % cholesterol. At the same time, the probability of
finding smaller angles between the P-N vector and bilayer
normal is comparable to the case when membranes contain
50 mol % cholesterol, and is higher than in the case of pure

DPPC membrane. These two distinct populations are sepa-
rated by a gap corresponding to the case when the P-N
vector lies nearly parallel to the membrane surface. At 11
mol % cholesterol, we can distinguish two kinds of lipid
molecules in bilayer: those in contact with cholesterol mol-
ecules and those further away from them. Since the average

FIGURE 5 Side views of bilayers with 11 mol % cholesterol (panel A) and two bilayers with 50 mol % cholesterol: structure A (panel B) and structure
B (panel C). Sterol molecules are shown as green sticks.

FIGURE 6 Views at the top and bottom of
bilayer half in membranes with 50 mol % cho-
lesterol: structure A (panels Aand C, top and
bottom, respectively) and structure B (panels B
and D). Cholesterol and lipid molecules are
shown using the CPK model. Carbon atoms of
cholesterol are colored in green.
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area per DPPC tails is lower than in pure DPPC membrane,
lipid molecules located further away from sterols have a
slightly lower average area per headgroup than in pure
DPPC bilayer. In these molecules the P-N vector rises
higher above the bilayer surface. Molecules in close contact
with cholesterol have a slightly larger average area per
headgroup. As a result, their headgroups are oriented par-
allel to the membrane surface and can even point toward the
bilayer interior, since there are spaces at the level of lipid
headgroups created when DPPC molecules were substituted
by cholesterol molecules. This would account for the ob-
served profile of the angle between the P-N vector and
bilayer normal at low cholesterol content. In membranes
with 50 mol % cholesterol we can have several possible
mechanisms responsible for the headgroup behavior. In
structure B, cholesterol and lipid molecules are packed in
uniform stripes. Since the average area per lipid tails is
decreasing compared to pure DPPC membranes, it is safe to
assume that the average area per headgroup is also decreas-
ing. As a result, the P-N vector is rising higher above the
membrane surface, similar to the case of pure DPPC bilayer
in gel phase. Another mechanism may be dominant in the
case of structure A. It is known that in pure lipid bilayers,
water molecules are forming bridges between adjacent lipid
molecules (Pasenkiewicz-Gierula et al., 1997). It is possible
that water bridging between lipid molecules becomes
weaker as the average distance between DPPC molecules
becomes larger in structure A at 50 mol % sterol compared
to pure DPPC membrane. It is also possible that dipole-
dipole interaction between DPPC headgroups decreases as
the separation between the two lipid molecules becomes
larger. The more energetically favorable conformation of
the headgroup might be the one where the positively

charged choline group is solvated by water molecules that
form clathrate structures.

In Fig. 8 we show electron density profiles across the
bilayer. We can see that differences between electron den-
sity profiles of pure DPPC bilayer and membrane with low
cholesterol content are small. The addition of a small
amount of cholesterol causes a small shift of peaks associ-
ated with the phosphate groups, while toward the bilayer
center two profiles almost coincide. The addition of 50 mol
% cholesterol results in further spreading of the electron
density peaks. In addition, the shape of the profile changes
slightly toward the bilayer center compared to the pure
membranes: a flat region appears between the peaks and the
minimum in the density profile in the middle of the mem-
brane. Also, the electron density becomes slightly higher in
the middle of the bilayer in membranes with 50 mol %
cholesterol compared to pure DPPC membranes and mem-
branes with 11 mol % cholesterol. The overall shape of the
profile is similar to the one observed in neutron-scattering
experiments on DMPC with 30 mol % cholesterol atT 5
50°C (Douliez et al., 1996). Experimentally observed hy-
drophobic thickness, which is defined as the distance be-
tween the peaks in the electron density profile, is increased
by 4 Å in the DMPC bilayer with 30 mol % cholesterol
(compared to the DMPC bilayer with 0 mol % sterol). The
distance between two peaks computed in our simulations
changes from 36 Å in pure DPPC bilayer to 37.2 Å at 11
mol % cholesterol. At 50 mol % cholesterol the peak-to-
peak distances are 41.2 and 42.0 Å for structures A and B,
respectively.

To characterize the changes in the bilayer interior in
greater detail we calculated the average distances from the
bilayer center to different atoms in DPPC molecules and
compared them with the results obtained for the DPPC
bilayer without cholesterol (see Table 2). The distance be-

FIGURE 7 Distribution of the angle between P-N vector and bilayer
normal in pure DPPC membrane (solid line) and in membranes with
cholesterol: 11 mol % (dotted line), 50 mol % structure A (dash-dotted
line), and structure B (dashed line). When cosine is positive, the P-N vector
points into the water layer.

FIGURE 8 Electron density profiles in pure DPPC membrane (solid
line) and in membranes with cholesterol: 11 mol % (dashed line), 50 mol
% structure A (dash-dotted line), and structure B (dotted line).
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tween phosphorus atoms increases with the increasing con-
centration of cholesterol (note that it is always slightly
larger than the distance between the peaks in electron den-
sity profiles). In Fig. 9 we show distributions of phosphorus
and nitrogen atoms, which provide details of the headgroup
conformations, and the distributions of carbonyl oxygens in
two ester groups. We also plotted distributions of water
molecules and hydroxyl groups of cholesterol molecules.
Distributions of atomic positions are broad in pure DPPC
bilayers, while an increase in the cholesterol concentration
results in the decrease of the width of the distributions of all
lipid atoms. Regardless of the amount of cholesterol in lipid
bilayer, the peak of the cholesterol’s hydroxyl group distri-
bution is located at the same distance from the bilayer center
as the peak of the distribution of the carbonyl oxygens in
DPPC. In all four systems considered in this work, pure
DPPC bilayer in water and three systems with cholesterol
added to DPPC, water molecules penetrated into the lipid
membrane up to the carbonyl group. Similar observations
have already been reported for bilayers in liquid crystal and
gel phases by several other authors (Egberts et al., 1994;
Berger et al., 1997; Tu et al., 1995, 1996). In membranes
with 50 mol % cholesterol, water distribution decays in
space slightly faster than the distribution of oxygen atoms in
two carbonyl groups. This may indicate that water mole-
cules penetrate up to the Sn-2 carbonyl group and in the
lesser amount to the Sn-1 carbonyl group. The most pro-
nounced changes were observed in the distributions of ni-
trogen atoms. Their distributions become sharper with in-
creasing cholesterol concentrations and the peaks of the
distribution shifted slightly away from the center of the
bilayer, indicating that the choline group is rising higher
above the plane of the membrane. This is in agreement with
the measurements of the angle between the P-N vector and
bilayer normal.

Inclusion of cholesterol molecules into the lipid bilayer
reduces the area of DPPC molecules, which affects the
structure of acyl chains. The ordering of hydrocarbon tails is
usually characterized by the deuterium order parameterSCD,
which can be measured using the NMR technique. In com-
puter simulations it can be calculated for each carbon in the
lipid tail using the expression (Egberts and Berendsen,
1988):

SCD 5
2

3
Sxx 1

1

3
Syy , (1)

whereSij 5 ^1.5 cosui cosuj 2 0.5dij& andui is the angle
between theith molecular axis and the bilayer normal (z
axis). In Fig. 10 we compareuSCDu for different carbon
atoms in the hydrocarbon chains, obtained for systems with
different cholesterol concentrations, with the results for the
pure DPPC bilayer. While the addition of 11 mol % cho-
lesterol changes the order parameter only slightly, the ad-
dition of 50 mol % cholesterol increases values ofSCD by
almost a factor of 2. Experiments done on DMPC bilayers
with 30 mol % cholesterol (Douliez et al., 1995; Sankaram

FIGURE 9 Distribution of atom positions along the bilayer normal in
pure DPPC membrane (panel A), membrane with 11 mol % (panel B), and
membrane with 50 mol % cholesterol in structure B (panel C).
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and Thompson, 1990; Urbina et al., 1995) show a similar
trend. In addition, the changes in the order parameter pro-
files are different for two chains and depend on the position
of the carbon atoms. Increasing the concentration of cho-
lesterol results in large changes for the order parameter in
the middle of the hydrocarbon tails and smaller changes in
the beginning and the end of the tails. Similar profiles were
observed in experiments with DMPC at 30 mol % choles-

terol (Urbina et al., 1995). Recent experiments on DMPC/
cholesterol bilayers (Guerneve and Auger, 1995) indicate
that the effect of cholesterol is mostly due to its interactions
with the acyl chains, but it is not uniform along the non-
polar region of DMPC. NMR spectroscopic studies (Mor-
row et al., 1995) showed that cholesterol significantly in-
creases the order parameter in the plateau region, but
progressively less so toward the methyl ends of these
chains. Similar behavior was also observed in the present
simulations. Inclusion of cholesterol into lipid membrane
has lesser effect on the order parameter of the second carbon
atom in Sn-1 and Sn-2 chains. This might be due to the
location of the cholesterol molecules inside the bilayer. The
cholesterol hydroxyl group is located below the lipid’s Sn-2
chain carbonyl groups, so that the first carbon atoms in acyl
chains do not interact strongly with cholesterol molecules,
especially in Sn-2 chains. In Fig. 11 we plotted theSCD

order parameters in two chains (membrane with 50 mol %
cholesterol, structure B) as a function of the distance be-
tween carbon atoms and the center of the bilayer, rather than
the carbon atom number. We can see that profiles for two
chains look very much alike, especially in the range marked
by dashed lines, where lipid tails interact with the sterol’s
ring system. Such behavior is not observed in pure DPPC
bilayers. This result indicates that changes in the ordering of
hydrocarbon tails due to the inclusion of cholesterol depend
on the distance from the bilayer center rather than the
number of the carbon atom in the acyl chain. The differ-
ences in order parameter profiles for two different chains
become more pronounced at distances where the lipid’s
hydrocarbon tails interact with cholesterol tails rather than
with rigid cholesterol rings. We can clearly see that the
plateau region of theSCD order parameters in both chains
coincides with positions of the cholesterol rings (boundaries
of cholesterol rings are shown in Fig. 11 asdashed lines).

FIGURE 10 SCD order parameter as a function of carbon atom position
for pure DPPC bilayer and DPPC bilayers with cholesterol in Sn-1 (A) and
Sn-2 (B) tails.

FIGURE 11 SCD order parameter as a function of the distance from
bilayer center. Vertical dashed lines indicate positions of carbon atomsC3

andC17 in cholesterol, which mark the beginning and end of the sterol’s
ring system.
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The changes in the chain ordering can be also character-
ized through the order parameter^uSCDu&, averaged over all
carbon atoms in both chains. This value can be extracted
from the first momentM1 of the 2H-NMR spectrum. Ipsen
et al. (1990) derived the NMR order parameter 2^uSCDu&
from experimental data for the first momentumM1 of mag-
netic resonance spectrum of DPPC bilayers containing cho-
lesterol (Vist, 1984). Upon the addition of 10 mol % cho-
lesterol the NMR order parameter increases from 0.31 (0
mol %) to 0.38. The same effect is seen in mean field
calculations (Ipsen et al., 1990), where the NMR order
parameter increases from 0.38 (0 mol %) cholesterol to 0.41
(10 mol %) and 0.78 (45 mol %) cholesterol. The corre-
sponding values obtained from the present molecular dy-
namics simulations show the same trend: 0.34 (0 mol %),
0.38 (11 mol %), and 0.72 (50 mol %) cholesterol. A similar
trend was also observed in experiments on DMPC/choles-
terol model membranes. At 50 mol % cholesterol the mo-
lecular order parameter increased by a factor of;2 com-
pared to pure DMPC membrane (Rice et al., 1979; Kintanar
et al., 1986).

More information about the ordering in hydrocarbon
chains can be obtained from theSCC order parameter. It is
given by the expressionSn

CC 5 (1.5 cos2(fn) 2 0.5), where
fn is the angle between the bilayer normal and the bond
connecting carbon atomsCn21 andCn. For the Sn-1 chain
the difference between the odd and evenSCC order param-
eters, namelyS3

CC , S4
CC, S5

CC , S6
CC etc., constitutes a

so-called “odd-even” effect (Douliez et al., 1995). The
behavior ofSCC is slightly different in Sn-2 chains than in
Sn-1 chains. Experimental (Douliez et al., 1995) and simu-
lation (Smondyrev and Berkowitz, 1999b) results indicate
that atT 5 50°C theSCC order parameter is almost constant
in the beginning of the Sn-2 hydrocarbon chain in DPPC
and decays monotonically toward the end of the tail. At
higher temperatures or upon addition of cholesterol the
odd-even effect is in the counter phase to the Sn-1 chain,
i.e., for Sn-2 chainsS3

CC . S4
CC andS5

CC . S6
CC (Douliez et

al., 1995). The plots ofSCC order parameter for three
cholesterol containing bilayers are shown in Fig. 12. We can
see that for 11 mol % and 50 mol % cholesterol (structure
B) SCC profiles behave as predicted by the experiment
(Douliez et al., 1995, 1996). Interestingly, at 50 mol %
cholesterol (structure A) we found that the amplitude of the
odd-even effect in Sn-2 chains was very small compared
with two other simulations of cholesterol-containing mem-
branes. In the work of Douliez et al. (1996) it was suggested
that the amplitude of the odd-even effect depends on the
orientation of the first bond, which was characterized
through theC1–C2 order parameter. In our simulations of
pure DPPC membrane theC1–C2 order parameter was
found to be 0.49 for the Sn-1 chain and 0.18 for the Sn-2
chain. Experimentally observed values atT 5 50°C was
20.15 for the Sn-2 chain in pure DPPC membrane. Addi-
tion of cholesterol caused theC1–C2 order parameter to
increase in Sn-1 and decrease in Sn-2 chains. Our simula-
tions of cholesterol containing bilayers showed a similar

trend. The values of theC1–C2 order parameter in Sn-2
chains were 0.16 (11 mol %), 0.15 (50 mol %, structure A)
and 0.04 (50 mol %, structure B). The values of theC1–C2

order parameter in the Sn-1 chain did not change compared
to the values found for pure DPPC membrane: 0.50 (11 mol
%), 0.46 (50 mol %, structure A), and 0.50 (50 mol %,
structure B). As we can see, the absence of the pronounced
odd-even effect in the simulation of membrane with 50 mol
% cholesterol (structure A) cannot be explained simply on
the basis of theC1–C2 order parameter. It was also sug-
gested (Douliez et al., 1998) that the initial bend in Sn-2
chains may be responsible for the different behavior ofSCC

order parameters in Sn-1 and Sn-2 chains. To characterize
this bend we calculated torsional angles corresponding to
rotations aroundC1–C2 andC2–C3 bonds.

FIGURE 12 SCC order parameter profile in pure DPPC membrane and
membranes with cholesterol in Sn-1 (A) and Sn-2 (B) tails.
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According to the definition of Hauser et al. (1981) these
dihedral angles are calledb3 andb4 in the Sn-2 chain and
g3, g4 in the Sn-1 chain. In Fig. 13 we plotted torsional
angle b4 vs. b3 obtained in simulations of pure DPPC
bilayers and in three simulations of mixed DPPC/choles-
terol membranes. As we can see from this figure these maps
are very similar in all three cases when membranes contain
cholesterol molecules. This indicates that the initial bend in
all three cases is very similar and that it may not be the only
factor responsible for the appearance of the odd-even effect
in Sn-2 chains. By comparing maps of torsional angles for
membranes with cholesterol with the one in the case of pure
DPPC bilayer, it is evident that inclusion of cholesterol
results in suppression of some possible conformations of the
first two dihedral angles. Instead of uniform distribution of
points, as in the case of pure DPPC membrane, we see
several localized domains with high point populations. It

suggests that the inclusion of cholesterol restricts the motion
of carbon atoms in the beginning of DPPC hydrocarbon
tails. Our results show that in the cholesterol-containing
membranes the odd-even effect is sensitive not only to the
bend in the beginning of the chains, but also to the differ-
ence in the arrangements of cholesterol molecules in the
membranes, as evident in the case of 50 mol % cholesterol
(structure A).

The conformational properties of phospholipid chains can
also be characterized by the average number ofgauche
defects. The total number ofgauchedefects per DPPC
molecule is decreasing upon addition of cholesterol. The
addition of 11 mol % cholesterol decreases the number of
gauchedefects only slightly: 6.7 per DPPC molecule, com-
pared to 7.0 in pure DPPC membrane. Higher cholesterol
concentrations caused a dramatic reduction in the number of
gauchedefects: 5.1 in structure A and 4.3 in structure B.

FIGURE 13 Maps of torsional angles in the beginnings of hydrocarbon chains. We plotb4 vs. b3 torsional angles in Sn-2 chain (notation after Hauser
et al. (1981) for pure DPPC membrane (A), membrane with 11 mol % cholesterol (B), and two membranes with 50 mol % cholesterol: structure A (C) and
structure B (D).
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Again, the values obtained for the same (high) concentration
of cholesterol depend strongly on the arrangement of cho-
lesterol molecules in lipid membrane. Data obtained using
infrared spectroscopy indicate that the number ofgauche
defects is decreasing from 3.9 per chain in DPPC to 1.2 in
DPPC bilayer with 33% cholesterol (Mendelsohn et al.,
1991). NMR results for DMPC1 30 mol % cholesterol at
T 5 25°C (Douliez et al., 1995) indicate a factor of 3.7
decrease in the number ofgauchedefects.

An increase in the hydrocarbon chain order and decrease
in the number ofgauchedefects is accompanied by the
increase of the hydrocarbon chain lengths. The latter effect
becomes more pronounced in membranes with 50 mol %
cholesterol. In our recent simulations of pure DPPC bilayer
we found that the lengths of two chains are similar: 13.6 and
13.4 Å for Sn-1 and Sn-2 chains, respectively. In bilayers
with 11 mol % cholesterol, chain lengths did not change
(compared to pure DPPC membrane): 13.6 and 13.2 Å for
Sn-1 and Sn-2, respectively. In membranes with high cho-
lesterol concentrations hydrocarbon chains become more
extended. For structure A (50 mol % cholesterol) the lengths
of the chains were 15.3 and 16.1 Å for Sn-1 and Sn-2 tails
correspondingly, while in structure both these values were
16.8 Å.

Another important characteristic of lipid bilayers that is
varied with the incorporation of cholesterol molecules in
membranes is the dipole potential. It can be calculated from
the expression:

c~z! 2 c~0! 5 2E
0

z

dz9E
0

z9

r~z0!dz0 (2)

wherer(z) is the local excess charge density. In Fig. 14 we
show the total potentials for different concentrations of
cholesterol. The addition of 11 mol % cholesterol had little
effect on the magnitude of the total dipole potential. For

bilayers with 50 mol % cholesterol we found a noticeable
increase in the magnitude of the potential: from;600 mV
in pure DPPC and DPPC1 11 mol % cholesterol bilayers
to ;900–1000 mV in bilayers with 50 mol % cholesterol.
Measurements on egg PC monolayers (McIntosh et al.,
1989) showed that the magnitude of the dipole potential is
increasing with the addition of cholesterol. A similar trend
was found in bilayers with keto-cholestanol (Voglino et al.,
1998).

To obtain more information about the organization of
sterol-containing membranes we determined the location of
cholesterol molecules inside the bilayer. First we calculated
the tilt of cholesterol molecules by measuring the angle
between vector-connecting cholesterol carbon atoms C3 and
C17 (see Fig. 1) and the normal to the bilayer. At low
cholesterol concentration this angle is 206 3°, while at
high concentration the tilt is decreasing to 116 1° and
12.36 1.3° in structures A and B, respectively. The values
of the cholesterol tilt angles are close to the values found in
recent simulations of DPPC membrane with 12.5% mol
cholesterol (;14°) (Tu et al., 1998) and experiments on
DMPC membranes with various amounts of cholesterol
(;16–18° depending on the temperature and cholesterol
concentration) (Oldfield et al., 1978). More recently, Mar-
san et al. (1999) showed that the absolute values of the
cholesterol tilt depend on the models and assumptions used
for their determination. Authors reported values of the mo-
lecular order parameter for DMPC membranes with 16 and
30 mol % cholesterol at 30°C, from which one can estimate
the cholesterol tilt angles as;15.7° and;10.5° corre-
spondingly. Also, cholesterol molecules become more tilted
with the increase of temperature. Although it is hard to
make a comparison between our results and the data from
the experiment (Marsan et al., 1999) since the latter was
performed on DMPC membrane, the observed trend is cor-
rect. Cholesterol molecules become more tilted when the
thickness of membrane becomes smaller either as a result of
the changes in cholesterol concentration or as a result of
temperature variations. We should also point out that our
definition of the cholesterol tilt is not unique. Nevertheless,
it allows us to observe qualitative changes occurring in the
membrane. We also determined positions of different atoms
in cholesterol molecules relative to the bilayer center. In
Table 3 we show the distances to H (hydrogen atom in
hydroxyl group), C3, C17, and C26(27) atoms in choles-
terol. We can see that on average, cholesterol molecules are
located below the carbon atom G3 in DPPC molecules. In
structure A (50 mol % cholesterol) the hydroxyl group of
cholesterol is found;0.5 Å closer to the DPPC headgroup
than in structure B. At the same time the distance between
phosphorus atoms and the middle of the bilayer is larger by
;1 Å in structure B compared to structure A. Positioning of
cholesterol molecules along the bilayer normal is correlated
to the overall tilt of sterols. In Fig. 15 we plot the distance
between the cholesterol hydroxyl group and bilayer center
as a function of the cholesterol molecule tilt angle. In
bilayers with 50 mol % cholesterol the range of possible tilt

FIGURE 14 Dipole potential in pure DPPC membrane and three mem-
branes with cholesterol.
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angles is relatively narrow, and the position of the choles-
terol hydroxyl group relative to the bilayer center is corre-
lated to the tilt angle. In bilayers with 11 mol % cholesterol
the range of possible tilt angles is wider than in membranes
with high sterol content. The location of the hydroxyl group
is not strongly correlated with the tilt angle. The maximum
and minimum tilt angles in all membranes containing cho-
lesterol depend on the hydrophobic thickness of the lipid
molecules. We suggest that the maximum tilt angle is lim-
ited due to the steric interactions with molecules in the same
monolayer, while the minimum angle is defined so that the
cholesterol molecule would not penetrate into the opposite
half of the bilayer. The projection of the length of the
cholesterol molecules on the normal to the bilayer, calcu-
lated as the distance between the hydroxyl group and methyl
groups in the cholesterol tail, matches the length of the

hydrocarbon tails (see Table 3). At low cholesterol concen-
trations (11 mol %), the lipid’s hydrocarbon chains do not
have high order and their lengths are comparable with the
ones in pure DPPC membranes. In crystal structures the
cholesterol molecule has a length of;17 Å. To fit into the
lipid bilayer, taking into the account that the cholesterol
hydroxyl group is located slightly below the first carbon
atom in DPPC chains, the cholesterol molecule has to tilt
with respect to the bilayer normal. In addition, the appear-
ance of thegauchedefects in cholesterol tails can further
reduce its length. At high cholesterol concentrations the
DPPC acyl chains are highly ordered and their length be-
comes similar to the length of cholesterol molecules. Since
cholesterol molecules are only slightly longer, they need to
tilt by a small angle relative to the bilayer normal. It was
argued that the mean hydrophobic length of cholesterol is
equal to the one of the 17:0 PC molecule (McMullen et al.,
1993). The DPPC (16:0 PC) molecule is slightly shorter,
and this fact may explain the observed tilt of cholesterol
molecules.

We also calculated the average number of hydrogen
bonds formed among cholesterol, DPPC, and water mole-
cules. We defined the hydrogen bond using the following
criteria (Pasenkiewicz-Gierula et al., 1997): the distance
between water or cholesterol oxygen and the DPPC oxygen
is shorter than 3.25 Å and the angle between the vector
linking DPPC oxygen with water (or cholesterol) oxygen
and the H–O bond of the water (or cholesterol) is,35°, as
proposed by Raghavan et al. (1992). In Table 4 we listed the
average number of hydrogen bonds formed between DPPC
oxygens and water molecules per DPPC molecule, and the
average number of hydrogen bonds between DPPC oxygens
and cholesterol per cholesterol molecule. We can see that
the average number of hydrogen bonds with water mole-
cules does not depend on the cholesterol concentration. Our
numbers are very similar to those obtained in simulations of
DMPC membrane (Pasenkiewicz-Gierula et al., 1997), ex-
cept that we observe higher numbers of hydrogen bonds
formed with carbonyl oxygens. This is consistent with the
observations that water molecules penetrate into the lipid
bilayer up to the carbonyl groups. We also found that the
average number of hydrogen bonds formed with carbonyl
oxygen of Sn-2 chain is approximately three times larger
than the one with the carbonyl oxygen belonging to the Sn-1
chain. This result agrees with the data obtained using IR
spectroscopy (Wong and Mantsch, 1988). It is also reason-
able, since the Sn-1 carbonyl group is located closer to the
bilayer center than the Sn-2 carbonyl group. On average,
DPPC makes;6.2 hydrogen bonds with water molecules
regardless of cholesterol content. Some water molecules are
simultaneously bonded to two different DPPC oxygens
forming intermolecular or intramolecular water bridges.
The average number of hydrogen bonds per DPPC molecule
involved in formation of water bridges is;2.2 in pure
DPPC membrane and membrane with 11 mol % cholesterol.
At 50 mol % cholesterol the number of water bridges is
decreasing, as is evident by the average number of hydrogen

TABLE 3 Average distances from bilayer center to atoms in
cholesterol molecules, cholesterol tilt angle, the length of
cholesterol projection on axis parallel to bilayer normal, and
average lengths of DPPC hydrocarbon chains

11 mol % 50 mol % (A) 50 mol % (B)

Cholesterol
Tilt 20 6 3 116 1 12.36 1.3
HO 15.56 0.4 18.26 0.2 18.46 0.2
C3 14.06 0.3 16.66 0.2 16.76 0.2
C17 6.06 0.4 8.26 0.2 8.46 0.2
C26(27) 1.56 0.4 1.86 0.2 2.36 0.2
Cholesterol length 14.06 0.4 16.46 0.2 16.16 0.2

DPPC
Sn-1 chain length 13.66 0.4 15.36 0.3 16.86 0.2
Sn-2 chain length 13.26 0.2 16.16 0.2 16.86 0.2

Note the values for the length of cholesterol’s projection along the bilayer
normal is very similar to the lengths of DPPC tails.

FIGURE 15 Position of cholesterol hydroxyl group relative to the bi-
layer center as a function of cholesterol tilt angle in membranes with 11
and 50 (structure B) mol % cholesterol. For bilayer with 50 mol %
cholesterol (structure A) the picture (not shown for clarity) is similar to the
one obtained for structure B. Its center is slightly shifted relative to the
center of the distribution of points in structure B.

2086 Biophysical Journal Volume 77 October 1999



bonds (;1.6 per DPPC molecule). In structure B, this 25%
decrease can be attributed to the fact that on average, a
DPPC molecule has three DPPC and one cholesterol mol-
ecule as nearest neighbors. In structure A the decrease in the
number of water bridges may be due to the increase in the
average distance between DPPC molecules.

Cholesterol forms hydrogen bonds differently depending
on its concentration and arrangement in the lipid bilayer.
The most probable sites to form hydrogen bonds with cho-
lesterol’s hydroxyl group are carbonyl oxygens and ester
P-oxygenO11, which is the closest to the bilayer center
among all four phosphorus oxygens. At low concentrations
cholesterol can form hydrogen bonds with any of these three
sites with almost equal probabilities (see Table 4). At high
concentrations (structure B) the probabilities of forming
hydrogen bonds with ester P-oxygen and carbonyl oxygen
on the Sn-1 chain become lower and most of the hydrogen
bonds are formed with Sn-2 chain carbonyl oxygen. In
structure A the situation is slightly different. While the
probability of forming a hydrogen bond with Sn-1 carbonyl
oxygen remains relatively low, the probabilities of forming
hydrogen bonds with Sn-2 carbonyl oxygen or ester P-
oxygen are almost the same. Cholesterol can also form
hydrogen bonds with water molecules. The average number
of hydrogen bonds is comparable for two membranes with
50 mol %: 0.89 (structure A) and 0.97 (structure B), and is
slightly lower for membrane with 11 mol % cholesterol
(0.72). In membranes with 11 mol % sterol, cholesterol
molecules can move deeper toward the middle of the bilayer
so that their hydroxyl group becomes less exposed to water.
At 50 mol % cholesterol such motions are restricted (as seen
in Fig. 15), and as a result the number of hydrogen bonds
formed between cholesterol and water molecules is slightly
higher. This can be shown by calculating the average num-
ber of hydrogen bonds between cholesterol and water as a
function of distance between the hydroxyl group of choles-
terol and the bilayer center. In membranes with 11 mol %
cholesterol the probability of forming the hydrogen bond
becomes slightly lower when the cholesterol molecule is
located deeper inside the bilayer. This is clearly due to the
fact that water molecules can penetrate inside the bilayer

only up to a carbonyl group. In membranes with 50 mol %
cholesterol this probability is almost independent of dis-
tance from the bilayer center. This is due to the fact that at
high sterol concentrations cholesterol molecules cannot be
placed deep inside the membrane and their hydroxyl groups
are exposed to water.

CONCLUSIONS

We performed three simulations of DPPC membranes with
cholesterol: one with a low (11 mol %) and two with high
(50 mol %) concentrations of cholesterol. We studied the
properties of the bilayers with 50 mol % cholesterol for two
different initial packing structures. In one simulation cho-
lesterol molecules were distributed regularly in membrane,
while in the second simulation lipid (cholesterol) molecules
were placed in lipid- (cholesterol)-rich striped domains. The
results of these simulations were compared with the data
obtained from our recent simulation of pure DPPC mem-
brane. Each simulation of bilayer with cholesterol was run
for 2.0 ns. Our data indicate that rather long equilibration
times are required to allow the system to reach equilibrium.
The usage of the constant pressure algorithm allowed us to
study the changes in the membrane geometry due to the
inclusion of cholesterol. We found that the addition of 50
mol % cholesterol to lipid membrane results in a large
reduction of the membrane area. It should be noted that
although the average area occupied by hydrocarbon tails is
reduced, the area per headgroup increases on the average
since cholesterol molecules are located below the DPPC
carbonyl groups. In structure A the membrane area contin-
ued to drift slowly even during the last 1 ns of simulation
rather than converging to a constant value, as in structure B.
The area of the membrane with 11 mol % cholesterol also
decreased, but much less than in the case of large choles-
terol concentrations. Compression of lipid bilayers was ac-
companied by the increasing order in hydrocarbon tails,
which was most pronounced in bilayers with 50 mol %
cholesterol. We found that in membranes with 50 mol %
cholesterol when molecules were arranged in striped do-

TABLE 4 Average number of hydrogen bonds per DPPC or cholesterol oxygens, formed with water and cholesterol molecules
as indicated

Pure DPPC
(water)

11 mol % 50 mol % (A) 50 mol % (B)

water cholesterol water cholesterol water cholesterol

O12 0.53 0.59 0 0.55 0.001 0.56 0
O11 0.22 0.22 0.10 0.26 0.12 0.33 0.005
O14 1.67 1.61 0 1.73 0.03 1.71 0.02
O13 1.70 1.66 0.003 1.63 0.0 1.72 0.005
O22 1.38 1.45 0.09 1.46 0.12 1.29 0.30
O32 0.54 0.54 0.13 0.52 0.03 0.67 0.07
Total H-bonds 6.04 6.07 6.15 6.31
Bonds in bridges 2.23 2.24 1.67 1.64
OCHOL 0.72 0.89 0.97

Also shown are the total number of hydrogen bonds with water molecules per DPPC and the number of hydrogen bonds involved in bridging between DPPC
molecules.
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mains their order was higher than when they were distrib-
uted in a regular fashion. In Sn-2 chains the amplitude of the
odd-even effect increased with the addition of cholesterol
(as seen in the experiments) except for the 50 mol %
cholesterol structure A membrane. We observed several
differences in our simulations in the properties of mem-
branes with 50 mol % cholesterol, such as drift in membrane
area, lower order in hydrocarbon chains, and lower ampli-
tude of the odd-even effect in structure A compared to
structure B. These results may suggest that at high choles-
terol concentrations, structures with cholesterol-rich do-
mains are more favorable, while membranes with uniform
cholesterol distributions are in a metastable state. Our sim-
ulation times were not sufficiently long to test this hypoth-
esis directly. The lipid membrane hydrophobic thickness
varied in accordance with the cholesterol concentration and
its distribution. The locations of cholesterol molecules also
varied accordingly by adjusting the tilt angle to accommo-
date in the membrane. At low cholesterol content, tails of
DPPC molecules are disordered and hydrophobic thickness
is comparable to the one in the pure DPPC bilayer. Choles-
terol molecules exhibit a large tilt, so that sterol and DPPC
hydrophobic thicknesses match. At 50 mol % sterol DPPC
tails are more ordered, their length is larger, and as a result
cholesterol tilt is decreasing. Cholesterol motion along the
bilayer normal becomes more restricted with the increase in
sterol concentration. We also determined the average num-
ber and most probable atoms with which cholesterol mole-
cules formed hydrogen bonds. We found that cholesterol
can form hydrogen bonds with oxygens in DPPC carbonyl
groups and one of the oxygens in the DPPC phosphate
group. Relative probabilities varied with cholesterol con-
centrations and its distribution. Water molecules can also
form hydrogen bonds with cholesterol. At high cholesterol
content the probability of finding a hydrogen bond between
water and cholesterol did not depend on the position of the
cholesterol molecule relative to the bilayer center. At low
cholesterol content we found a slight drop in the hydrogen
bonding probability, as the cholesterol molecules were lo-
cated deeper inside the bilayer. We found that the average
value of the angle between vector-connecting phosphorus
and nitrogen atoms in DPPC and the surface of membrane
is increasing from 9° in pure DPPC membrane to;17° in
membranes with cholesterol. The latter value varies with
cholesterol concentration and its arrangement in mem-
branes. It is possible that tilting of the P-N vector toward the
bilayer normal rather than to the membrane surface may be
related to the weakening of water bridges between lipid
molecules. Our results indicate that the average number of
hydrogen bonds with water molecules per lipid does not
depend on the headgroup orientation.

Calculations were performed on Cray-T3Es at San Diego Supercomputer
Center and Texas Advanced Computing Center. Computational support
from NPACI is gratefully acknowledged.
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