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ABSTRACT A molecular dynamics (MD) simulation of a fully hydrated, liquid-crystalline dimyristoylphosphatidylcholine
(DMPC)-Chol bilayer membrane containing �22 mol% Chol was carried out for 4.3 ns. The bilayer reached thermal
equilibrium after 2.3 ns of MD simulation. A 2.0-ns trajectory generated during 2.3–4.3 ns of MD simulation was used for
analyses to determine the effects of Chol on the membrane/water interfacial region. In this region, 70% of Chol molecules are
linked to DMPC molecules via short-distance interactions, where the Chol hydroxyl group (OH-Chol) is 1) charge paired to
methyl groups of the DMPC choline moiety (�34%), via the hydroxyl oxygen atom (Och); 2) water bridged to carbonyl (�19%)
and nonester phosphate (�14%) oxygen atoms, via both Och and the hydroxyl hydrogen atom (Hch); and 3) directly hydrogen
(H) bonded to carbonyl (�11%) and nonester phosphate (�5%) oxygen atoms, via Hch (�17% of DMPC-Chol links are
multiple). DMPC’s �-chain carbonyl oxygen atom is involved in 44% of water bridges and 51% of direct H bonds formed
between DMPC and Chol. On average, a Chol molecule forms 0.9 links with DMPC molecules, while a DMPC molecule forms
2.2 and 0.3 links with DMPC and Chol molecules, respectively. OH-Chol makes hydrogen bonds with 1.1 water molecules,
preferentially via Hch. The average number of water molecules H bonded to the DMPC headgroup is increased by 7% in the
presence of Chol. These results indicate that inclusion of Chol decreases interlipid links and increases hydration in the polar
region of the membrane.

INTRODUCTION

Cholesterol (Chol) is an important constituent of eukaryotic
cell membranes. It is located mainly in the plasma mem-
brane and often amounts to 50 mol% of the membrane lipids
(e.g., Sackmann, 1995). The biological roles of Chol in-
volve maintenance of proper fluidity (e.g., Kusumi et al.,
1983; Mouritsen and Jørgensen, 1994), formation of glyco-
sphingolipid-Chol-enriched raft domains (Simons and
Ikonen, 1997), reduction of passive permeability (e.g., Bitt-
man et al., 1984; Subczynski et al., 1989, 1994), and in-
creasing the mechanical strength (e.g., El-Sayed et al., 1986;
Bloom et al., 1991; Bloom and Mouritsen, 1995) of the
membrane.

Because of the prevalence and such important roles of
Chol, phospholipid-Chol interactions in the membrane have
been studied extensively (for a recent review, see McMullen
and McElhaney, 1996). Langmuir film balance studies in-
dicated that Chol causes a reduction in the average cross-
sectional area of phosphatidylcholines (PCs) in the liquid-
crystalline membranes—the so-called condensing effect
(e.g., Hyslop et al., 1990; Smaby et al., 1994, 1997). The
magnitude of the effect depends on the degree of unsatura-
tion of the PC acyl chains and whether the unsaturated chain

is in the � or � position (Davis and Keough, 1983, 1984;
Keough et al., 1989; Smaby et al., 1994, 1997). In di-
oleoylphosphatidylcholine-Chol membranes, because of
steric nonconformability between the cis-unsaturated dou-
ble bond in the alkyl chain and the rigid tetracyclic ring of
Chol, small Chol domains with a lifetime of 1–100 ns are
formed (Subczynski et al., 1990; Pasenkiewicz-Gierula et
al., 1990, 1991). Meanwhile, the role of the polar part of the
PC molecule in the PC-Chol interaction is not certain (e.g.,
de Kruyff et al., 1973; Bicknell-Brown and Brown, 1980;
Bush et al., 1980). A comparison of the effects of 3�-OH-
and 3�-OH-Chol (epiChol) indicates that the �-configura-
tion of the hydroxyl group is important for interaction
between phospholipids and Chol (Demel et al., 1972; de
Kruyff et al., 1973; Murari et al., 1986; Cheetham et al.,
1989). However, how the hydroxyl group of Chol interacts
with the polar groups of PC has yet to be clarified.

PC-Chol membranes have also been studied by theoreti-
cal (Scott, 1991; Scott and McCullough, 1993) and com-
puter simulation (Scott and Kalaskar 1989; Scott, 1991;
Edholm and Nyberg, 1992; Robinson et al., 1995; Tu et al.,
1998) methods. Monte Carlo (MC) studies concentrated
mainly on the ordering effect of Chol on the hydrocarbon
chains (Scott and Kalaskar 1989; Scott, 1991). They showed
that Chol significantly decreased the trans-gauche isomer-
ization of neighboring chains. The effect was stronger for
chains that were near neighbors to more than one Chol
molecule. However, even those chains did not assume all-
trans conformations. Results of MC calculations were sub-
sequently used to define a theoretical model for phase
equilibria in a PC bilayer containing Chol (Scott, 1991) and
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to predict the effect of Chol on the ripple phase (Scott and
McCullough, 1993). Increased ordering of hydrocarbon
chains close to the Chol molecules was also observed in
molecular dynamics (MD) simulation studies of Edholm
and Nyberg (1992) and Robinson et al. (1995). However, Tu
et al. (1998) observed only moderate effects of Chol. Inter-
actions of Chol with PCs and water at the membrane/water
interface were analyzed by MD simulation by Robinson et
al. (1995) and Tu et al. (1998). In both studies, formations
of hydrogen bonds between the Chol hydroxyl group (OH-
Chol) and the phosphate and carbonyl oxygen atoms, as
well as between OH-Chol and water, were observed. Fur-
thermore, Tu et al. (1998) showed that interaction of Chol
with the �-chain carbonyl oxygen atom was twice as com-
mon as that with the �-chain carbonyl oxygen atom, and
that in the presence of Chol the choline group moved toward
the bilayer center.

In this paper, results of a 4.3-ns, constant temperature and
pressure MD simulation of the fully hydrated, liquid-crys-
talline dimyristoylphosphatidylcholine (DMPC)-Chol bi-
layer membrane containing �22 mol% Chol are described.
The bilayer reached thermal equilibrium after 2.3 ns; thus a
2.0-ns trajectory was used for analyses. The primary aim of
these analyses was to investigate short-distance interactions
among polar groups of PC, Chol, and water at the interfacial
region of the membrane. Like Robinson et al. (1995) and Tu
et al. (1998), we observed the formation of H bonds be-
tween OH-Chol and oxygen atoms of PC, particularly the
�-chain carbonyl oxygen atom, and between OH-Chol and
water. However, in the present research, we found that
interactions between Chol and PC via water bridges and
charge pairs are much more prevalent than direct hydrogen
bonding. In a series of MD simulation studies of pure
DMPC bilayer membranes in the liquid-crystalline phase
(Pasenkiewicz-Gierula et al., 1997; 1999), we showed the
occurrence of two types of important interactions between
polar groups of DMPC molecules—indirect, via H bonded
water molecules (water bridging), and direct, via Coulombic
attraction between the positively charged choline moiety of
one DMPC molecule and the negatively charged nonester
phosphate (Op) or carbonyl (Oc) oxygen atoms of another
(charge pairing). In the bilayer, 76% of DMPC molecules
were linked by water bridges and 93% by charge pairs.
Water bridges and charge pairs formed an extended network
of interactions among PC headgroups. These interactions
linked 98% of all PC molecules in the membrane; on
average, only one PC molecule in the bilayer built of 72
DMPC molecules was not linked to the remaining ones in
the polar region. Thus major issues of the present study
were to determine how interactions between OH-Chol and
PC headgroups, and between OH-Chol and water, contrib-
ute to the organization of the membrane/water interface and
the extent to which they interfere with the formation of
DMPC-DMPC water bridges and charge pairs observed in
the pure DMPC bilayer. The key finding of this study is that

in the polar region of the PC-Chol bilayer membrane, PC-
Chol-water links form an extended network. This network,
however, is less branched than a PC-PC-water network in
the pure DMPC bilayer. A similar conclusion was drawn
from experimental studies (Slater at al., 1993; Ho et al.,
1995). In accordance with experimental data (Kusumi et al.,
1986; Ho et al., 1995), increased headgroup hydration is
observed in the presence of Chol. Interactions between
DMPC and Chol in the nonpolar, hydrocarbon chain region
of the membrane will be analyzed and published elsewhere.

METHOD

Simulation system

The dimyristoylphosphatidylcholine bilayer membrane with intercalated
Chol molecules used in this study consisted of 56 DMPC and 16 Chol
molecules. It was obtained by replacing 16 DMPC molecules with 16 Chol
molecules (eight in each leaflet) in the bilayer built of 72 (6 � 6 � 2)
DMPC molecules and simulated for 1690 ps (Pasenkiewicz-Gierula et al.,
1997). The molar content of Chol in the membrane was �22 mol%. In each
leaflet, the Chol molecules were uniformly distributed and well separated
from one another by DMPC molecules. The membrane was hydrated with
1622 water molecules and simulated for 4300 ps, using AMBER 4.0
(Pearlman et al., 1991). Details concerning the pure DMPC membrane
construction and equilibration have been described by Pasenkiewicz-
Gierula et al. (1997, 1999). The initial structure of Chol was the crystal
structure of the molecule A determined by Shieh et al. (1981) (the unit cell
of the Chol crystal contains eight molecules, labeled A–H; Shieh et al.,
1981).

Fig. 1 shows the structure and numbering of atoms in the DMPC and
Chol molecules.

Simulation parameters

For DMPC and Chol, optimized potentials for liquid simulations (OPLS)
parameters (Jorgensen and Tirado-Rives, 1988) were used. The procedure
for supplementing the original OPLS base with the missing parameters for
DMPC was described by Pasenkiewicz-Gierula et al. (1999). For Chol, the
ring sp3 carbon atoms with four explicit substituents, at the junctions
between the rings A and B, and between the rings C and D, i.e., atoms C10
and C15 in Fig. 1 b, respectively, were identified as CT atom type. The
stretching, bending, and torsion parameters for groups containing CT were
set in analogy to OPLS parameters for carbon atoms in hydrocarbons,
purines (C5 in Fig. 1 b), or pyrimidines (C6 in Fig. 1 b). For water, TIP3P
parameters (Jorgensen et al., 1983) were used. To reduce computation
time, the united-atom approximation was applied to CH, CH2, and CH3

groups of DMPC and Chol. The hydroxyl group of Chol was treated with
full atomic details. The atomic charges of the DMPC molecule were taken
from Charifson et al. (1990) (a detailed explanation is given in Pasenk-
iewicz-Gierula et al. (1999)). The atomic charges of the Chol molecule
were obtained by minimizing the electrostatic energy with respect to the
charges. The method is provided with the Extensible Systematic Forcefield
(ESFF) from the MSI package (Biosym/MSI, 1995). The only nonzero
charges are on the hydroxyl hydrogen (0.42 in units of an electronic charge
(e)) and oxygen (�0.54 e) atoms and on the C3 carbon atom of the A ring
to which the hydroxyl group is attached (0.12 e) (cf. Fig. 1 b).

Simulation conditions

Three-dimensional periodic boundary conditions with the usual minimum
image convention were used. The SHAKE algorithm (Ryckaert et al.,
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1977) was used to preserve the bond lengths of the water molecule and the
hydroxyl group of Chol, and the time step was set at 2 fs (Egberts et al.,
1994). For nonbonded interactions, a residue-based cutoff was used with a
cutoff distance of 12 Å. To reduce the calculation time of nonbonded
interactions, each DMPC molecule was divided into six residues (Pasen-
kiewicz-Gierula et al., 1997), and each Chol molecule was divided into
three residues (residues 1, 2, and 3 consisted of the following atoms,
respectively: 1) C1-C5, O3, H3, C10, C18; 2) C6-C9, C11-C17, C19; 3)
C20-C27 (cf. Fig. 1 b). Each residue was chosen in such a way that the total
electrostatic charge on the residue was close to or equal to zero and the
integrity of its chemical groups was preserved. The list of nonbonded pairs
was updated every 25 steps.

To speed up equilibration of the DMPC-Chol membrane, at the begin-
ning of simulation the temperature of the system was raised to 500 K for
20 ps. Then temperature was gradually lowered to 310 K (cf. Fig. 2 a).
After this temperature was reached, simulation was carried out at constant
temperature (310 K � 37°C), which is above the main phase transition
temperature for a pure DMPC bilayer (�23°C), and constant pressure (1
atm). Temperatures of the solute and solvent were controlled indepen-
dently. Both the temperature and pressure of the system were controlled by
the Berendsen method (Berendsen et al., 1984). The relaxation times for
temperatures and pressure were set at 0.4 and 0.6 ps, respectively. Applied
pressure was controlled anisotropically, where each direction was treated
independently and the trace of the pressure tensor was kept constant
(1 atm).

RESULTS

Characterization of the membrane systems and
comparison with experimental data

The approach to the thermally equilibrated state of the
DMPC-Chol bilayer in the liquid-crystalline phase was ob-
served from the onset of simulation until 4300 ps by mon-
itoring the following parameters of the system: the temper-
ature (Fig. 2 a), surface area/DMPC (Fig. 2 b), number of
gauche conformations/myristoyl chain (Fig. 2 c), and po-
tential energy (Fig. 2 d). (While this paper was reviewed
and revised, the calculation was continued for 700 ps, up to

5000 ps. Because the system equilibration is more clearly
seen with the addition of the latest simulation, Fig. 2 shows
the data for the time range between 0 and 5000 ps.) The
surface area/DMPC in the DMPC-Chol membrane was ob-
tained by subtracting the cross-sectional area of eight Chol
molecules (8 � 39 Å2) from the total surface area of the
membrane and then dividing it by 28 DMPC molecules
present in each leaflet. The mean surface area of the Chol
molecule of 39 Å2 was determined by Hyslop et al. (1990)
in a Chol monolayer. This value is greater by 2.8 Å2 than
the value obtained by Vanderkooi (1994) in the crystal. As
can be seen in Fig. 2, b and c, the surface area/DMPC and
the number of gauche conformations/myristoyl chain as-
ymptotically reached average values of 58.4 � 0.7 Å2 and
2.7 � 0.1 after 2300 ps and 2000 ps, respectively. The
distributions and errors of these and other parameters used
in this as well as our previous papers (Pasenkiewicz-Gierula
et al., 1997, 1999) are given in standard deviations. Other
parameters, like the temperature, potential energy, and num-
ber of H bonds between DMPC and water, converged in
shorter time periods. Therefore, we concluded that the
DMPC-Chol bilayer membrane had reached thermal equi-
librium after 2.3 ns of MD simulation. Fig. 3 is a snapshot
of the DMPC-Chol bilayer membrane at 4.3 ns. Results
described below are obtained from a 2.0-ns trajectory gen-
erated between 2.3 and 4.3 ns of MD simulation; the aver-
age values are ensemble and time averages.

The mean surface area/DMPC in the DMPC-Chol mem-
brane of 58.4 � 0.7 Å2 is smaller than that in the pure
DMPC membrane of 60.2 � 1.0 Å2 obtained in our previ-
ous MD simulation (Pasenkiewicz-Gierula et al., 1999). In
a palmitoyloleoylphosphatidylcholine-Chol monolayer, the
surface area/palmitoyloleoylphosphatidylcholine was mea-
sured to decrease by �7 Å2 in the presence of Chol (Hyslop

FIGURE 1 Molecular structure of (a) DMPC
and (b) Chol molecules with numbering of atoms
(the chemical symbol for carbon atoms, C, is
omitted). The Chol rings are labeled A, B, C, and D.
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et al., 1990). However, in that experiment the monolayer
contained 50 mol % of Chol and mono-unsaturated chains,
whereas the DMPC-Chol bilayer used in this study contains
22 mol% Chol and fully saturated chains. The average
number of gauche rotamers/myristoyl chain obtained in this
study is 2.7 � 0.1, and in the pure DMPC membrane it was
2.8 � 0.1 (Pasenkiewicz-Gierula et al., 1999); thus they do
not differ significantly. However, in accordance with pre-
dictions of Ipsen et al. (1987), a decrease in the probability
of gauche conformations in alkyl chains next to Chol was

observed. Analyses of DMPC alkyl chain conformations
and dynamics in the DMPC-Chol membrane will be pub-
lished elsewhere.

The surface tension in the simulation box was monitored
from the onset of simulation until 4300 ps (Fig. 2 e). After
equilibration, the average surface tension (Zhang et al.,
1995) is �0.4 � 130 dyn/cm. Its nearly zero value follows
from keeping the system pressure constant. Large fluctua-
tions in this parameter (�130 dyn/cm) are caused by large
fluctuations in the system pressure.

The profiles of the order parameter along the DMPC
hydrocarbon chains in the DMPC and DMPC-CHOL mem-
branes are shown in Fig. 4. The presence of Chol increased
the molecular order parameter of DMPC alkyl chains at all
depths in the membrane, which is in agreement with exper-
imental data (Sankaram and Thompson, 1990; Urbina et al.,
1995, 1998).

FIGURE 2 Diagrams showing the time developments of the (a) temper-
ature, (b) surface area per DMPC (the equilibrium average surface area is
58.4 � 0.7 Å2), (c) number of gauche bonds per chain (the equilibrium
average number is 2.7 � 0.1), (d) potential energy, and (e) surface tension
(the average equilibrium tension is �0.4 � 130 dyn/cm). The errors are
standard deviations (SD). Thin lines in b and c indicate average values of
the parameters in the time range between 2300 and 5000 ps.

FIGURE 3 Snapshots of the DMPC-Chol bilayer membrane at 4300 ps
of MD simulation. (a) The full system. (b) Water is removed to show
locations of DMPC and Chol polar groups. The Chol molecules are shown
as yellow sticks. The OH group of Chol is shown in standard colors as the
CPK model; the nonester phosphate oxygen atoms (Op) are light blue; the
carbonyl oxygen atoms O22 and O32 are light brown and pink, respec-
tively. The spheres representing the oxygen atoms are of varying sizes—
Ops are the smallest, O32s are the largest. The remaining atoms are coded
in standard colors as lines.
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Our earlier electron paramagnetic resonance experiments
on DMPC-Chol multibilayer membranes utilizing Chol an-
alog spin-labels, cholestane and androstane, indicated that
in the membrane at 35°C the probes undergo substantial
wobbling in a cone (Kusumi and Pasenkiewicz-Gierula,
1988; Pasenkiewicz-Gierula et al., 1990). In the DMPC-
Chol membrane containing 30 mol% Chol at 35°C, the
average tilt inside the cone of the androstane long axis
relative to the normal was 22.3° (Pasenkiewicz-Gierula et
al., 1990). The Chol tilt in this simulation was defined as an
angle between the C3-C15 vector (cf. Fig. 1 b) and the
bilayer normal. In the simulated DMPC-Chol membrane
containing �22 mol% Chol at 37°C, the average tilt, cal-
culated based on the cone angle formalism, is 27 � 2°.
Experimental data indicate that the angle of tilt was de-
creased as the Chol concentration in the membrane was
increased (Murari et al., 1986; Pasenkiewicz-Gierula et al.,
1990). However, the magnitude of the decrease depends on
the experimental method used. The average Chol tilt angle
obtained in this work is in general agreement with those
estimated experimentally.

The change of the location of OH-Chols along the mem-
brane normal (z axis) with time is shown in Fig. 5. The
equilibrium atom density profiles across the membrane of
OH-Chols and the carbonyl O22 and O32 atoms are shown
in Fig. 6 a. These two figures, as well as Fig. 3, indicate that
after membrane equilibration the vertical location of OH-
Chols is close to that of O22 and O32. This result is in good
agreement with data obtained by x-ray diffraction (McIn-
tosh, 1978), 13C NMR (Yeagle and Martin, 1976; de Kruijff,
1978), and electric measurements (Karolis et al., 1998).

The results summarized above suggest that the simulated
membrane obtained here reproduces various properties of
PC-Chol bilayers in the liquid-crystalline phase that have
been observed experimentally. Therefore, it is concluded
that this membrane provides a good model for a DMPC-
Chol membrane.

In the following analyses of a 2.0-ns trajectory of the MD
simulation, we focus on the atomic-level interactions of

OH-Chols with PC headgroups and water molecules. One of
the major issues here is to determine how these interactions
contribute to the organization of the membrane/water inter-
face and the extent to which they interfere with the forma-
tion of DMPC-DMPC water bridges and charge pairs.

In this study, we use the same geometrical definitions of
H bonding, water bridging, charge pairing, and their life-
times as in our previous papers (Pasenkiewicz-Gierula et al.,
1997, 1999).

1. An H bond between OH-Chol and Op, Oc, or Ow (Ow
is the oxygen atom of a water molecule) is judged to be
formed when the O���O distance (rHB) is less than or equal to
3.25 Å and the angle, �, between the O���O vector and the
O-H bond (O���O-H angle) is less than or equal to 35° (Table
1). The distance of 3.25 Å is the position of the first
minimum in the radial distribution function (RDF) of the

FIGURE 4 The molecular order parameter (Smol) profiles calculated for
the DMPC-Chol membrane (F) and for the pure DMPC membrane (E) at
310 K (averaged over �- and �-chains, and over 2000 ps). Error bars are
standard deviations.

FIGURE 5 Time profiles of the vertical positions (z axis) of hydroxyl
groups of eight arbitrarily chosen Chol molecules (four in each leaflet) in
the DMPC-Chol membrane.

FIGURE 6 Equilibrium atom number density profiles along the bilayer
normal of the Chol oxygen atoms. Och (thick line) is shown together with
(a) O22 (thin line) and O32 (dotted line) and (b) the water oxygen atoms,
Ow (dashed line). The center of the horizontal axis (zero) is the middle of
the hydrocarbon core of the bilayer. The notation is given in Fig. 3.
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Chol oxygen atoms (Och) relative to Op (Oc, Ow) (cf. Fig.
7, a–c).

2. A water bridge between two molecules (two DMPCs,
DMPC and Chol, or two Chols) is judged to be made when
a water molecule is simultaneously H bonded to both mol-
ecules.

3. A charge pair between oppositely charged groups on
two separate molecules (either two DMPCs or DMPC and

Chol) is judged to be formed when the two groups are
located within 4.0 Å of each other (cf. Fig. 7 d).

4. DMPC-Chol association via H bonding and charge
pairing is dynamic. To calculate the lifetime of the associ-
ation, each DMPC-Chol pair was monitored every 1.0 ps for
the time from its first appearance (after equilibration of the
system) until the final time of 4300 ps. In this analysis, if the
association was temporarily broken but reformed within 60

TABLE 1 Characteristics of direct H bonds between DMPC oxygen atoms (nonester phosphate (Op), carbonyl (Oc: O22 and
O32)) and cholesterol (CHOL); between cholesterol and water (Wat); and between cholesterol molecules

Pair
No./cholesterol

(%)
No./membrane

(%)
r

(Å)
�

(deg)
Lifetime

(ps)

A. DMPC. . .CHOL H bonds
DMPC. . .CHOL 0.16 � 0.06 2.5 � 1.0 — — 68 � 140

16% CHOL
4% DMPC

Op. . .CHOL 0.05 � 0.04 (30%) 0.76 � 0.6 (30%) 2.64 � 0.1 10.3 � 5.8 —
O14,O13 (15%)

Oc. . .CHOL 0.11 � 0.05 (70%) 1.7 � 0.8 (70%) 2.78 � 0.1 13.5 � 6.0 —
O22. . .CHOL 0.03 � 0.03 0.4 � 0.5 (19%) 2.79 � 0.1 12.3 � 5.4 —
O32. . .CHOL 0.08 � 0.04 1.3 � 0.6 (51%) 2.78 � 0.1 14.0 � 6.0 —

B. Wat. . .CHOL H bonds
Wat. . .CHOL 1.1 � 0.10 17.4 � 2.7 — — 41 � 68
Wat. . .Och 0.33 � 0.10 (30%) 5.2 � 1.6 (30%) 2.91 � 0.1 17.0 � 8.3 24 � 37
Wat. . .Hch 0.76 � 0.07 (70%) 12.2 � 1.1 (70%) 2.76 � 0.1 12.0 � 6.7 45 � 90
No. single Wat. . .CHOL H bonds: 0.6
No. bridging Wat. . .CHOL H bonds: 0.5

C. CHOL. . .CHOL H bonds
CHOL. . .CHOL — 0.15 — — —

2% CHOL

The average numbers, geometry (distance, r, and angle, �), and the lifetimes of H bonds are given. Och and Hch are, respectively, the oxygen and hydrogen
atoms of the Chol hydroxyl group. The percentage of Chol and DMPC molecules involved in direct H bonding and the number of Chol–Chol H bonds are
also given.

FIGURE 7 The radial distribution
functions (RDF) of Ochs relative to (a)
Ops, (b) O22 (——), and O32 (– – –).
The RDFs of Ows relative to (c) Och
(——) and the Chol hydroxyl hydro-
gen atom, Hch (– – –). (d) The RDFs of
Ochs relative to a choline methyl
group, N-CH3. The notation is given in
Figs. 3 and 6.
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ps between the same molecules, the break was ignored,
whereas a break longer than 60 ps was treated as the final
decay.

H bonds formed by Chol

Direct H bonding between OH-Chol and DMPC

The equilibrium RDFs of the Chol oxygen atoms relative to
Op and to O22 and O32, are shown in Fig. 7, a and b,
respectively. Their shapes indicate a formation of H bonds
between Chol and DMPC, which is not extensive. The
probability of finding a Chol molecule directly H bonded to
DMPC oxygen atoms (Op, Oc���Chol) is only 16% on av-
erage. Thus 2.5 of 16 Chol molecules are H bonded to
DMPC oxygen atoms at a given instant. Of these H bonds,
70% are formed with Oc (O22 and O32) and 30% with Op
(O14 and O13) (Table 1). An example of a DMPC-Chol pair
that is linked by a direct H bond (DMPC���Chol) is shown in
Fig. 8 a. The average lifetime of DMPC���Chol is 68 ps
(Table 1). Snapshots of DMPC���Chol H bonds at 3300 ps
and 4300 ps are shown in Fig. 9 in light green.

H bonding between OH-Chol and water

Fig. 7 c shows the equilibrium RDFs of the water oxygen
atoms (Ow) relative to the oxygen atom (Och) (solid line)

and the hydrogen atom (Hch) (dotted line) of OH-Chol.
Their shapes indicate that Chol forms H bonds with water
more extensively than with DMPC. On average, there are
1.1 H bonds with water/Chol; 30% of them are made via
Och (water���Och H bonds) and 70% via Hch (water���Hch H
bonds) (Table 1). The average lifetimes of the H bonds are
24 and 45 ps, respectively (Table 1). On average, 84% of the
Chol molecules present in the membrane make H bonds
with water; the multiplicity of the bonds is given in Table 2.

Water bridging between OH-Chol and DMPC

In the pure DMPC bilayer membrane, a pair of DMPC
molecules can be linked by a water bridge (Pasenkiewicz-
Gierula et al., 1997). Because Chol forms on average H
bonds with 1.1 water molecules, water bridging between
DMPC and Chol was examined. The snapshots of DMPC-
Chol pairs linked by water bridges at 3300 ps and 4300 ps
are shown in Fig. 9 in blue.

FIGURE 8 Examples of DMPC-Chol and Chol-Chol pairs in the mem-
brane. (a) A direct H bond between Oc and the hydroxyl group of Chol
(OH-Chol). (b) A water bridge between Oc and OH-Chol. (c) A charge pair
between Och and N-CH3. (d) A water bridge between two Chol molecules.
The notation is given in Figs. 3 and 6. The image was produced with
MolScript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).

FIGURE 9 DMPC-Chol cross-links due to direct H bonding (light
green), water bridging (blue), and charge pairing (red) for the upper layer
at 3300 (a) and 4300 ps (b) and for the lower layer at 3300 (c) and 4300
ps (d). A black dot shows the location of the phosphorus atom of DMPC
in the x, y plane. A yellow dot shows the location of the oxygen atom of
Chol in the x, y plane.
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A water molecule can bridge DMPC to Chol in two
ways—either via its two hydrogen atoms (16% of cases) or
via one of its hydrogen atoms and the oxygen atom (84% of
cases) (Table 2). In the former case the water molecule is H
bonded to Chol via Och, in the latter, via Hch. In any case,
one of the water hydrogen atoms is H bonded to either Op
(42% of cases) or Oc (58% of cases) of the DMPC molecule
(Table 2). Fig. 8 b shows an example of a water bridge
between Oc and Hch.

The average number of Op(Oc)-Chol water bridges is
�0.4/Chol (six per membrane; five of them are single and
0.5 are double), and they link, on average, 5.2 Chol mole-
cules to 5.7 DMPC molecules (Table 3) (two DMPC mol-
ecules can be linked to one Chol; cf. Fig. 9). Thus, 33% of
all Chol molecules in the membrane are water bridged to
10% of DMPCs (Table 3). The average lifetime of a single
Op(Oc)-Chol water bridge is 40 ps, and the average lifetime
of a DMPC-CHOL pair bridged by a water molecule is 500
ps (Table 3).

DMPC-Chol charge pairs

In the DMPC-Chol membrane the negatively charged oxy-
gen atom of the Chol hydroxyl group can interact with a
positively charged methyl group of the choline moiety (N-
CH3) of PC, to form charge pairs analogous to DMPC-
DMPC charge pairs, particularly Oc–N-CH3 pairs (Pasenk-
iewicz-Gierula et al., 1999). The RDF of N-CH3s relative to
Och (Fig. 7 d) indicates the formation of Och–N-CH3

charge pairs (the first peak in the RDF corresponds to the
Och–N-CH3 distance of 3.6 � 0.2 Å). The snapshots of
DMPC-Chol links via charge pairs at 3300 ps and 4300 ps
are shown in Fig. 9 in red. An example of a DMPC-Chol
charge pair is given in Fig. 8 c.

On average, there are 0.5 Och–N-CH3 charge pairs per
Chol molecule (8.5 per membrane; four of them are single,

the rest are multiple) in the DMPC-Chol membrane (Table
4). Thus, compared with DMPC, Chol forms half as many
charge pairs per molecule. The pairs directly link 5.5 Chol
molecules to 5.1 DMPC molecules (two DMPC molecules
can be linked to one Chol molecule and vice versa; cf. Fig.
9). The Chol molecules that are charge paired to DMPCs
constitute 35% of all Chol molecules in the membrane. The
average lifetime of a single Och–N-CH3 charge pair is 550
ps (Table 4). For a DMPC-Chol pair linked by charge pairs,
because of the finite analysis time, only the lower limit of
the average lifetime can be estimated, and it is equal to 1100
ps (17% of lifetimes are longer than 2000 ps, the time
window of the present analysis) (Table 4).

The hydroxyl group of Chol, when fully hydrated, is able
to form three H bonds with water (two via the oxygen and
one via the hydrogen atom). However, the average number
of H bonds made between water and OH-Chol in the
DMPC-Chol membrane of 1.1/Chol is less than that (Table
1). This is caused in part by the fact that in the membrane,
the Chol hydroxyl groups are located at the border of the
membrane hydrophobic region (as O32s) and are not fully
hydrated (Fig. 6 b), and in part by competition between
water molecules and N-CH3 groups to interact with the
oxygen atom of Chol (DMPC-Chol charge pairing). When
Och participates in charge pairing with N-CH3, it makes H
bonds with water in only 23% of cases; otherwise, it makes
H bonds with water in 40% of cases.

TABLE 2 H bonds formed between cholesterol and water

A. Simple H bonds between CHOL and water
No. H bond/CHOL 0 1 2 3
% CHOL 16 59 24 1

B. DMPC–CHOL water bridges
DMPC

oxygen atom Op: O14 O13 Oc: O22 O32
% H bonds 42 21 21 58 14 44
No. H bonds 2.8 1.4 1.4 3.9 1.0 2.9

CHOL
CHOL atom Och Hch
% H bonds 16 84
No. H bonds 1.3 6.8

A. Simple H bonds: Percentage of Chol molecules forming zero, one, two,
and three H bonds with water. B. Water bridges: Percentage and numbers
of H bonds formed with nonester phosphate (Op) and carbonyl (Oc)
oxygen atoms of DMPC, and with oxygen (Och) and hydrogen (Hch)
atoms of the Chol hydroxyl group.

TABLE 3 DMPC–Chol and DMPC–DMPC water bridges and
water bridged pairs

Pair
No./Membrane (%)

(No./Molecule)
Lifetime

(ps)

DMPC-Chol membrane
Op,Oc–Chol 6 bridges (0.38 bridges/Chol) 40 � 70

85% single, 15% multiple
DMPC–Chol 6 pairs (0.38 pairs/Chol) 500 � 500

5.2 Chol (33%)
5.7 DMPC (10%)

Op,Oc–Op,Oc 28 bridges (0.5 bridges/DMPC) 27 � 65
69% single, 31% multiple

DMPC–DMPC 24 pairs (0.43 pairs/DMPC) 530 � 600*
35.5 DMPC (64%) (8% � 2000 ps)

Chol–Chol 0.5 bridges (0.03 bridges/Chol) —
6% Chol

DMPC–DMPC–Chol 3.45 DMPC (6%) —
Pure DMPC membrane†

Op,Oc–Op,Oc 41 bridges (0.57 bridges/DMPC) 50 � 50
61% single, 39% multiple

DMPC–DMPC 40 pairs (0.55 pairs/DMPC) 730 � 900*
55 DMPC (76%) (7.5% � 3100 ps)

Numbers of water bridges, bridged molecules (%), and the lifetimes of the
water bridging are given (Op is a nonester phosphate oxygen atom, Oc is
a carbonyl oxygen atom, and Och and Hch are the oxygen and hydrogen
atoms of the Chol hydroxyl group, respectively).
*Only lower limit estimate; see text (in parentheses, the percentage of
lifetimes longer than the time window used for analysis is given).
†Pasenkiewicz-Gierula et al. (1999).
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DMPC-Chol pairs formed via H bonds and/or
charge pairs and/or water bridges

The results obtained so far indicate that in the DMPC-Chol
membrane, 16% of Chol molecules are directly H bonded
(Table 1), 33% are water bridged (Table 3), and 34% are
charge paired to DMPC molecules (Table 4). Partners with
which the hydroxyl group of Chol is linked to a DMPC are
summarized in Fig. 10. The percentage of Chol molecules
that are linked to DMPC molecules in the membrane is not
a simple sum of the above numbers because 26% of Chol
molecules that are charge paired are simultaneously water
bridged (1.5 of 5.5), and �7% of them are directly H
bonded to DMPC (0.4 of 5.5). Chol molecules that are water
bridged practically do not simultaneously make direct H
bonds with DMPC. Consequently, 70% of Chol molecules
are linked to 21% of DMPC molecules in the membrane at
any instant (Table 6 and Figs. 9 and 11). Moreover, transient
DMPC-Chol associations involve all Chol molecules in the
membrane. During the analysis time of 2.0 ns, every Chol
molecule has been associated with a DMPC for at least 20%
of this time and, on average, for 70% of this time. The lower
limit of the average lifetime of DMPC-Chol pairs is 920 ps
(Table 7). Snapshots of the pattern of DMPC-Chol links via
any of the short-distance interactions at 3300 ps and 4300 ps
are shown in Fig. 11 in red.

Chol-Chol interaction

In the initial structure of the DMPC-Chol membrane, the
Chol molecules were placed almost uniformly in the x, y
plane (parallel to the membrane surface) and were well
separated from one another by DMPC molecules. In the
equilibrated membrane, Chol molecules linked via a direct
H bond or via a bridging water molecule were found but
were rare. In the former case, there were on average 0.01/
Chol (0.15/membrane), and, in the latter case, 0.03/DMPC
(0.5/membrane) of such interactions at any instant (Tables 1
and 3). Fig. 8 d shows an example of two Chol molecules
bridged by a water molecule.

DMPC-DMPC interactions in the
presence of Chol

Our previous studies of the water/membrane interface in the
liquid crystalline DMPC bilayer membrane (Pasenkiewicz-
Gierula et al., 1997, 1999) indicate that, on average, each
DMPC makes 5.4 H bonds with water, but only 4.5 water
molecules are H bonded to each DMPC. Approximately
20% of these water molecules are simultaneously H bonded
to oxygen atoms of two DMPC molecules making water
bridges. In effect, 76% of all DMPC molecules in the
membrane are linked by water into clusters of various sizes.

TABLE 4 DMPC–Chol and DMPC–DMPC charge pairs

Charge pair
No./Membrane (%)

(No./Molecule)
Lifetime

(ps)

DMPC-Chol membrane
OchON-CH3 8.5 pairs (0.53 pairs/Chol) 550 � 500

46% single, 54% multiple
DMPC–Chol 6 pairs (0.38 pairs/Chol) 1100 � 600*

5.5 Chol (34%) (17% � 2000 ps)
5.1 DMPC (9%)

Op,Oc–N-CH3 92 pairs (1.64 pairs/DMPC) 175 � 250
25% single, 75% multiple

Op–N-CH3 51 pairs (55%) 140 � 140
Oc–N-CH3 41 pairs (45%) 220 � 330
DMPC–DMPC 48 pairs (0.86 pairs/DMPC) 950 � 750*

51 DMPC (91%) (18.5% � 2000 ps)
DMPC–DMPC–Chol 2.6 DMPC (5%) —

Pure DMPC membrane†

Op,Oc–N-CH3 150 pairs (2.08 pairs/DMPC) —
24% single, 76% multiple

Op–N-CH3 90 pairs (60%) 140 � 225
Oc–N-CH3 60 pairs (40%) 174 � 325
DMPC–DMPC 77 pairs (1.07 pairs/DMPC) 1400 � 1000*

67 DMPC (93%) (18% � 3100 ps)

Numbers of charge pairs, charge paired molecules, and the lifetimes of
pairing are given (Op is a nonester phosphate oxygen atom, Oc is a
carbonyl oxygen atom, N-CH3 is a methyl group of the choline moiety, and
Och is the oxygen atom of the Chol hydroxyl group).
*Only lower limit estimate; see text (in parentheses, the percentage of
lifetimes longer than the time window used for analysis is given).
†Pasenkiewicz-Gierula et al. (1999).

FIGURE 10 Partners with which the hydroxyl group of Chol is linked to
a DMPC molecule. A solid line indicates a direct H bond, a dashed line
indicates a charge pair, and a water molecule indicates a water bridge. The
thickness of the line represents the probability of the link. Light gray
indicates DMPC molecules; dark gray indicates a Chol molecule.
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The zwitterionic groups of PCs interact directly via Cou-
lombic interaction to form charge pairs. This interaction
involves 93% of DMPC molecules. Both water bridging and
charge pairing link, on average, 98% of DMPC molecules,
for an average duration of over 1500 ps.

In the present study, we examined the extent to which the
interactions between water and DMPC and between DMPC
molecules are preserved in the DMPC-Chol membrane. The
average number of water molecules H bonded to DMPC
was found to increase slightly (7%) with the inclusion of
Chol in the DMPC bilayer membrane (Table 5). The in-
crease occurred for all oxygen atoms in DMPC. In partic-
ular, a higher access of water (15%) was observed in the
region of the carbonyl groups (Table 5). This is consistent
with our previous experimental finding (Kusumi et al.,
1986), as well as that of Ho et al. (1995). The average
numbers of intermolecular Op, Oc-Op, Oc water bridges
that link DMPC molecules and DMPC molecules bridged
by water, as well as the occurrence of multiple bridges,
decreased by �15% in the presence of 22 mol% Chol

(Table 3). The lower limit of the average lifetime of DMPC-
DMPC links via water bridges in the presence of Chol is
530 ps (Table 3). About 6% of DMPC molecules are simul-
taneously water bridged to DMPCs and to Chol (Table 3).
The average number of intermolecular Op, Oc–N-CH3

charge pairs linking DMPC molecules decreased by 20% in
the presence of 22 mol% Chol (Table 4). However, the
fractions of DMPC molecules that are charge paired, as well
as the occurrence of multiple charge pairs, are similar in the
two membranes (Table 4). The lower limit of the average
lifetime of DMPC-DMPC links via charge pairs in the
presence of Chol is 950 ps (Table 4). About 5% of DMPC
molecules are simultaneously charge paired to DMPCs and
to Chol (Table 4).

Taking account of both charge pairs and water bridges,
each DMPC molecule makes, on average, 2.2 and 2.7 links
with other DMPC molecules in the DMPC-Chol and pure
DMPC membranes, respectively (Table 6). The lower limit
of the average lifetime of a DMPC-DMPC pair in the
DMPC-Chol membrane is 1100 ps (Table 7).

In the DMPC-Chol membrane, �20% of DMPC mole-
cules are simultaneously linked to DMPC and Chol (Table

FIGURE 11 DMPC-DMPC cross-links (light green) and DMPC-Chol
cross-links (red) for the upper layer at 3300 (a) and 4300 ps (b) and for the
lower layer at 3300 (c) and 4300 ps (d). A black dot shows the location of
the phosphorus atom of DMPC in the x, y plane; a yellow dot shows the
location of the oxygen atom of Chol in the x, y plane. Pairs of open symbols
represent images of “real” PC molecules to show links between DMPCs of
adjacent simulation boxes via periodic boundary conditions.

TABLE 5 Numbers of water molecules H bonded to DMPC
oxygen atoms (nonester phosphate (Op), carbonyl (Oc), and
ester phosphate (Ope)) in DMPC-Chol and pure DMPC
membranes (average over 2000 ps)

DMPC oxygen atoms

Number of H bonded water molecules

DMPC-Chol
Membrane

Pure DMPC
Membrane

Op 3.9 � 0.12 3.7 � 0.10
Oc 0.92 � 0.08 0.80 � 0.07
Ope 0.47 � 0.07 0.43 � 0.07
Total 4.8 � 0.16 4.5 � 0.12
Total number of H bonds/DMPC 5.7 � 0.20 5.4 � 0.14

TABLE 6 Average numbers of DMPC and Chol molecules as
well as DMPC–DMPC and DMPC–Chol associations linked by
all types of short-distance interactions in the DMPC-Chol
membrane (56 DMPC and 16 Chol molecules) and in the pure
DMPC membrane (72 DMPC molecules)

Links
No. (%) of
molecules

No. of pairs/
membrane (/lipid)

DMPC-Chol membrane
DMPC–Chol 11.8 (21%) DMPC 14 (0.3/DMPC)

11.2 (70%) Chol 14 (0.9/Chol)
DMPC–DMPC 54 (96%) 62 (2.2/DMPC)
DMPC–DMPC–Chol 11.2 (20%) DMPC 13

10.7 (67%) Chol 13
DMPC–DMPC or

DMPC–Chol
54.6 (97.5%) DMPC 69 (2.5/DMPC)

(1.9/(DMPC � Chol))

Pure DMPC membrane*
DMPC–DMPC 71 (98%) 97 (2.7/DMPC)

*Pasenkiewicz-Gierula et al. (1999).
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6), and 1% are linked solely to Chol (isolated DMPC-Chol
pairs; on average, there is less than one such pair in the
membrane). Thus 97.5% of DMPC molecules are linked to
either DMPC or Chol. When both DMPC-DMPC and
DMPC-Chol links are included, then the average number of
links formed by each DMPC molecule is 2.5/DMPC. Be-
cause Chol forms far fewer links, the overall average of
intermolecular links/lipid decreases to 1.9 in the DMPC
membrane containing 22 mol% Chol.

Fig. 11 is a snapshot of interlipid links via short-distance
interactions for the upper and lower leaflets of the bilayer at
3300 ps and 4300 ps. The pattern of DMPC-Chol links via
direct H bonds, water bridges, and/or charge pairs is shown
in red (Chol is represented by yellow dots and DMPC by
black dots). The pattern of DMPC-DMPC links via water
bridges and/or charge pairs is shown in green. On average,
a Chol molecule is linked with 0.75 DMPC molecules, 0.15
by direct H bonds, 0.33 by water bridges, and 0.34 by
charge pairs (some links are via both water bridges and
charge pairs), and with 0.04 Chol molecules, 0.01 via direct
H bonds and 0.03 CHOL via water bridges.

Comparison of the network of DMPC-DMPC links in the
DMPC-Chol membrane (green lines in Fig. 11) with that in
the pure DMPC membrane (figure 10 of Pasenkiewicz-
Gierula et al., 1999) shows that in both membranes almost
all DMPC molecules are linked with one another; however,
the links in the presence of Chol are less branched.

DISCUSSION

A computer model of the hydrated DMPC membrane con-
taining 22 mol% Chol was found to be stable on the nano-
second time scale and to reproduce several experimental
results well. A 2.0-ns MD trajectory of the well-equilibrated
membrane was analyzed to determine the effects of Chol on

the membrane/water interfacial region. This region is not
easily accessible to experimental studies. The present study
addressed three problems: 1) atomic-level interactions be-
tween polar groups of DMPC and Chol and between Chol
and water, 2) modifications of DMPC-water and DMPC-
DMPC interactions in the presence of Chol, and 3) network
of interlipid links involving both DMPC and Chol mole-
cules (DMPC-DMPC-Chol links).

Direct H bonds between PC and Chol molecules in the
PC-Chol membrane have been a controversial issue over the
years. It has been proposed that Chol makes H bonds with
the carbonyl oxygen atoms of PC, but no conclusive exper-
imental data have been published (for a review, see Mc-
Mullen and McElhaney, 1996). In the present work, direct H
bonding was found to be infrequent: of 0.75 DMPC mole-
cules linked to a Chol molecule, only 0.16 were linked via
a H bond. Direct H bonding requires a certain relative
orientation and distance between OH-Chol and Op or Oc.
The rigid structure of Chol, the large size of DMPC, and
their dynamics probably preclude a close approach of the
Chol hydroxyl group to the DMPC headgroup in the mem-
brane over a time period long enough to form a stable H
bond.

The hydrogen atom of the Chol hydroxyl group partici-
pates in Chol-water interactions more often than the oxygen
atom—over two times more often in the case of simple H
bonding and over five times more often in the case of water
bridging. The lifetime of water���Och is two to three times
shorter than that of water���Hch. The difference in the oc-
currence and stability of the two types of H bonds with
water might result, in addition to other factors (Murari et al.,
1986), from a competition between a water molecule and a
choline group to interact with Och. When Och makes a
charge pair with N-CH3, the number of H bonds between
Och and water is two times smaller than otherwise. A
similar competition between a water molecule and N-CH3

was observed in the pure DMPC membranes (results to be
published). Formation of charge pairs between DMPC and
Chol observed in this study is consistent with the inward
orientation of the PC choline group observed by Tu et al.
(1998).

In the simulated DMPC-Chol membrane, the number of
H bonded water molecules to the PC headgroups is 7%
higher than that in the pure DMPC membrane (Table 5).
This likely results from larger DMPC-DMPC spacing
(Yeagle et al., 1977; Ho et al., 1995; Hyslop et al., 1990).
Furthermore, each Chol molecule is H bonded to 1.1 water
molecules, of which 0.5 participate in DMPC-Chol bridg-
ing. As OH-Chols are located in the region of DMPC
carbonyl groups, increased H bonding is observed, particu-
larly in this region of the DMPC-Chol membrane. These
findings are in accord with experimental results (Kusumi et
al., 1986; Ho et al., 1995).

As can be seen in Fig. 11, Chol is often an “end” mole-
cule in the lipid-lipid network in the DMPC-Chol mem-

TABLE 7 Times characterizing DMPC–DMPC and DMPC–
Chol associations linked by all types of short-distance
interactions in the DMPC-Chol membrane (56 DMPC and
16 Chol molecules) and in the pure DMPC membrane
(72 DMPC molecules)

Association

Average
lifetime

(ps)

Firm
bonding

(ps)

Break
time
(ps)

No. (frequency)
of breaks (1/s)

DMPC-Chol membrane
DMPC–Chol 920 � 650* 7.1 2.4 96 (1.0 � 1011)

(12.7% � 2000 ps)
DMPC–DMPC 1100 � 800* 11.7 3.1 72 (0.6 � 1011)

(26.5% � 2000 ps)

Pure DMPC membrane†

DMPC–DMPC 1500 � 1160* 14.1 2.6 89 (0.6 � 1011)
(24% � 3100 ps)

*Only lower limit estimate; see text (in parentheses, the percentage of
lifetimes longer than the time window used for analysis is given).
†Pasenkiewicz-Gierula et al. (1999).
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brane. In this membrane, 70% of Chol molecules are linked
via short-distance interactions to DMPC at any instant (Ta-
ble 6). On average, each of these 70% of molecules makes
1.3 links with DMPC, while an average Chol molecule
makes 0.9 such links. In effect, the all-membrane average
number of interlipid links is 1.9/lipid (either DMPC or
Chol) (0.9/Chol) (Table 6). However, this does not destroy
the extended network of lipid-lipid links in the interfacial
region observed in the pure DMPC membrane (Pasenk-
iewicz-Gierula et al., 1999), where the average number of
interlipid links is 2.7/lipid (Table 6). Both formation of an
extended network of interlipid links in the DMPC-Chol
membrane and its less branched nature than in the pure
DMPC membrane agree with experimental data (Slater et
al., 1993).

In the present research, we chose �22 mol% for the Chol
concentration. At �20 mol% Chol, even at temperatures
below the phase transition temperature of the DMPC mem-
brane, DMPC and Chol are mixed well, as seen in the phase
diagram of the binary mixtures of DMPC and Chol (Reck-
tenwald and McConnell, 1981). Therefore, it is an excellent
Chol concentration for the studies of the basic features of
DMPC-Chol interaction. When the Chol content in the
membrane is increased, it is expected that the DMPC-
DMPC distance will increase, which in turn decreases the
number of DMPC-DMPC links via water bridges and
charge pairs, and that DMPC-Chol and Chol-Chol links will
become more frequent.

CONCLUSIONS

1. A computer model of the fully hydrated liquid-crystalline
DMPC-Chol bilayer membrane containing 22 mol% Chol
that is stable on the nanosecond time scale and reproduces
several properties of an experimental model was con-
structed. The bilayer reached thermal equilibrium after 2.3
ns of MD simulation.

2. At the membrane/water interface, the hydroxyl group
of Chol interacts with oxygen atoms of PC via direct H
bonds (16% of Chol molecules) and water bridges (33% of
Chol molecules) and with the choline moiety via charge
pairs (34% of Chol molecules). At any instant, 70% of Chol
molecules are linked to 21% of DMPC molecules for an
average time of �900 ps. On average, there are 0.9 DMPC-
Chol links per Chol.

3. On average, each Chol molecule forms H bonds with
1.1 water molecules; 0.5 of them are involved in DMPC-
Chol bridging. In 70% of cases, the H bonds are made via
the hydrogen atom of the Chol hydroxyl group (water���Hch
H bonds).

4. Both direct H bonds and water bridges between DMPC
and Chol are formed predominantly via the �-chain car-
bonyl oxygen atom of DMPC; however, water bridges are
over twice as frequent as H bonds.

5. The average number of water molecules H bonded to
the DMPC headgroup is 7% higher in the DMPC-Chol
bilayer than that in the pure DMPC bilayer.

6. In the interfacial region of the DMPC-Chol bilayer, an
average DMPC molecule forms 2.2 and 0.3 links with
DMPC and Chol molecules, respectively (2.5 links/DMPC).

7. An average lipid (DMPC or Chol) molecule makes 1.9
links with other lipids in the membrane (1.9 links/lipid). At
any instant, 97.5% of DMPC and 70% of Chol molecules
are involved in these links.
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