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Abstract

A 15-ns molecular dynamics simulation of the fully hydrated dimyristoylphosphatidylcholine-cholesterol(DMPC-
Chol) bilayer containing;22 mol% Chol was carried out. An 8-ns trajectory was analysed to investigate the effect
of Chol on the chain packing in the bilayer core. While the packing of DMPC chains on the smootha-face side of
the Chol ring is similar to that in the pure DMPC bilayer, the packing on the roughb-face side is less regular and
less tight. Two methyl groups located on the Cholb-face disturb the packing; in effect, van der Waals(vdW)
interactions between Chol rings and DMPC chains are weaker than the ones between sole DMPC chains. VdW
interactions between an alkyl chain of DMPC and an isooctyl tail of Chol are similarly strong as those between two
DMPC chains.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Cholesterol(Chol) is an important constituent
of the animal cell membranew1x. In prokaryots,
only Mycoplasma contains cholesterol in its plas-
ma membrane but this cholesterol is taken up from
the host cell. Animal cells that are not able to
synthesize cholesterol as well asMycoplasma cells,
to grow in the cell culture require Chol in the
medium w2,3x. Chol analogues like 3a-methyl-
cholesterol, lanosterol, and cholestanol may sub-
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stitute for Chol, however, their concentration in
the medium has to be much higherw3x.

The Chol molecule consists of a planar tetra-
cyclic ring system with the 3b-hydroxyl (Chol-
OH) group and a short 8-carbon atom chain
(isooctyl tail) attached to C17(Fig. 1). In natural
and model membranesw4x at temperatures above
the main phase transition temperature for pure
phospholipids, Chol effectively increases the order
of saturated alkyl chains of phospholipids(order-
ing effect) w5,6x and the membrane surface density
(condensing effect) w7,8x. These effects are essen-
tial for Chol to maintain proper fluidityw9x, reduce
passive permeability w10x, and increase the
mechanical strengthw11x of the membrane. Chol
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Fig. 1. Molecular structure with numbering of atoms of(a)
DMPC, and(b) Chol (the chemical symbol for carbon atoms,
C, is omitted). Torsion angles in the DMPCb- and g-chain
are indicated. The Chol rings are labelled A, B, C and D.

Fig. 2. Three-dimensional structure of Chol. The carbon and
oxygen atoms are dark and the hydrogen atoms are grey. The
smooth(a-face) and rough(b-face) faces of Chol are labeled.

analogues, whose molecular structures often differ
little from that of Chol, affect membrane ordering
and condensation much lessw12–21x. Thus, the
molecular structure of Chol seems to be optimal
for its biological membrane functions.

The Chol ring system is not symmetric about
the ring plane and has a flat side with no substit-
uents(a-face) and a rough side with two methyl
substituents(b-face). The hydroxyl group is locat-
ed on theb-face(cf. Fig. 2). Lanosterol, a precur-
sor of Chol on its biosynthetic pathway, has three
additional methyl substituents. Two of them are
attached to C4, one on thea-and the other on the
b-face. The third one is attached to C11 on thea-
face. Conversion of lanosterol to Chol requires 19
enzymatic reactions and a large amount of energy.
As other Chol analogues, lanosterol affects less
than Chol membrane permeabilityw22x, microvis-
cosity w3,23x, and condensationw24x. Also, it has
a smaller than Chol effect on lateral diffusion of
phosphatidylcholine (PC) molecules in the
membranew25x. Moreover, the phase diagram for
a PC-lanosterol bilayer does not have a stable
region of coexistence between the liquid-disor-
dered and liquid-ordered phasesw26,27x; the region
is the most significant characteristics of the phase

diagram for a PC-Chol bilayerw26–28x. An evo-
lutionary process to remove both methyl groups
from the lanosterola-face might be thus regarded
as optimisation of the sterol ring structure to make
its interactions with the membrane lipids more
effective w27,29–31x.

The main goal of our molecular dynamics(MD)
simulation studies of a dimyristoylphosphatidyl-
choline(DMPC) bilayer containing Chol has been
to elucidate the relationship between the Chol
structure and its effect on the bilayer made of fully
saturated PC molecules. Our previous papers con-
centrated on the effect of Chol on the membraney
water interfacew32,33x as well as the orderingw34x
and condensing effects of Cholw35x. The study of
the Chol ordering effect showed that the magnitude
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of the Chol-induced ordering of a PC chain
depends on the distance between the Chol mole-
cule and the PC chain as well as on the side of
the Chol molecule(a-or b-face) that the chain is
in contact with; the smootha-face promoting
higher ordering than the roughb-face w34x. The
study of the Chol condensing effect supported the
hypothesis postulated by Hyslop et al.w36x that
Chol induces an increase in both intra- and inter-
molecular van der Waals(vdW) interactions of
the DMPC alkyl chains, while its vdW interactions
with the chains are less favourablew35x. In that
study, only an average effect of Chol on the PC
chain packing was elucidated so a deeper under-
standing of PC–Chol interactions was still lacking.

This paper provides a more detailed picture of
PC–Chol interactions that lead to the Chol con-
densing effect. The packing of PC chains around
Chol is described in terms of the atom–atom radial
distribution function (RDF). Analyses of RDFs
indicate that the DMPC chain packing relative to
the Chola-face is similar to that in a pure DMPC
bilayer, whereas relative to the Cholb-face is less
tight due to the disturbing effect of the two methyl
groups protruding from the Cholb-face. In effect,
vdW interactions between Chol rings and DMPC
chains are less strong than between sole DMPC
chains. The analyses additionally demonstrate that
the shape of RDF calculated relative to an atom
in the Chol ring and tail is very sensitive to the
atom’s position and its chemical type.

2. Methods

2.1. Simulation systems

A DMPC-Chol bilayer membrane used in this
study consisted of 56 DMPC, 16 Chol(approx. 22
mol% Chol), and 1622 water molecules. Details
concerning the construction and MD simulation of
this bilayer are described in Refs.w32,34x. In each
leaflet, the Chol molecules were initially uniformly
distributed and well separated from one another
by DMPC molecules. The simulation was carried
out for the total time of 15 ns. Fig. 1 shows the
structure and numbering of atoms in DMPC and
Chol molecules.

2.2. Simulation parameters

The DMPC-Chol bilayer was simulated using
AMBER 4.0 w37x. For DMPC and Chol, optimised
potentials for liquid simulations(OPLS) parame-
ters w38x were used. The procedure for supple-
menting the original OPLS base with the missing
parameters for DMPC was described in Ref.w39x
and for Chol in Ref. w32x. For water, TIP3P
parameters w40x were used. The united-atom
approximation was applied to the CH, CH , and2

CH groups of DMPC and Chol. All other groups,3

in particular the OH group of the water molecule
and the hydroxyl group of Chol were treated with
full atomic details. The atomic charges of the
DMPC molecule were taken from Ref.w41x (a
detailed explanation is given in Ref.w39x). The
atomic charges of the Chol molecule are given in
Ref. w32x.

2.3. Simulation conditions

Three-dimensional periodic boundary conditions
with the usual minimum image convention were
used. The SHAKE algorithmw42x was used to
preserve the bond length of the water molecule
and the hydroxyl group of Chol, and the time step
was set at 2 fsw43x. The remaining covalent bonds
were free to vibrate. Our recent comparative sim-
ulations w44x indicated that for bilayers built of
neutral lipids, a simulation that employs truncation
of nonbonded interactions gives similar confor-
mations and ordering of lipids to those obtained
in a particle-mesh Ewaldw45x simulation. There-
fore, to reduce calculation time, the cutoff simu-
lation with a cutoff distance of 12 A was employed˚
in this study. To further reduce calculation time,
each DMPC molecule was divided into six residues
(cf. w46x), and each Chol molecule was divided
into three residues(cf. w32x). Each residue was
chosen in such a way that the total electrostatic
charge on the residue was close to zero and the
integrity of its chemical groups was preserved.
The list of nonbonded pairs was updated every 25
steps.

Simulation was carried out at a constant tem-
perature of 310 K(37 8C), which is above the
main phase transition temperature for a pure
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Fig. 3. Equilibrium number density profiles along the bilayer
normal of the Chol ring(dashed line), and tail (grey line)
atoms as well as the ring methyl groups C19(thin line), and
C18 (thick line). The centre of the horizontal axis(zero) is
the middle of the bilayer core.

DMPC bilayer (approx. 238C), and a constant
pressure(1 atm). Temperatures of the solute and
solvent were controlled independently. Both the
temperature and pressure of the system were con-
trolled by the Berendsen methodw47x. The relax-
ation times for temperatures and pressure were set
at 0.4 ps and 0.6 ps, respectively. Applied pressure
was controlled anisotropically, where each direc-
tion was treated independently and the trace of the
pressure tensor was kept constant(1 atm).

2.4. Data analysis

RDF describes the probability of finding a
particleb at a distance betweenr andrqdr away
from a particle a in a simulation box of the
volumeV containingN particles:

n rŽ .V
RDFs (1)N M2N 4pr dr

where n(r) is the number of particlesb in the
spherical ring of a radiusr and width dr around
the particle a; 4pr dr is the ring volume;NM2

denotes the time and ensemble average. In this
paper, only carbon–carbon RDFs of all carbon
atoms in the hydrophobic core of the membrane
relative to PC chain atoms or selected atoms of
the Chol ring and tail were calculated. Pairs of
atoms belonging to the same molecule were omit-
ted when calculating RDF.

A neighbour is a carbon atom of a DMPC alkyl
chain or a Chol molecule that is located not further
than 7 A away from a chosen carbon atom in the˚
bilayer core and belonging to a different molecule.
The distance of 7 A corresponds to the minimum˚
in RDF calculated for DMPC chains both in
DMPC and DMPC-Chol bilayersw35x. The posi-
tion of the minimum in the carbon–carbon RDF
does not change along the DMPC chain but, as it
is shown below, depends on the position(and
type) of the carbon atom in the Chol molecule.
Nevertheless, in this paper the same definition of
a neighbour applies to DMPC and Chol.

Due to the rotation of a Chol molecule and the
surrounding DMPC chains as well as exchange of
neighbouring and bulk DMPC molecules, the rel-

ative arrangement of the lipid molecules in the
bilayer changes in timew34x. Observing the system
with a time resolution of over 4 ns would provide
an average picture of Chol–DMPC interactions.
To find out individual contributions to the Chol–
DMPC interactions, RDFs as well as numbers of
neighbours were calculated every 1 ps, which is
the time interval of the analysed trajectory. This
way, it was possible to selectively analyse inter-
actions between DMPC chains and certain atoms
located on the Chola- or b-face.

Results presented below were obtained from an
8-ns trajectory generated between 7 and 15 ns of
the MD simulation. Reported average values are
time and ensemble averages. Errors in the derived
average values are standard error estimates
obtained from the block averaging procedure.

3. Results

3.1. Locations of atoms in the bilayer

Number density profiles of the Chol ring and
tail atoms as well as the ring methyl groups(C19
and C18, cf. Fig. 2) along the bilayer normal are
shown in Fig. 3. Positions of the methyl groups
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Table 1
Numbers of neighbours(NS) and average distances from the bilayer centre of the Chol carbon atoms

Chol atom NS NSDMPC NSChol NSa NSb DistancewAx˚

C1 35.32 30.24 5.08 19.36 15.96 9.9
C2 32.06 27.68 4.38 16.60 15.46 11.2
C3 29.18 25.57 3.61 17.06 12.12 11.9
C4 30.06 26.08 3.98 15.59 14.47 11.4
C5 33.39 28.76 4.63 18.39 15.00 10.1
C6 31.11 26.23 4.88 19.34 11.77 9.6
C7 32.56 27.23 5.33 21.33 11.23 8.3
C8 37.35 31.63 5.72 20.17 17.18 7.5
C9 37.15 31.97 5.18 20.81 16.34 8.1
C10 37.66 32.35 5.31 18.06 19.60 9.3
C11 36.76 30.55 6.21 18.86 17.90 7.2
C12 36.04 29.98 6.06 19.87 16.17 5.9
C13 38.23 32.11 6.12 18.84 19.39 5.4
C14 36.38 31.18 5.20 22.48 13.90 6.3
C15 34.15 29.10 5.05 20.82 13.33 5.5
C16 33.74 28.91 4.83 20.49 13.25 4.2
C17 37.21 31.68 5.53 21.60 15.61 4.2
C18 35.62 29.16 6.46 9.14 26.48 5.4
C19 34.10 28.33 5.77 8.22 25.88 9.2

Ring average 34.64 29.41 5.23 18.27 16.37 –
19.39a 15.22a

C20 37.55 31.34 6.21 – – 3.1
C21 36.63 29.71 6.92 – – 2.9
C22 35.68 30.00 5.68 – – 1.9
C23 36.76 31.37 5.39 – – 0.9
C24 39.94 34.23 5.71 – – y0.1
C25 43.03 36.71 6.32 – – y0.9
C26 42.50 36.94 5.66 – – y1.5
C27 42.78 35.54 7.24 – – y1.4

Tail average 39.36 33.23 6.13 – – –
Chol average 36.03(40.3 )b 30.54 5.49 – – –

Neighbours belonging to only DMPC(NS ) and only Chol(NS ); neighbours of atoms located on the Chola-faceDMPC Chol

(NS ) andb-face (NS ) belonging to either DMPC or Chol, are given. Errors in NS values are of the order of"0.02 and in thea b

distances are of the order of"0.1 A. For comparison, NS for a carbon of the DMPC chain is given in parentheses.˚
Methyl groups C18 and C19 are not included.a

NS for a carbon atom of the DMPC chain.b

along the normal cover the range of 12 A in both˚
membrane leaflets. Average distance of C19 from
the bilayer centre is 9.2"0.1 A and that of C18 is˚
5.4"0.1 A. The location of C19 corresponds to˚
average locations of DMPC atoms C26, C27, and
C35 (9.9 A, 8.8 A, and 9.3 A from the centre,˚ ˚ ˚
respectively), and that of C18 corresponds to
C210, C211, and C39(6.0 A, 5.0 A, and 5.6 A˚ ˚ ˚
from the centre, respectively). Average distances
of other Chol carbon atoms from the bilayer centre

are given in Table 1. The sign ‘–’ indicates that,
on average, Chol tail atoms C24, C25, C26, and
C27 are located in the opposite leaflet of the
bilayer than the remaining Chol atoms.

Profiles along the DMPCb- andg-chain of the
probability that a given chain atom is a neighbour
of the Chol ring methyl groups, C19 and C18, are
shown in Fig. 4. As can be seen from the figure,
atoms C24–C27 and C34–C36 are the most likely
neighbours of C19, whereas the last eight atoms



156 T. Rog, M. Pasenkiewicz-Gierula / Biophysical Chemistry 107 (2004) 151–164´

Fig. 4. Profiles of the probability that a carbon atom of the
DMPC (a) b-chain and(b) g-chain is a neighbour(cf. text)
of the ring methyl group C18(j) and C19(d).

Fig. 5. Three-dimensional radial distribution functions(RDF)
of (a) the carbon atoms in the bilayer core relative to a carbon
atom of the DMPC alkyl chain(thick line), Chol ring (thin
line), Chol isooctyl chain(grey line); (b) the Chol carbon
atoms relative to a carbon atom of the Chol ring(solid line),
and Chol isooctyl tail(grey line). In the calculations, pairs of
atoms belonging to the same molecule were omitted.

in both chains(C27–C214 and C37–C314) are
the most likely neighbours of C18.

3.2. Atom packing in the bilayer core

RDFs of the carbon atoms in the hydrophobic
core of the bilayer relative to a carbon atom of the
DMPC alkyl chain, Chol ring, and Chol tail,
averaged over all DMPC chain, Chol ring, and
Chol tail atoms, respectively, are shown in Fig. 5a.
RDF for a DMPC chain atom has two well
resolved maxima, the first at the distance of 5 A˚
and the second at 9 A, and a minimum at 7 A.˚ ˚
RDF for a Chol tail atom is similar, however, the
first maximum and the minimum are flatter and

shifted towards higher distances. In contrast, RDF
for a Chol ring atom has no distinct extrema.
Shapes of the RDFs indicate that packing of atoms
around alkyl and isooctyl chains is more regular
and dense than around the Chol ring. The average
number of neighbours of a carbon atom in the
DMPC alkyl chain is 40.3, in the Chol ring is
34.6, and in the Chol tail is 39.4(Table 1). In
each case, 80–85% of these neighbours are DMPC
chain atoms(Table 1), the remaining 15–20% are
Chol atoms, a fraction these atoms may belong to
the opposite leaflet. Chol–Chol RDFs shown in
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Fig. 6. Three-dimensional radial distribution functions(RDF)
of the carbon atoms in the bilayer core relative to CT atoms.
(a) C10 (thin line), and C13(thick line); (b and c) a (thick
line) andb (thin line) components of RDF for(b) C10, and
(c) C13.

Fig. 5b do not indicate any regular relative arrange-
ment of Chol rings and tails in the bilayer.

3.3. Atom packing around selected Chol ring atoms

In order to find the cause for a less regular atom
packing around the Chol ring, several RDFs of the
atoms in the bilayer core relative to Chol carbon
atoms of distinct chemical types were calculated
(Figs. 6–10). The Chol atoms were classified into
groups according to their types in the OPLS
parameterisation: methyl groups(C18, C19), CT
atoms (sp3 atoms with no hydrogen substituents
C10, C13), CH atoms(sp3 atoms with one hydro-
gen substituent C3, C8, C9, C14, C17), CH atoms2

(sp3 atoms with two hydrogen substituents C1,
C2, C4, C7, C11, C12, C15, C16), and Sp2 atoms
(C5, C6) (cf. Figs. 1 and 2).

To explain shapes of the RDFs shown in Figs.
6–10, each RDF was decomposed into two com-
ponents; the first component(a component) was
calculated for atoms located on thea-face side of
the Chol ring and the second(b component) for
atoms located on theb-face side. To establish
whether a carbon atom C is located on thea-or
b-face side, an angle between the C10–C19 bond
(this bond is supposed to be perpendicular to the
Chol ring faces, cf. Fig. 2) and the C10–C vector
was calculated. For atoms located on theb-face,
the angle is less or equal to 908 and for atoms
located on thea-face, the angle is larger than 908.
When in calculations the C13–C18 bond was used
instead of the C10–C19 bond the same results
were obtained. Average numbers of neighbours of
each Chol atom(NS), neighbours that were only
DMPC (NS ) or Chol (NS ) atoms as wellDMPC Chol

as neighbours of atoms located on the Chola-face
(NS ) or b-face (NS ), were also calculateda b

(Table 1). As it was explained in Section 2, RDFs
as well as numbers of neighbours were calculated
every 1 ps and then averaged.

3.3.1. CT atoms
RDFs calculated relative to CT atoms(C10,

C13) and theira andb components are shown in
Fig. 6. CT atoms, each connected with four carbon
atoms, are buried inside the molecule. Therefore,

a and b components differ little from each other
(Fig. 6b,c). Both components are shifted relative
to RDF for a pure DMPC bilayer by less than 1.3
A, i.e. less than one C–C bond length. A small˚
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Fig. 7. Three-dimensional radial distribution functions(RDF) of the carbon atoms in the bilayer core relative to Chol methyl groups.
(a) C19 (thin line), and C18(thick line); (b and c) a (thick line) andb (thin line) components of RDF for(b) C19, and(c) C18.
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Fig. 8. Three-dimensional radial distribution functions(RDF)
of the carbon atoms in the bilayer core relative to CH atoms
(dotted line) as well asa (thick line) andb (thin line) com-
ponents for(a) C3, and(b) C8.

relative shift of theb anda components is due to
the two methyl groups that stick out of theb-face.

3.3.2. Methyl groups
RDFs calculated relative to methyl groups C19

and C18 are shown in Fig. 7a. Theira and b

components have similar shapes, however, they
are significantly shifted relative to each other(Fig.
7b,c). Theb component almost overlaps with RDF
for a pure DMPC bilayer; thea component is
shifted by more than one C–C bond length, evi-
dently because C19 and C18 stick out of the ring
plane(cf. Fig. 2).

3.3.3. CH atoms
A CH atom of the Chol ring has a hydrogen

substituent located either on thea-or b-face. With

the help of Figs. 1 and 2 it becomes clear that in
the first case, the atom is better exposed on thea-
face (C3, C9, C14 and C17) and in the second
case, it is better exposed on theb-face (C8). a

components of RDFs calculated relative to C3
(Fig. 8a) as well as C9, C14 and C17(data not
shown) coincide with RDF for a pure DMPC
bilayer, whereasb components are shifted by less
than one C–C bond length(Fig. 8a). a and b

components of RDF calculated relative to C8(Fig.
8b) are less regular and shifted relative to RDF
for a pure DMPC bilayer.

3.3.4. CH atoms2

CH atoms of saturated six-carbon rings of Chol2

have the axial hydrogen substituent located either
on thea-face(C1, C12) or b-face(C2, C4, C11).
In the first case, the atoms are better exposed on
the a-face and in the second, they are better
exposed on theb-face. For CH atoms that are2

located in the five-carbon ring(C15, C16) or next
to the double bond(C7) none of the hydrogen
substituents is on thea-or b-face; these atoms are
equally exposed on both faces.

a components of RDFs for the CH atoms,2

except for C4(Fig. 9d), match RDF for a pure
DMPC bilayer(Fig. 9a, b, c, e and f). b compo-
nents are not shifted either, however, except for
C7 (Fig. 9f), they show significant deviation from
its shape(Fig. 9a, b, c, d and e). This deviation
is most likely because atoms C1, C2, C11, C12
are located near the protruding methyl groups of
the Chol ring (cf. Fig. 1). Similar deviations
display b components of RDFs for C8(Fig. 8b)
and C14(data not shown) that are located at ring
junctions(cf. Fig. 1).

The location of the Chol hydroxyl group corre-
sponds to the location of DMPC carbonyl groups
w32x. So, the carbon atoms C1–C4 of the Chol
ring A (cf. Fig. 1) are partially exposed to the
bilayer interfacial region and their contact with the
DMPC alkyl chains is less than that of the remain-
ing Chol carbon atoms. This makes the extrema in
RDFs for C1–C4 less resolved(Fig. 9a,c and d).
Furthermore, the highly polar hydroxyl group of
Chol additionally disturbs atom packing around
them, especially around C4(Fig. 9d).
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Fig. 9. Three-dimensional radial distribution functions(RDF) of the carbon atoms in the bilayer core relative to CH atoms(dotted2

line) as well as theira (thick line) andb (thin line) components for(a) C1, (b) C12, (c) C2, (d) C4, (e) C11, and(f) C7.

3.3.5. sp2 atoms
There are two sp2 atoms in the Chol ring, C5

and C6. RDF for C6 overlaps with that for a pure
DMPC bilayer, whereas RDF for C5 is shifted
towards higher distances by approximately 0.5 A˚
(Fig. 10). This indicates that C6 is exposed on
both sides of the ring, whereas C5 is buried inside
the molecule(Fig. 10a). Indeed, botha and b

components of RDF for C6 almost overlap(Fig.
10c) with RDF for a pure DMPC bilayer, whereas
for C5 both components are shifted(Fig. 10b).

3.4. Atom packing around Chol tail atoms

RDFs of the carbon atoms in the bilayer core
relative to selected Chol tail carbon atoms are

shown in Fig. 11. RDFs for C27 and C26(cf. Fig.
1) (Fig. 11a) as well as for C20, C24, and C25
(data not shown) are similar to RDF for a pure
DMPC bilayer. RDF for the methyl group C21
(Fig. 11b) resembles RDFs for the ring methyl
groups C18 and C19(Fig. 6a), which are the
superposition ofa andb components(significant-
ly shifted relative to each other) (Fig. 6b,c).
Indeed, RDF for C21 can be decomposed into two
components each calculated for the carbon atoms
located on a different side of the plane perpendic-
ular to the C20–C21 bond, in analogy to thea

and b components(data not shown). The shape
of RDFs for C22 and C23 indicates less favourable
packing around these atoms(Fig. 11c).
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Fig. 10. Three-dimensional radial distribution functions(RDF)
of the carbon atoms in the bilayer core relative to sp2 atoms.
(a) C5 (thin line), and C6(thick line); (b and c) a (thick line)
andb (thin line) components of RDF for(b) C5, and(c) C6.

Fig. 11. Three-dimensional radial distribution functions(RDF)
of the carbon atoms in the bilayer core relative to Chol isooctyl
chain atoms.(a) C26 (black line), and C27(grey line); (b)
C21; (c) C22 (black line), and C23(grey line).

4. Discussion

In this paper, a detailed analysis of atom packing
in the hydrophobic core of the DMPC bilayer
containing 22 mol% Chol was performed. The
tightness of packing is reflected in carbon–carbon

RDF and can also be estimated by direct calcula-
tion of neighbours(cf. Section 2). The key result
of the paper is that packing of carbon atoms on
the Chola-face side is tighter than on theb-face
side. This conclusion can be drawn from direct
comparison of shapes ofa and b components of
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RDFs for selected Chol ring atoms(e.g. Figs. 8
and 9 and Fig. 10). Furthermore, each atom located
on the Chola-face has, on average,;19.5 neigh-
bours and that located on the Cholb-face has
;15 neighbours. The former number constitutes a
half of an average number of neighbours of each
alkyl chain atom in a pure DMPC bilayer of;40.
So, packing of atoms around the Chola-face is
similar to that around a DMPC alkyl chain, where-
as around the Cholb-face is less tight. This implies
that vdW interactions of DMPC alkyl chains with
the Chola-face are stronger than with theb-face.

Konrad Bloch suggestedw29x that removal of
both methyl groups from thea-face of the sterol
ring during evolution of the membrane sterols
optimised vdW attraction between the sterol and
phospholipid chains. This speculation was validat-
ed by higher microviscosity of a membrane con-
taining Chol than its methylated precursors on the
biosynthetic pathwayw3,23x as well as by weaker
condensing effect of lanosterol than Cholw24x.
Our MD simulation studies support this hypothesis,
as we see stronger vdW interactions between
DMPC chains and demethylated smootha-face
than methylated roughb-face of the Chol ring.
These results are in line with our previous results
showing that the order of chains near the Chola-
face is grater than near theb-facew34x. Also, with
numerous experimental as well as MD simulation
data that indicate that the order of alkyl chains in
bilayers containing lanosterol is less than that in
bilayers containing cholesterolw12–15,24x.

Experimental studies have shown that the isooc-
tyl tail of Chol plays a significant role in interac-
tions between Chol and phospholipidsw21,48,49x
as it facilitates PC-Chol vdW interactionsw50x.
Indeed, results obtained in our study indicate that
vdW interactions between the tail and atoms that
surrounds it are comparable to those between PC
chains in a pure DMPC bilayer. The average
number of neighbours of an isooctyl chain atom
(39.4) is only slightly lower than that of a DMPC
alkyl chain atom(40.3) but is much higher than
that of a Chol ring atom(34.6) (Table 1). The
strongest interactions are observed for the last four
Chol tail atoms(C24, C25, C26 and C27).

At moderate Chol concentrations, DMPC and
Chol are mixed well in a DMPC-Chol bilayer, as

seen in the phase diagram of the binary mixtures
of DMPC and Cholw51x. But in cis-unsaturated
bilayersw52x it is segregated out. The lack of any
regular relative arrangement of Chol molecules in
the bilayer revealed the Chol–Chol RDF(Fig. 5b)
as well as a relatively small number of neighbours
of a Chol atom that originate from other Chol
molecules(Table 1), indicate that indeed, Chol
molecules are well separated from one another by
DMPC molecules and have no tendency to segre-
gate out into clusters.

The overall shapes of the RDFs for carbon
atoms of hydrocarbon chains in the united atom
approximation obtained from Monte Carlo simu-
lations of liquid propanew53x and from MD
simulations of liquid-crystalline bilayers made of
pure phospholipids(DMPC, POPC) as well as a
DMPC-Chol bilayer containing 22 mol% Chol
w35,54x, are similar. Thus, the locations of the two
maxima at;5 and;9 A, and the minimum at˚
;7 A in the carbon–carbon RDF are basic char-˚
acteristics of the bilayer core in the liquid-crystal-
line phase. Any deviation from this basic shape
can be attributed to steric obstacles or additional
interactions that disturb packing of atoms in the
core. The position of the first maximum in the
RDF of 5 A is approximately equal to the sum of˚

vdW radii of two carbon atoms in the united atom
approximation, so the presence of the maximum
indicates a close vdW contact between carbon
atoms in the bilayer core.

The shape of RDF for a Chol ring atom as well
as itsa andb components is very sensitive to the
atom’s position in the ring, its distance from the
bilayer surface, exposition on the ringa-or b-face,
and finally, its chemical type. All ring atoms are
carbon atoms of similar vdW parameters, e.g. vdW
radii of the methyl and CH group are 2.17 A and2

˚
2.24 A, respectively, thus, the observed sensitivity˚
of atom packing on the atom type is surprising.

Our previous study showedw35x that atoms of
the PC alkyl chain that are located deeper in the
membrane core have more neighbours. A similar
dependence was observed in this study for the
Chol ring atoms, although not as clearly due to
different chemical types and exposition on thea-
or b-face of the ring atoms(see Table 1).
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