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Effect of Cholesterol on the Properties of Phospholipid Membranes. 1. Structural Features
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All-atom Monte Carlo simulations of four different fully hydrated dimyristoylphosphatidylcholine (DMPC)/
cholesterol mixed bilayers have been performed at physiological conditions (i.8C and 1 atm). The
composition of the different samples has been chosen from both sides of the DMPC/cholesterol miscibility
gap; the mole fraction of cholesterol was 0, 0.04, 0.08, and 0.40 in the four systems simulated. The
configurations obtained are analyzed in detail, in order to shed some light on the role played by the presence
of the cholesterol molecules in the structure of such membranes. It is found that the increase of the cholesterol
concentration leads to a decrease of the average area per headgroup, and also to the decrease of the density
of the membrane in the crowded region of the headgroups. However, the density in the middle of the membrane
is found to be higher when a considerable amount of cholesterol is present in the system. Consistently, the
structure in the middle of the membrane is found to be more isotropic, and the two membrane layers are
found to approach each other closer in the cholesterol-rich system than in the pure DMPC membrane or in
the systems of low cholesterol content. The DMPC molecules, located next to a cholesterol molecule, are
found to be more ordered than the ones far from cholesterols. However, this ordering effect of the rigid
cholesterol rings on the DMPC tails is found to decrease with increasing cholesterol concentration. As a
result, the overall ordering of the DMPC molecules is found to be only rather weakly sensitive to the amount
of cholesterol present in the membrane.

Introduction of the lipid bilayer. Cholesterol also plays a fundamental role
as a fluidity regulator of lipid bilayer&2! In understanding

the molecular level origin of these changes, computer simulation
can be a very useful tool. In the past decade, several simulations
of liquid crystal phase phospholipid membrane systems, includ-
ing saturate? 37 and unsaturated pure lipid bilayefs*®
bilayers containing small dissolved molecutés!’ a transmem-
brane helix!® or a DNA segmerif have been reported. Some

of these studies targeted the properties of phosphatidylcholine
(PC)/cholesterol mixed bilayeP8-5” However, most of these
simulations have been performed between 50 ant50-5557
usually in compositions falling in the DMPC/cholesterol im-
miscibility region at body temperature (i.e., 32).50:51,53,54.56,57
Only a few simulations have been performed in one of the
biologically relevant composition ranges, usually with the
cholesterol mole fraction of 035:545557To our knowledge, only

one study has been reported in the cholesterol-poor composition

L - range; in their early work, Edholm and Nyberg have simulated
the membranes of living cells, phase separation can occur,

S . . a model membrane containing 3% cholestéfol.

resulting in domains of high and low cholesterol concentra- ) )
tions24 1t is known from experimental studies that cholesterol [N the present paper, we report Monte Carlo simulations of
modifies the properties of pure phospholipid membranes in fully hydrated DMPC/cholesterol mixed membranes of different
many ways® adding cholesterol to a liquid crystal phase COmpositions. One of the long-standing goals of our research
phospholipid bilayer reduces the permeability of the mem- effort is to find ways to exploit the_potentlal of the Monte Carlo
branel®-14increases its bending elastiditas well as the order meth_odology for efficiently sampling the conformational space
of the lipid moleculed517 and reduces the average area per Of biomacromolecule®®® In a previous study, we have
moleculesi819 The presence of cholesterol reduces or even demonstrated that with extension biasing, a novel sampling

eliminates the difference between the liquid crystal and gel phasetéchnique, the sampling efficiency of the Monte Carlo method
becomes comparable to that of molecular dynamics on a fully

t E-mail: pali@para.chem.elte.hu. hydrated pure DMPE? The choice of the Monte Carlo
*E-mail: mezei@inka.mssm.edu. methodology has been made with this larger goal in sight.
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Cholesterol and its derivatives are crucial components of
eukariotic cell membranes. Their concentration in the membrane
of living cells can be as high as 50% in some cdsBssides
the phospholipid molecules, cholesterol can thus also be
regarded as one of the main constituents of living membranes.
Therefore, the investigation of the variation of the properties
of phospholipid/cholesterol mixed membranes with changing
composition is of great interest, as it is an essential step toward
the deep understanding of the structure and biological function
of real biological membranes.

Phospholipid molecules are not perfectly miscible with
cholesterol; their miscibility gap covers the thermodynamic
region typical for the membranes of living celis For instance,
at 37°C and atmospheric pressure, the immiscibility region of
dimyristoylphosphatidylcholine (DMPC) and cholesterol covers
the cholesterol mole fraction range of 6:0.281 Therefore, in




5312 J. Phys. Chem. B, Vol. 107, No. 22, 2003

The composition of the systems simulated has been sampled(a ) 2

from both sides of the DMPC/cholesterol miscibility gap. The

systems investigated also include a pure DMPC bilayer as a
reference system. This work is the first part of a planned series
of investigations of the effect of cholesterol molecules on the

properties of a DMPC bilayer, and the dependence of these
properties on the cholesterol concentration. Thus, here we focus
only on the dependence of several structural properties of the
membrane on the cholesterol concentration. Besides examining
some important features of the overall membrane structure, we
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are analyzing the effect of cholesterols on the local structure,

i.e., how a cholesterol molecule influences the structure of the 02 (b )
neighboring lipids. Such changes of the local membrane 25 HzC\ 28 :
structure can be rather important in many respects, as they can CH—CH, 36 60
influence, among others, the solvation and permeability proper- 30 / \ OH
ties of the membrane. 0 O 39 C|H 65
Computational Details 320=C 31 40c==o0 41 62 m,C H, 67
Monte Carlo simulations of fully hydrated DMPC/cholesterol H,C 33 42CH, 7H (l; c.70
; ; ; e NN
mixed bilayers of different compositions have been performed 45CH, pc 8 >c7 XCH 47
on the isothermatisobaric (\, p, T) ensemble at physiological / : z 56 HiC™ | |
conditions (i.e., at 1 bar and 3T). Four systems have been H,C_ 48 85 CH, CH3* _CH, %
simulated. System I, considered as a reference system, is a 51\CH2 H,c 88 44H2T CH s
bilayer of pure DMPC. Systems Il and Il contain 4 and 8 mol / 41H,c. 40 CH 38
% cholesterol, respectively. These systems are chosen from the HzC\ 4 91CH, NG 30
phospholipid-rich side of the DMPC/cholesterol miscibility gap. 57 CH, H,C 94 26 H,c/ \ 36 Frh
Finally, system IV is located at the cholesterol-rich side of the / SH—cn, 33
immiscibility region containing 40 mol % cholesterol. HzC\GO 97 CH, 20 H,C—CH 24
The starting configuration of system I, in which each side of 63 CH, H,C 100 CH. 17
the bilayer contains 2525 DMPC molecules, has been taken / / 2
from a previous simulatioff In generating systems I, lIl, and Hzc\ 66 1083 cmy 14 H,C
IV, 1, 2, and 10 randomly chosen DMPC molecules per layer 69 CH, H,C 106 \CH 1
have been replaced by the same number of cholesterols. Each - C/ 7 / :
of the four systems has been hydrated by 2033 water molecules. z \ 109 CH, /CH\9
In order to maximize the distance between two periodic images 75 CH, H,C 112 H,C CH,
of a given atom in the plane parallel to the bilayer, we have H C/ ! 3
used prism shaped simulation cells having the cross-section of 18 11§:H3

a perfect hexagon. The simulated molecules have been reprer;g e 1. schematic structure of (a) the DMPC and (b) the cholesterol

sented by semiflexible all-atom models, in which the bond molecule. The numbering scheme of the heavy atoms used throughout
lengths and bond angles have been kept fixed, whereas torsionathis paper is also indicated.

flexibility has been included. The geometry and interaction
potentials of the DMPC and cholesterol molecules have beensolute molecule has been translated randomly by no more than
taken from the CHARMM22 force field optimized for proteins  0.05 A and rotated around a randomly chosen space-fixed axis
and phospholipid moleculé8The schematic structures of these Or one of its torsional angles has been changed. Overall
molecules, together with the atomic labels used throughout thisdisplacements and torsional moves have been chosen with 20%
paper, are shown in Figure 1. The water molecules have beenand 80% probabilities, respectively. Solute molecules have been
represented by the TIP3P mod@In order to avoid simulating selected for move in a shuffled CyC"C ord&rln the torsional
an infinite stack of bilayers, all watewater and watersolute moves, the changed torsional angle has been selected in a
interactions have been truncated to zero at the group-basedsequential order going from the end of the chain toward the
center-center cutoff distances of 12 and 16 A, respectively. A middle of the molecule. The selection of the torsional angle to
similar combination was found to behave close to the infinite be changed has also been subject to a probability filter, allowing
cutoff system for a hydrated lipid monolay@rtor the solute- less frequent changes of the torsions located near the end of
solute interactions, a group-based minimum image convention the chains® Overall solute rotations as well as torsional changes
has been used. have been performed with the novel method of extension biased
The simulations have been performed using the program rotations3® In this method, the maximum angle of rotation
MMC.82 In the simulations, water moving, solute moving, and A®maxdepends on the conformation of the rotated molecule or
volume Changing Steps have been performed_ Every water moveunit. ThUS, for each rotation, tHémax distance of the farthest
has been followed by a solute move, and every 625 pairs of rotated atom from the axis of rotation is determined, and the
such moves by a volume changing step. In a water move, amaximum angle of rotation is calculated as
water molecule has been randomly translated by no more than
0.3 A and rotated around a randomly chosen space-fixed axis AD, . = (1)
by a random angle below 20In choosing the water molecule A Ripax
to be moved, preferential sampling has been applied; i.e., water
molecules located closer to the bilayer have been selected withwherec is the step size parameter, which is kept fixed in the
higher probability. In a solute move, either the entire selected entire simulation. In this way, the smaller the extension of the
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§D Figure 3. Snapshot showing an instantaneous equilibrium configuration

S of a fully hydrated DMPC/cholesterol mixed bilayer of 40% cholesterol
2 content (system V). DMPC, cholesterol, and water molecules are shown

in green, blue, and red colors, respectively. For better visualization, H
atoms are omitted.
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Figure 2. Evolution of the energy, the edge length of the basic hexagon <
of the simulation cell, and the basic cell volume of the four systems O 48 DMPC, 2 cholesterol
simulated during the simulation runs: solid lines)( system |; open . === -46 DMPC, 4 cholesterol
circles ©), system II; full circles @), system Ill; dotted lines-(- *), 0.02 - L 30 DMPC, 20 cholesterol
system IV. The dashed vertical line separates equilibration and *
production phases.

—— 50 DMPC, 0 cholesterol

p,(2)

0.01 - water

rotated unit perpendicular to the rotational axis is, the larger
the moves are that can be performed, which improves consider-

. , ! - 0.00
ably the sampling from the configurational space of the lipid 0.04
molecules? In the volume changing steps, either the edge length < ™~ o’ R JOS i
of the basic hexagon or the height of the prism-shaped ~ 003 L
simulation box has been changed randomly in such a way that <~ :
the total volume of the system has not been changed by more 0.02 4
than 800 &. The two types of volume changes have been ’ solute heavy atoms
attempted in an alternating order. In this way, the surface density 0.01 4
of the lipid and cholesterol molecules and the volume density ' \
of the entire system have been equilibrated independently from 0.00 \ | | | | R
each other, and thus, the pressure in the direction perpendicular 30 20 10 0 10 20 30

to the bilayer is kept equal to the pressure in directions parallel z/A

to the bilayer in the entire simulatii About 50%, 25%, and  Figure 4. Density profile of various quantities across the simulated

35% of the attempted water, overall lipid, and volume changing membranes. Top: electron density profile. Middle: molecular number

moves have been accepted, respectively. The rates of thedensity profile of water. Bottom: number density profile of DMPC

accepted and tried torsional moves have been ranging betweergnd cholesterol heavy atoms. Solid lines)( system I; open circles

about 0.15 and 0.35 for the different torsional angles. The I(S)vTS?]’St?m Il: dashed "”eﬁ(_): Syls'te”; ”'l? dOttEd('j'”eS'.(' ')'Sﬁtemf o
T . 7 . e Inset compares the simulated electron density profile of the

systems have been allowed to equilibrate irx 710 l\_/lonte. pure DMPC membrane—() with results of an X-ray scattering

Carlo steps long runs. Then, 1000 sample configurations, eyperimerft (@).

separated by P0Monte Carlo steps long runs each, have been

saved for further evaluation in each system. The evolution of gystems simulated are shown and compared in Figure 4. For

the energy as well as the edge length of the basic hexagon angyetter statistics, the density profiles shown are averaged over
the volume of the simulation cell in the simulations is shown ine two sides of the bilayers. The obtained electron density
in Figure 2 in the foursyster_‘ns. The spap;hot of an equilibrium profile of the pure DMPC membrane is also compared with
configuration of system IV is shown in Figure 3. experimental daté The experimental curve is reasonably well
reproduced, apart from the depth of the minimum at the middle
of the bilayer. However, for the purpose of the following
Average Structure. The electron density profile as well as  analysis, this discrepancy is probably of minor importance, as
the density profile of water and solute heavy atoms in the four in this region the density of the membrane is found to depend

Results and Discussion
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only rather weakly on the composition. Thus, it is reasonable e 0.45
to assume that the dependence of the deviation itself on the = 0_40J

o . . total electron density
composition is also very weak, and hence, it largely cancels

(=X -
out when analyzing the change of the density profile with 033
changing composition. When comparing the profiles obtained 0304
in the different systems, it is seen that the presence of a small 025

amount of cholesterol has only an almost negligibly small effect cholesterol x-o |00
on the average density profiles when compared with the pure SO
DMPC membrane. A similarly small difference has been

. - - ringC
| ——cuos |- 0.010

obtained by Tu et & and by Smondyrev and Berkowitavhen <

comparing the simulated electron density profile of mixed 0.002 -
dipalmitoylphosphatydilcholine (DPPC)/cholesterol membranes | 0.005

of 12.5% and 11% cholesterol content, respectively, with that 0.001 //’%<

of pure DPPC. On the other hand, the average structure of a Vi o\

cholesterol-rich membrane (i.e., system 1V) is found to be 0.000 X 0,000
noticeably different from that of pure DMPC or DMPC-rich 0.005 XN

mixed membranes. Thus, the presence of a considerable amount < DMPC B I

of cholesterol in the membrane decreases the density between & 00047

about 14 and 25 A along the space-fixed axis perpendicular to ® 0,003 4

the membrane (denoted herezag = 0 being in the middle of '

the bilayer) and also slightly increases the density in the middle 0.002 |

of the membrane, within aboat= +14 A. Thus, in systems

I—11l, the difference of the highest and lowest electron density 0.001 1

values along the axis has resulted in about 0.20A which is 0.000 3 LS L AN

25% larger than the value of 0.16 Aobtained in system IV. 05 20 <15 410 5 0 5 10 15 20 25

Hence, cholesterol-rich membranes have considerably smaller z/A

density variation along the bilayer normal than membranes of Figure 5. Distribution of atoms of various types along the membrane
low or no cholesterol content. normal in system IV. Top: total electron density profile of the system,

. ... shown for comparisons. Middle: density profile of cholesterol atoms.
The comparison of the water and solute heavy atom density Crosses ). O atom: open circlesy), C65 atom:; full circles®), C36

profiles shows that in the cholesterol-rich system the lipid and 4om: dotted line-(- -), all C atoms belonging to the ring system: solid
cholesterol molecules can approach the middle of the membran@ine (—), C atoms of the chain terminal Glgroups. The scale on the
somewhat closer, realizing a more compact structure in the right refers to the density of the ring C atoms. Bottom: density profile
region of the hydrocarbon chains, than in the other three systemsof DMPC atoms. Crosses<{, N atom; open circles), P atom; full
Consistently, the water density is noticeably higher between 13 '(3"0"3)5 gﬂ (;ngo"’;ltoaq‘o? rﬁg“dTrI:ZeI:g'elcsa;b%nysla oagéorl";?rgfisrgetg ltlr?:slst
and 23 A in system IV than in the systems of low or N0 . 337204 Ca) 5th (C54 and C91), Sth (C66 and C103), and 13th
cholesterol content, indicating that more water molecules can (C78 and C115) tail carbon atoms, respectively.

penetrate close to the middle of the membrane in the cholesterol-

rich system than in the others. molecules. Thus, the region between 13 and 23 A, where the
In order to better understand the effect of cholesterol on the water density is found to be higher in the cholesterol-rich
average membrane structure, we have also calculated thesystem than in the others, coincides with the layer where the
distribution of various types of atoms along the membrane lipid P atoms are located and is just next to the most probable
normal in the cholesterol-rich system. The resulting profiles, location of the outmost atoms of cholesterol, i.e., the OH group,
averaged over the two sides of the bilayer, are shown in atz= 14 A.
Figure 5. The total electron density profile of this system is  The increase of the density in the middle of the bilayer due
also shown here for reference. The maximum of the electron to the presence of a considerable amount of cholesterol can
density profile falls between 15 and 25 A. This is the region simply be explained, at least partly, by the fact that carbon atoms
where the lipid P and N atoms are located, and where the are more closely packed in a cholesterol ring system than in
presence of a large amount of cholesterol decreases thehe hydrocarbon tails of DMPC. Namely, the cholesterol ring
average density. Thus, the presence of a large amount ofsystem can be regarded as two hydrocarbon “chains” (i.e+C67
cholesterol in the membrane decreases the density in the regiorC70-C47—C49-C52—-C38-C30-C33 and C62C72-C71—
of the lipid headgroups. However, the contribution of the C54-C44-C41-C40-C36, see Figure 1), interconnected by
cholesterols to the total electron density profile is limited to four covalent bonds (i.e., between G7071, C52-C54, C38-
the inner segment of this region as the density distribution of C40, and C33C36). Due to this extensive chemical bonding
the cholesterol O atoms drops almost to zero at a distance ofbetween the two “chains”, a more compact packing of atoms is
20 A from the middle of the membrane. This effect can be realized here than in a DMPC molecule, where the two tails
understood considering that the polar group of the cholesterol are real linear chains, and hence atoms belonging to different
molecule is considerably smaller than that of DMPC, as chains cannot approach each other closer than the sum of their
cholesterol has only a small OH group as a polar head insteadvan der Waals radii. Furthermore, being already restrained by
of the large phosphatidylcholine zwitterionic headgroup of chemical bonds, the two “chains” do not have to pay an entropic
DMPC. Hence, a large part of the region of the lipid headgroups penalty for being so close all the time. This more compact way
is almost inaccessible for cholesterols. It is also seen from the of packing the atoms in a cholesterol molecule as well as the
comparison of the various density profiles (Figures 4 and 5) effect of the lack of the large cholesterol headgroup leads also
that the space in the lipid headgroup region, created by the lackto a lateral contraction of the system. This is indicated by the
of a large polar group of cholesterals, is partly filled by water decrease of the equilibrium edge length of the basic hexagon
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of the simulation cell (see Figure 2), as well as by the decrease
of the average headgroup area per molecule with increasing , e
fraction of cholesterol in the membrane. The latter values 0157
resulted in 58.2 , 57.0, 56.7, and 53.2 iA systems |, II, Ill,
and IV, respectively.

The atomic distributions shown in Figure 5 provide also some 0.10
information on the average structure of the hydrocarbon region
of the membrane. Thus, it is seen that the carbonyl O atoms of
the DMPC molecules are located at ab@it= 15 A with the
highest probability. The most probable locations of the choles- 0.051
terol C36 and C65 atoms (i.e., the two endpoints of the ring

W(z)/kJ mol”

P(d)

system) are found at about 6 and 14 A from the middle of the e oss ~,'
membrane, respectively, and thus, a majority of the cholesterol S ool

. . . . . 000 T T T T T T

ring C atoms are in thigrange. The chain terminal Gldroups 2 28 30 3 34 36 38 40
of both the DMPC and the cholesterol molecules are located d/A

within abou 5 A from the middle of the membrane. No F_igure 6. Distribution of the membr_a_ne thickneds_measured as the
considerable difference is seen between the distributions of thesedistance between the average positions of specific atoms in the two
methyl groups of DMPC and of cholesterol. Al these findings Sides of the bilayer, in system IV. Solid line}, DMPC C28-C28

istent with tated USi d indicate that th thickness; dashed line<(—), P—P thickness; dashdotted line (- - -),
are consistent with our stated conclusions and indicate that tney,_ thickness; dotted line ¢ +), cholesterol C65C65 thickness; full

apolar parts of the two molecules are roughly equally long, and cjrcles @), cholesterol G-O thickness. The inset shows the potential
both molecules can approach the middle of the membrane with of mean forca acting on a cholesterol molecule the O atom of which
about the same probability. This feature is in contrast with the is located at a distance from the middle of the bilayer along the
properties of mixed PC/cholesterol membranes of larger lipid membrane normal.

molecules, such as DPPC. In such membranes, the lipid tails The inset of Figure 6 shows the potential of mean fafte

are considerably longer than the cholesterol molecules, andactin on a cholesterol molecule as a function of the distance
hence, cholesterols are not able to access the middle of the 9

bilayer. This difference between DMPC and DPPC can be of its O atom from the middle of the membrane along the
. . axis in system IV. TheM2) function has been derived from

responsible for the marked difference between the eIectron,[he P(do_o) distribution of the cholesterol ©0 thickness of

density profile of our cholesterol-rich system and that of the . meonTl—t))rane as

1:1 DPPC/cholesterol mixed bilayer, as obtained by Smondyrev

and Berkowitz using a different force fietd.Namely, in the d

latter system, the density drops sharply within the distance of W(2) = \N( O_O) = —RTIn[P(dy_o)] + C (2

about+4 A from the middle of the bilayer (i.e., in the region 2

inaccessible by cholesterols) and becomes even lower thanw

. . here R is the gas constant an@ is an arbitrary additive
ﬁr;fe5d4e)n3|ty of the pure DPPC membrane here (see Figure 8 Ofconstant, the value of which has been chosen in such a way

_ _ o that the minimum of théMz) function corresponds to zero
It is also seen from Figure 5 that the distribution of the energy. TheM(z) function can only be determined in this way
cholesterol O atoms along the membrane normal is very similar jn the z range where the correspondiR¢do_o) distribution is
to that of the G atoms of the DMPC glycerol backbone (denoted not zero. The determined/(z)potential of mean force function
as C28 atom according to the atom numbering scheme showncan be extended to a considerably broatenge by performing

in Figure 1). This finding is also in agreement with results of a Monte Carlo simulation in which adaptive umbrella sam-
previous simulations of both DMPC/cholestéfoind DPPC/ pling®67 is used for sampling the coordinate of a given

cholesterd?>*mixed membranes of various compositions. The cholesterol molecule. Work in this direction is currently in
similarity between the spatial distribution of the cholesterol O progress.

and DMPC C28 atoms is even more evident from Figure 6,  This anchoring of the cholesterol headgroups at a certain
which shows the distributions of the thickness of the cholesterol- range can help to explain the observed thinning of the
rich membraned, measured between the average position of hydrocarbon phase of the membrane in the presence of a large
selected cholesterol and DMPC atoms in the two sides of the amount of cholesterol (see Figure 4). The cholesterol molecule
bilayer. The distributions of both the cholesterot-O and the has only one tail, and therefore, the replacement of a DMPC
DMPC C28-C28 thicknesses are centered around 30 A and molecule by cholesterol, although leading to higher density in
almost completely overlap each other. This similarity between the region of the ring system, creates some empty space in the
the distribution of cholesterol O and DMPC C28 atoms along middle of the membrane. On the other hand, the anchoring of
the membrane normal can be explained by the rather complextheir OH groups by hydrogen bonds to the nearby lipid
hydrogen bonding structure between cholesterols and themolecules prevents the cholesterols from moving toward the
adjacent lipid molecules. Namely, the cholesterol OH group can middle of the bilayer and filling this space. Instead, this space
interact both with the lipid carbonyl and phosphate groups either is filled by getting the two entire membrane layers closer to
through a direct hydrogen bond or through a water bridge (see each other, which results in the observed thinning effect.
Figure 10 of ref 56 for the possible types of lipidholesterol Effect of a Nearby Cholesterol on the Local Lipid
hydrogen bonds), and hence, a cholesterol molecule can beStructure. Arrangement of the Molecules Along the Membrane
strongly connected to its lipid neighbors by several hydrogen Normal.In order to investigate the effect of cholesterol on the
bonds®® This complex hydrogen bonding structure anchors the organization of the DMPC molecules along the membrane
cholesterol headgroups at about the sawveue where the lipid normal, we have compared the C2828 thickness of the
C28 atoms are located (i.e., between the lipid carbonyl and membranes containing 0%, 8%, and 40% cholesterol (see Figure
phosphate oxygens). 7). The obtained results are rather surprising, as the average
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Tx 025 the DMPC centers of mass within this distance. Hence, the
2 T § o present definition of the “DMPC close to a cholesterol” mostly
= 9297 70 DMeC, 0 cholesra selects the DMPC molecules which are linked to a cholesterol

A~ 0.15 by hydrogen bonds. These definitions of DMPC molecules
010 located close to a cholesterol and far from cholesterols are used
throughout this paper. This definition yielded an average number
0.05 of 4, 9, and 23 lipids near to a cholesterol, and 44, 37, and 7
0.00 lipids far from cholesterols in systems I, Ill, and 1V, respec-
O lipids near to a cholesterol 46 DMPC tively. It should be noted that the cholesterol centers of mass
020 | —@—lipids far from cholesterols are located, on average, about 2.5 A closer to the middle of the

4 cholesterol membrane than the centers of mass of the DMPC molecules.

In order to exclude the possibility that this slight difference
between the average position of the DMPC and cholesterol
centers of mass along the axis results in an improper
determination of the DMPC molecules which do and which do
not have a near cholesterol neighbor, we have repeated the

0-20 t::ﬁi:?;a;‘:nffﬁ::ffﬁs 30 DMPC procedure by projecting the lipid C28 and cholestgrol O atoms
0.15 instead of the centers of mass to theplane. The list of the
20 cholesterol lateral DMPC-cholesterol contact pairs obtained this way is
0-10 | found to be essentially identical to the one obtained when the
0.05 molecular centers of mass have been projected.
0.00 The distributions of the C28C28 distance of DMPCs located
. T T T T T T T

close to a cholesterol and far from cholesterols are shown
26 27 28 29 30 31 32 033 34 A X i
d /A separately for systems Ill and IV in Figure 7. As is seen, in the
Figure 7. Distribution of the DMPC C28C28 thick;;::: case of 8% cholesterol content, the distribution of dbgs-c2s
. Ic28-C28 i Pt ; :
(defined as the distance of the average position of the C28 atoms onthlc.kness of thg “p'ds. which are fa‘f from cholesterols is very
the two sides of the bilayer) of the DMPC/cholesterol mixed mem- S|m|llar to the distribution obse.rved in pure DMPC. Therefore,
branes. Top: thickness of system—) system Il < —), and system the increase of the C28C28 thickness due to the presence of
IV (- ). Middle: comparison of the C28C28 thickness of DMPC a small amount of cholesterol is exclusively due to the lipids
molecules located near (i.e., closer than the lateral center of-mass which are located next to a cholesterol molecule. As has been
gﬁgf:;tg‘;org‘:s)sig':ﬁrt‘g; (|)|f| BE%tfgn:? ?ﬂgfﬁ;ﬂ?&d‘a fé;g‘;’g discussed already, the presence of a cholesterol molecule in the
thickness of DMPC molecules located near to a cholestéplafid membrane Creat_es some space in the headgroup region because
far from cholesterols®) in system IV. of the lack of its large polar head. In the presence of a

considerable amount of cholesterol, this effect leads to a
thickness resulted in 302 0.2, 30.6+ 0.2, and 29.8- 0.2 A noticeable decrease of the density, and also to an increased
in systems 1, 1ll, and 1V, respectively. Hence, in the presence penetration of water in this region (see Figure 4). (It should be
of a small amount of cholesterol, tite,s_cos thickness of the noted that although no sugh changes of the average structure
membrane becomes larger than that in pure DMPC (i.e., the have been seen for the mixed membranes of low cholesterol
C28 atoms are farther from the middle of the bilayer), whereas content, this is just because these effects are too small to be
in the cholesterol-rich membrane an opposite effect is ob- Observed in our simulation when only a few cholesterols are
served: this membrane is thinner than the pure DMPC bilayer Present in the system.) It has also been discussed already that
according to the distance of the average positions of the C2gcholesterols are linked to the neighboring DMPC molecules by
atoms in the two layers. This latter finding is in accordance hydrogen bonds, and hence, the lone cholesterol molecule itself
with the observed behavior of the electron density and solute c@nnot get closer to the aqueous phase to fill this space.
heavy atom profiles (see Figure 4) and is also in agreementHowever, this space created by the lack of the large cholesterol
with the findings of Tu et al. for a DPPC/cholesterol mixed head in the headgroup region can, at least partly, be filled by
bilayer52 described by a force field different from the one used 9etting the entire hydrogen bonded complex of the cholesterol
here. A similar effect has been seen for thePPand the N-N and its neighboring lipids closer to the aqueous phase. This effect
thickness of the membranes studied, indicating that the observedesults in the observed large C2828 thickness of the DMPC
behavior is not specific only for the glycerol backbone of the molecules which are close to a cholesterol in system Ill. This
DMPC molecules. correlation between the arrangement of the cholesterol and

In order to understand the observed change of the membrand'€ighboring DMPC molecules along the bilayer normal is also
thickness with increasing concentration of cholesterol, we have confirmed by the fact that the average CZ828 thickness of
divided the DMPC molecules into two separate groups according DMPCs located next to a cholesterol in system Il is 319
to whether they have a nearest lateral cholesterol neighbor or0-4 A, which agrees excellently with the cholestero-O
not. Therefore, the centers of mass of the DMPC and cholesterolthickness of 31.8= 0.2 A of this system.
molecules, located in the same layer, have been projected to When comparing the distribution of the C2828 distance
the xy plane (i.e., the plane of the membrane). A DMPC of lipids near to and far from cholesterols in the cholesterol-
molecule is regarded as a “DMPC near to a cholesterol”, if the rich mixed membrane (see the bottom of Figure 7), a difference
projection of its center of mass is closerth& A to that of the similar to that in system Ill is observed. The distribution
nearest cholesterol molecule, and is called as a “DMPC far from corresponding to DMPCs located next to a cholesterol again
cholesterols” otherwise. The limiting distance vald8d\ has appears at considerably higher values than that of the DMPCs
been chosen because the projections of the cholesterol centera/hich are far from cholesterols. The mean value and standard
of mass are, on average, two-coordinated by the projections ofdeviation of these distributions resulted in 3&%.3 and 27.4
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' —@— lipids far from cholesterols membrane in system IV. The inset compares the distribution ofcos
for the DMPC tails in system I=(), system lll < —), and system IV
).
0.05 - the cholesterol-free system. On the other hand, lateral directions
of the PN vector are preferred stronger in system | than in system
IV. In order to understand this effect, we have separated the
contribution of the lipids which are close to a cholesterol from
(b) 0.00 g8 ‘ s those which are far from cholesterols to this distribution in

-1.0 -0.5 0.0 system IV. The separate contributions of the two kinds of DMPC
molecules are compared in Figure 8b. The distribution given
by the lipids located next to a cholesterol is rather flat in almost

the entire cosp range. This distribution is, in general, rather
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Figure 8. Cosine distribution of the angl¢ formed by the vector
pointing from the P to the N atom of a DMPC molecule (PN vector),
and the bilayer normal vecta, pointing toward the middle of the

membrane. (a) Comparison of Sygtem—')(and System |V.(. .)_ (b) S|m||ar to the one Observed i.n the pure DMPC membrane On
Comparison of the PN vector orientation of lipids located near to a the other hand, the distribution given by the lipids which are
cholesterol moleculeQ) and far from cholesterols®) in system IV. far from cholesterols has a huge peak near to thegcealue

of —1 and another sharp peak above 0.5, whereas it is always

+ 0.4 A, respectively. This indicates that, similarly to system below the other distribution in the ca@srange between these
lll, the DMPC molecules having a near cholesterol neighbor two peaks, being zero in a large part of this range of intermediate
are located, on average, considerably farther from the middle cos¢ values. The obtained results are in a clear agreement with
of the membrane than DMPCs which are far from cholesterols the correlated arrangement of the cholesterol and neighboring
also in system IV. However, both distributions are shifted toward DMPC molecules, discussed in the previous subsection. Thus,
smaller distances relative to the corresponding distributions in the DMPCs located far from cholesterols are, on average, closer
system Ill, due to the thinning and condensation of the to the middle of the membrane than DMPCs which are next to
hydrocarbon phase of the membrane in the cholesterol-rich a cholesterol. In a cholesterol-rich membrane, where only a small
mixture, as discussed in the previous subsection. This thinning fraction of the molecules are DMPCs far from cholesterols, these
effect is strong enough to move tRédc2s-c2g) distribution of molecules are surrounded by hydrogen-bonded complexes of
all lipid molecules to smaller values than what is found in the cholesterols and their DMPC neighbors. These surrounding
pure DMPC bilayer. Hence, the presence of a large amount of hydrogen-bonded molecular complexes are located closer to the
cholesterol in the membrane results in an opposite change ofagueous phase than the central DMPC molecule which is far
the C28-C28 thickness relative to the pure DMPC system than from cholesterols. Therefore, the headgroup of these molecules
the presence of only a small amount of cholesterol. is largely prevented from being extended in lateral directions

Orientation of Molecular Vectors Relag to the Membrane by the neighboring hydrogen bonded complexes, and the likely
Normal. A. The PN VectoiThe correlated arrangement of the shape of the free volume pocket available for these headgroups
cholesterol molecules and their DMPC neighbors along the is a long channel perpendicular to the interface. Consistently,
bilayer normal affects also the headgroup structure of the DMPC the PN vectors of these molecules point rather straight to the
molecules. The cosine distribution of the angldormed by aqueous phase (about 70% of the DMPCs located far from
the vector pointing from the P to the N atom of a DMPC cholesterols have an angle larger than °1Between its PN
molecule (PN vector) and the bilayer normal vector pointing vector andz), and the few PN vectors which turn back to the
toward the middle of the membrane\ector) is compared in ~ hydrocarbon phase point also as straight to the middle of the
Figure 8a as obtained in the pure DMPC and in the cholesterol-membrane as possible.
rich mixed membrane. As is seen, the PN vectors have a B. Hydrocarbon TailsFigure 9 shows the cosine distribution
considerably stronger preference for pointing almost straight of the tilt angle of the cholesterol ring system, the cholesterol
to the aqueous phase, and also a stronger preference for pointinggil, and the DMPC tails relative to the bilayer normal. These
back toward the middle of the membrane in system IV than in tilt angles are defined as the angle of the veztwith the vector
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pointing from the cholesterol C65 to C36, from the cholesterol the two tails, are shown in Figure 10a in the four systems
C36 to C9, and from the DMPC C33 to C78 or C42 to C115 simulated. The profile obtained in pure DMPC is also compared
atoms, respectively. The cholesterol rings as well as the DMPC here with experimental dafd.The order parameter profiles
tails are found to strongly prefer parallel alignment with the given by only those DMPC molecules which are located near
membrane normal. Obviously, this preference is stronger for to a cholesterol as well as by those which are far from
the rigid cholesterol rings, which cannot deviate considerably cholesterols are also compared separately in the different systems
from this preferred orientation. Thus, about 80% of the in Figure 10. Obviously, in the pure DMPC membrane all of
cholesterol rings have a tilt angle smaller thafi,Zhd for 40% the molecules are regarded as being far from cholesterols. It
of them, this angle is even smaller tharf 18loreover, this tilt should be noted that in Figure 10 the chain carbon atoms are
angle of the cholesterol rings has never found to be larger thannumbered from the middle of the DMPC molecule toward the
60°. On the other hand, about 10% of the lipid tails has a tilt end of the chains; i.e., the C33 and C42 atoms are regarded as
angle larger than 80and only 60% and 30% of them has atilt the first and the chain terminal C78 and C115 atoms as the last
angle smaller than 30and 15, respectively. It should also be  (13th) tail C atoms.

noted that, contrary to the statement of Chiu ebathe most . The experimentafep profile of pure DMPC is rather well
probable value of the tilt angle (which is not the same as its reproduced in the simulation along the entire chain apart from
average value) is<for both the cholesterol rings and lipid tails. s first CH, group. When the profiles obtained in different
One should be aware that, similar to the angle formed by any systems are compared, rather little difference is seen. The order
two spatial vectors, it is more meaningful to calculate the parameters increase slightly with increasing cholesterol con-
distribution of these tilt angles as cosine rath_er than angular cantration at the first five Chigroups along the tails. As seen
distributions, because only the cosine distribution of the angle fom Figure 5, these methylene groups are located at about the
formed by two uniformly distributed spatial vectors is uniform. ggme depth along the axis as the cholesterol rings. Upon
The cosine distribution of the cholesterol tails is considerably approaching the middle of the membrane, the order parameters
less sharp than the other two distributions, as it fluctuates aroundare found to decrease sharply in each of the four systems,
a constant valge _between_ about 0.6 and 1 (i.e., between abo“?ndicating again that the hydrocarbon phase becomes less
0° and 50). This tilt angle is smaller than %nd 30 for only ordered toward the middle of the membrane. When ke
about 7% and 30% of the molecules, respectively. On the other sfiles of the DMPC molecules located near to a cholesterol
hand, 25% of the cholesterol tails have a tilt angle larger than j, ine different mixed systems are compared, a more marked
60°, and for 4% of them, this angle is even larger thaf;90  gitference is found. The order of these molecules, in particular
i.e., the tail turns back pointing toward the aqueous phase. ThiSyatveen the 5th and 11th GHyroups, is clearly higher in
difference between the tilt angle distribution of the DMPC tails systems of lower cholesterol content. On the other hand, the
and cholesterol rings and that of the cholesterol tails clearly .j,qjesterol content of the membrane has no influence Ol‘,l the
shows that the structure of the hydrocarbon phase is different ey of the tail of the DMPC molecules which are located far
in the middle of the membrane from that in the region of the ., cholesterols, at least in systems of low cholesterol content.
choles_terol rings. The middle of t_he membrane is considerably |, system IV, these DMPC molecules show slightly higher order
more isotropic than the outer region of the hydrocarbon phase. 5t e first three Chigroups and somewhat lower order at the
It is reasonable to assume that this isotropy is stronger in niqqie of the chains. However, in interpreting these differences,
membranes of higher cholesterol content, as the lack of the ,ne ghoyid be aware that in the cholesterol-rich system only a

second cholesterol tail in this region facilitates the extension of few DMPC molecules are far from cholesterols. and hence. the
the tails in lateral directions. This point is analyzed further in statistical uncertainty of thefep profile is rathe; large. '

the following subsection. On the other hand, in the outer part ) .
of the hydrogcarbon phase, the membrane is more orderedi,) and The Sp profile of the DMPC molgcules which are located
this order is further increased by the presence of the rigid near toachole_ster_ol and of those which are fe_tr from cholestero_ls
cholesterol rings. This is illustrated in the inset of Figure 9, are com_pared in Figure 10b in all the three mixed systems. This
which compares the tilt angle cosine distribution of the DMPC comparison clearly re_veals that the presence of_a_ “e?rby
tails in systems I, Ill, and IV. As is clearly seen, the distribution cholesterol molecule increases the order O.f the lipid tails.
becomes sharper with increasing cholesterol concentration. ThiSHowever, _th's effect becpmes weaker at higher cholesterol
difference between the structure of the outer and inner part of concentrations, as the difference between the two profiles
the hydrocarbon phase is in a clear accordance with the findingsbecom.es. smaller frpm system I to system IV. It should be noted
of the detailed free volume analysis of a pure DPPC bilayer of that similar behavior of th,e deutgrlum order parameter has
Marrink et al%® and can be responsible for the permeability repently been found by Domguez in a system of surfactant
properties of these membrarfég8.69 mixtures adsorbed at the Water/Qtherface, where the
Local Structure of the DMPC TailsThe local order of the presence of one of the surfactants increases the or.der of the
DMPC tails at different depths in the membrane can be neighboring molecules of the other type, but this ordering effect

characterized by the deuterium order parameter profile of the 26COmes Weakler with increasing concentration of the first type
chains. This profile can also be accessed experimentally, by©f surfactantst The reason for the observed behavior is

NMR measurement of a deuterated sample. The deuterium ordefProPably that the rigid cholesterol ring system induces some
parameterSco at a given C atom of a DMPC tail can be extra order on the nearby DMPC tails; however, the alignment
calculated in the simulation as of the cholesterol rings is uncorrelated, and hence, the increase

of the cholesterol concentration in the membrane does not lead
1 to an increased order of the lipid tails.
S0 = @0052 o« ED ®) Besides the order parameters, the structure of the DMPC
hydrocarbon tails can also be characterized by the orientation
wherea is the angle formed by the-€D bond and the bilayer  of the individual C-C bonds along the chains. Figure 11a shows
normal, and the brackefs--Cldenote ensemble averaging. The the profile of the average cosine value of the angl®rmed
obtained<p profiles of the DMPC molecules, averaged over by a C-C bond and the bilayer normal. The obtained profiles
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Figure 10. Deuterium order parameter profiles along the DMPC tails
in the four systems simulated. (a) Comparison of the profiles in different
systems. Top: profiles obtained for all DMPC molecules. Middle:
profiles obtained for DMPC molecules located near to a cholesterol.
Bottom: profiles obtained for DMPC molecules located far from
cholesterols. Solid lines—), system I; open circles), system II;
dashed lines —), system lll; dotted lines:(- +), system IV. The full
circles @) in the top panel show experimental data obtained on a pure
DMPC membrané? (b) Comparison of the profiles obtained for DMPC
molecules located near to a cholester®) @nd for DMPCs located

far from cholesterols@®) in the three mixed systems. Top, system Il;
middle, system Ill; bottom, system IV. The C atoms of the DMPC
tails are numbered from the middle of the molecule (i.e., from C33

and C42) toward the end of the tails.
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are again compared for all DMPC molecules as well as for by four C—C bonds in cholesterol, and (iii) the lack of the
DMPCs located near to a cholesterol and for those which are second cholesterol tail next to the ring system, in the middle
far from cholesterols. Th&osyOprofiles of the lipids which part of the bilayer. These differences, together with the ability
are close to a cholesterol and of those which are far from of cholesterols to form strongly hydrogen bonded complexes
cholesterols are compared in Figure 11b in each of the threewith their DMPC neighbors, lead to the observed lateral
mixed systems. The-€C bonds of the tails are again numbered condensation of the membrane (i.e., the decrease of the average
from the middle of the DMPC molecule toward the end of the area per headgroup) with increasing cholesterol concentration.
tails. The lack of the large polar head and the second tail of cholesterol
The [Gos yOprofiles of all DMPC molecules show little  leads to the increase of the free volume in the region of the
differences in the different systems. The only noticeable effect headgroups and in the middle part of the membrane, respec-
of the membrane composition on this profile is that in the case tively, when a DMPC molecule is replaced by cholesterol. This
of the cholesterol-rich membrane thimsy[value is somewhat  extra free volume is decreased by the lateral condensation in
smaller for the last five bonds, indicating weaker preference of both regions. In addition, in the dense headgroup region it leads
these bonds for a parallel alignment with the membrane normalto an increased water penetration, and also to the fact that the
than in the other three systems. It is also seen thafdibey ] entire hydrogen bonded complexes formed by cholesterols and
values are decreasing toward the end of the tails in all the four their nearest DMPC neighbors can get closer to the aqueous
systems, and this decrease is stronger in the cholesterol-richphase than those DMPCs which are far from cholesterols.
system than in the others. This finding is consistent with our Moreover, the overall density of this region is also decreased
previous results, indicating again that the structure of the in the presence of a considerable amount of cholesterol.
hydrocarbon phase becomes more isotropic toward the middle Contrary to the crowded region of the headgroups, the density
of the membrane, and this effect is stronger in membranes ofin the middle region of the membrane is rather low. The DMPC
high cholesterol content. tails are about as long as the cholesterol molecules, and hence,
Similar behavior is seen when ttiéos yOprofiles of only the chain terminal CHl groups of the two molecules are
those DMPC molecules are compared in the different systems, distributed in the same way along theaxis. Therefore, the
which are far from cholesterols. The difference between the lack of the second cholesterol tail in this region allows the two
[osy[values of the cholesterol-rich and the other three systemslayers to get closer to each other, as it facilitates the extension
at the end of the tails is, however, considerably larger here thanof the hydrocarbon chains also in lateral directions. This
when all the DMPC molecules are considered. It is quite condensation effect along the membrane normal (i.e., thinning
remarkable that the preference for being parallel with the of the bilayer), together with the lateral condensation, leads to
membrane normal vanishes completely for the last tweCC an overall increase of the density in the middle of the membrane
bonds of the tails of the DMPC molecules located far from in the presence of a considerable amount of cholesterol.
cholesterols in system IV. It is also seen from Figure 11b that When analyzing the effect of cholesterol molecules on the
the C-C bonds of the lipids which are close to a cholesterol local structure of their nearest DMPC neighbors, we have found
molecule are pointing, on average, consistently more straight that the rigid cholesterol ring system induces some extra order
toward the middle of the membrane than the corresponding C ~ on the hydrocarbon tail of the nearest DMPC molecules.
bonds of the lipids which are far from cholesterols. Hence, However, this extra order induced by cholesterols is not
cholesterol has a dual effect on the orientational order of the correlated between the environment of different cholesterol
C—C bonds of the DMPC tails. On one hand, the presence of molecules, and hence, the difference between the order of
a nearby cholesterol increases the orientational order of #@ C  DMPC molecules located next to a cholesterol and of those
bonds along the entire DMPC tails, whereas, on the other hand,which are far from cholesterols decreases consistently with
the increase of the cholesterol content of the membraneincreasing cholesterol concentration.
decreases the average order of theG@bond orientation in
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