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ABSTRACT We have applied a hybrid equilibration and sampling procedure for the atomic level simulation of a hydrated
lipid bilayer to systems consisting of dipalmitoyl phosphatidylcholine (DPPC) and cholesterol, and palmitoyl-oleyl phosphati-
dylcholine (POPC) at low (~6%) cholesterol concentration. The procedure is applied to bilayers of 94 molecules of DPPC, 6
molecules of cholesterol, and 3205 water molecules, and to bilayers of 120 molecules of POPC, 8 molecules of cholesterol,
and 4268 water molecules, at a temperature of 325 K. After equilibration, three separate 400-ps continuous molecular
dynamics runs, separated by 10,000 configurational bias Monte Carlo steps, were carried out for each system. Properties of
the systems were calculated and averaged over the three separate runs. Results of the simulations are presented and
compared with experimental data and with other recent simulations of DPPC and cholesterol, and of pure DPPC, and pure
POPC. Certain properties of the bilayers are indistinguishable from cholesterol-free bilayers, including lateral diffusion and
electron density. Other properties, most notably the order parameter profile, show the effect of cholesterol even at low
concentrations.

INTRODUCTION

The ubiquity of cholesterol in vertebrate cell membraneseffect of cholesterol on palmitoyl-oleyl phosphatidylcholine
underscores the biological importance of this sterol. Re{POPC) (Seelig and Waespesevic, 1978; Hyslop et al.,
search over the past several decades has demonstrated th@90; Urbina et al., 1995; Morrison and Bloom, 1992;
at least one of its roles in living cells is that of a fluidity Lafleur et al., 1990; Kodati and Lafleur, 1993) and the
regulator (Yeagle, 1993; Presti, 1995). Other biologicalsphingomyelin family of lipids (Brown, 1998). For POPC,
roles for cholesterol involve regulation of membrane proteinHyslop et al. (1990) utilized fluorescence depolarization
interaction and activity (Yeagle, 1993). Extensive experi-studies to estimate that cholesterol molecules in a 1:1
mental investigations over the years (Finegold, 1993; McPQOPC:cholesterol bilayer remain separated with a minimum
Mullen et al., 1994; Le Guerneve and Auger, 1995; Mc-separation distance of10 A. They conclude that POPC
Mullen and MacElhaney, 1995; Thewalt and Bloom, 1992;and cholesterol exist at this concentration in an ordered
Vist and Davis, 1999) demonstrated that cholesterolattice arrangement. Evidence that POPC and DPPC or
strongly affects mechanical and thermodynamic propertieg\vpC interact differently with cholesterol and other sterols
of lipid bilayers, by (i) increasing the area per molecule injs ajso contained in studies of Urbina et al (1995). They
the gel phase of a lipid bilayer, and reducing the area pepaye utilized NMR spectroscopy to comparatively study
molecule in a fluid phase bilayer, (ii) broadening the mainpopc  ppPPC. and DMPC-cholesterol ergosterol, and
chain melting lipid phase transition until, above about 25-5nsterol bilayers at sterol concentrations between 10 and
30% cholesterol, the transition is no longer observed, (ii)5qo, They conclude that the sterols have a less marked
causing the ripple phase to disappear (Copeland and Mgstact on POPC than DPPC. At 30% sterol concentration,
Connell, 1980), and (iv) partitioning lipid bilayers into g qsterol is more effective at inducing increased chain
cholesterol-rich and cholesterol-poor domains (Slotte, 19956rdering in DMPC than is cholesterol. but cholesterol is
Keller and McConnell, 1999; Ra'dhakrlshna.n and I\/lccc?n'more effective at increasing chain order in POPC than is
nell, 1_999a,b). Thoug_h the ma!onty of expenmentgl StUdIesergosterol. Deuterium NMR studies of chain ordering in
have involved dipalmitoyl or dimyristoyl phosphaﬂdylcho— POPC-cholesterol mixtures have been carried out for a wide
line (DPPC or DMPC), there have also been studies of the, o ¢ cholesterol concentrations by Lafleur and cowork-
ers (Lafleur et al., 1990; Kodati and Lafleur, 1993). Using
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terol concentration at 52°C (Sankaram and Thompsomew approach to equilibrating and sampling lipid mem-
1990). Diffusion constants were measured for cholesterol ifbranes has recently been developed by our group (Chiu et
POPC, di-oleylphosphatidylcholine (DOPC), and egg yolkal., 1999a; Scott et al., 1998). The procedure involves suc-
lecithin by Lindblom et al. at low hydration (20% w/w). cessive 20-ps MD runs at constant temperature and pressure
They found that, within error bars, the diffusion constants(or surface tension), followed by 10,000 steps of configu-
for these lipids did not change for cholesterol concentrationsational bias Monte Carlo (CBMC; Seipmann and Frenkel,
between 0 and 33%. This may have been in part a conse:992) on the lipids only, at constant volume and tempera-
guence of the lower hydration levels (Lindblom et al., 1981)ture. CBMC moves are followed by re-insertion of the water
Reduced hydration leads to a more ordered bilayer in thenolecules, energy minimization to remove any bad lipid-
case of DOPC (Hristova and White, 1998), and probably forwater contacts caused during the CBMC, and the next round
the other lipids as well. of MD, and so on. We have applied the method to simula-
Lattice-based and continuum-based theoretical modelsons of DPPC, POPC and di-oleylphosphatidylcholine
have been developed for lipid bilayers containing choles{DOPC) bilayers (Chiu et al., 1999a,b), and have shown that
terol by Ipsen et al. (1997) and by Scott (1991), but theothe MD-CBMC simulation equilibrate much more rapidly in
retical models are not yet refined enough to yield atomicCPU time than does a simple MD simulation. The MD-
level predictions. Both experimental and theoretical CBMC procedure is expected to be even more advantageous
progress is hindered by a lack of understanding of then the equilibration process in heterogeneous environments
detailed nature of the interactions between lipids and chosuch as a mixed bilayer of lipids plus cholesterol. Earlier
lesterol at the atomic level. Monte Carlo studies of simple models of cholesterol plus
Simulation offers an alternative way to gain insights into hydrocarbon chains (Scott, 1991) showed that chains that
complex systems at a microscopic level. The number ofvere near neighbors to one or more cholesterol molecules
papers using molecular dynamics to study single-composuffered rejection rates of over 99% due to the presence of
nent lipid bilayers has grown substantially in recent yearsthe rigid sterol fused rings. The CBMC procedure promises
(Chiu et al., 1995, 1999a,b; Pastor, 1994; Stouch, 1993 improve on this situation by a more thorough sampling of
Damodaran and Merz, 1994; Huang et al., 1994; Feller ethe available free volume for a lipid chain during a trial move.
al., 1994, 1997; Tu et al., 1995; Venable et al., 1993; The purpose of this paper is to describe the results of
Egberts et al.,, 1994; Armen et al., 1998; Tieleman andapplication of the MD-CBMC method to two fully hydrated
Berendsen, 1996; Berger et al., 1997; Smondryev andilayers consisting of lower concentrations of cholesterol
Berkowitz, 1999a; Husslein et al., 1998; Pasenkiewisczthan have previously been studied, for two different types of
Gierula et al., 1997). Several reviews of simulation methodsghospholipid. By simulating bilayers of DPPC-cholesterol,
and results have been published (Pastor et al., 1996; Me@nd POPC-cholesterol containing about 6% cholesterol we
and Roux, 1996; Tieleman et al., 1995; Jakobsson, 1997)hope to gain insights into the interactions between individ-
Early atomic level simulations of lipids and cholesterol ual lipid and cholesterol molecules, without the complica-
were carried out using Monte Carlo (MC) (Scott, 1991), andtion of direct cholesterol-cholesterol interactions. By con-
molecular dynamics (MD) (Edholm and Nyberg, 1992;sidering POPC-cholesterol mixtures, we examine the effect
Robinson et al., 1995) methods. Improvements in modelsf an unsaturated hydrocarbon chain on these interactions.
and in computing power have produced more details inn the following sections we describe the details of the
recent simulations of lipid-cholesterol bilayers. The simu-simulations and present the results.
lations of Tu et al. (1998), Smondryev and Berkowitz
(1999b), and Pasenkiewiscz-Gierula et al. (2000) have be-
gun to examine in detail interaction mechanisms betweeiSIMULATION METHODS AND PROCEDURES
DPPC, cholesterol, and water. Working at different lipid: _
cholesterol ratios. all three groups have observed that ch We constructe_d bilayer pgtches of DPPC—choIestero_I and POPC—cthes—
! . 9 p . ¢ Qerol from previously equilibrated DPPC and POPC bilayers by replacing
lesterol hydroxyl groups interact strongly with all other sejected lipid molecules with cholesterol molecules. Bilayer 1 contained 94
polar groups in the membrane, and with water, with aboubPPC molecules, 6 cholesterol molecules, and 3205 water molecules.
half of the cholesterols interacting with water and the otheBilayer 2 contained 120 POPC molecules, 8 cholesterol molecules, and

half interacting equa"y with DPPC carbonyl or phosphate4268 water molecules. Initially cholesterols were placed in the lipid matrix
groups in an arrangement which roughly maximized the separation between cho-

L . . . lesterols both within each leaflet and between leaflets. The bilayers were
Two significant problems in simulations of systems asinjtially energy minimized to remove bad steric contacts. Then over 30
complex as lipid bilayers are: reaching equilibrium in finite cycles consisting of 20 ps of MD followed by 10000 CBMC steps were run
computational time scales, and sampling a sufficiently largesn each system using a temperature of 425 K. The MD was run under
region of the configuration space of the system. Theséonstraints of isotropic constant pressure (1 atm) and temperature using the

roblems are more difficult if the svstem to be simulated .SGROMOS simulation code (BIOMOS b.v, Laboratory of Physical Chem-
p Y I istry, ETH Zentrum UniversitStstrasse 6, CH-8092 Zurich, or see http://

hete_"Ogeneous in_ ComPOSition: due to the increased COMyc ethz.chigromos/). For the CBMC trial moves one of the three separate
plexity of the configuration space and energy landscape. Ahains (sn-1, sn-2, or polar group) was selected at random on a randomly
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selected molecule for re-growth. A bond was selected at random on themployed. In the CBMC runs, electrostatic interactions were modulated by
chosen chain, and regrowth was attempted from that point to the end of thine continuum dielectric constant of water. We have discussed the rationale
chain. No attempts were made to regrow entire lipid molecules, and théor these choices in an earlier paper (Chiu et al., 1999a).

CBMC procedure was confined to lipids only. The CBMC procedure

consisted of 120 sampling trial moves at each chain position. During
CBMC no lateral diffusive moves were done, as the procedure was inRESULTS
tended for lipid chain conformational equilibration only. In earlier work we

have described our CBMC procedure fully (Scott et al., 1998). AIthoughFigS. 1 and 2 show the order parameter profiles calculated
water molecules were ignored during CBMC, this causes minimal prob-,

lems. Only accepted head group CBMC moves can result in potential baIxOr bllayers land?2. AlSO shown ar? Slr_nUIatlon data for pure
steric contacts with waters. In general head group CBMC moves ar@ PPC and POPC bilayers. Examination of the two sets of
accepted at a lower rate than chain moves. In a CBMC run of 10,000 stepsimulation profiles shows that the ordering effect of choles-
the number of accepted head group moves is only around 6 (for this reasarol is evident even at very low cholesterol concentrations.
our future CBMC runs will eliminate headgroup trial moves altogether), For DPPC bilayers, the order parameters are increased in

and a subset of these give rise to to high-energy contacts with at most 0.5% . .. .
9 9 o absolute value compared to the respective pure lipid bilay-

of the water molecules. Energy minimization is able to remove these 8
contacts in a few steps and we have found in our earlier simulations tha@r'S for carbons 2 through 8 on both the sn-1 and sn-2 chains.
only a few ps of MD are needed to equilibrate the water around theThe errors in the simulated values of the order parameters,
repositioned head groups, as measured by water dipole vector orientationsstimated as standard deviations over the three production
surface potential profiles, or correlation function calculations involving runs, are about-0.05 for these carbons. For carbons below
water molecules. . .

After the systems reached equilibrium, as judged by a lack of drift oftheCarbon 8, the fluctuations in the calculated average_order
potential energy and area per molecule of each system with time, five oParameters are betweer0.05 and=0.1, and overlap with
more MD/CBMC cycles were run at the lower temperature, 325 K. Uponsimulation data for pure DPPC. For the DPPC-cholesterol
completion of this step, we began a set of three continuous MD runs of 40&ystem the difference in order parameters is around 10% for
ps in duration for each bilayer. The continuous MD simulations were done[he first seven carbons, but the difference decreases until at

in an NPAT ensemble, in which the area per molecule was constrained t C-15 it th q t v identical
fluctuate around 59.4 A(DPPC-cholesterol) and, 62.7APOPC-choles- e -15 position the order parameters aré nearly dentica

terol). These areas were chosen after the MD/CBMC cycles at 325K, an&c_’r thh _SyStemS- For the POPC'Ch()'eSterC_" system the
represent values at which the areas for each bilayer, segmental ord&ituation is more complex. The saturated chain of POPC is
parameters, and potential energy all remained stable throughout thes@asica”y unaffected by cholesterol, while the unsaturated
cycles. There are no experimental guidelines for the choice of area P&hain has order parameters increased by about 10% for

molecule for the given systems, so we relied upon the simulation reachin .
a steady state. The areas used are each about 5% lower that those we uge%nds 1-8 (up to the double bond)’ and then the affect is

for simulations of fluid phase DPPC (62.1%knol) and POPC (66.4 Negligible. The implication is that cholesterol is able to

A?/mol) at the same temperature, using the same force field parameters #3crease the order only in the portion of the sn-2 chain of

we used in pure lipid simulations of DPPC, POPC, and DOPC. (63, 64) BPOPC above the double bond, at low cholesterol concen-

comparison, in monolayer studies at an applied lateral pressure of 38 ation. Fig. 3 compares simulation results with experimen-

dyn/cm the measured area of a POPC-chol film declined from &l L .

to 58 A?/mol upon addition of 10% cholesterol, and the measured area oFaI data (Lafleur et al., 1990). In this figure, th_e ratio of C-D

a DMPC-chol film declined from 58&mol to 52 &2/mol upon addition of ~ Order parameter for the POPC-cholesterol mixture to that of

10% cholesterol (Smaby et al., 1997). pure POPC is plotted as a function of carbon number.
A pressure of 1 atm was applied normal to the bilayer, and the temperExperimental data for perdeuterated chains do not contain

ature was constrained to fluctuate around 325K. Between continuous Mqhe Signature dip in the order parameter of carbon 10 of the
runs, 10,000 CBMC steps were run for each system. All boundary con-

straints utilized the weak coupling method with a coupling constant of 0.20Ieyl Cha_‘m' For this reason, we have used Only j[he_ Palm"
ps for temperature, 4.0 ps for pressure scaling, and 2.0 ps for area scaliniy! chain data for the comparison. To two significant
Temperature coupling was applied separately to lipid and water compofigures experiment and simulation agree very well for car-
nents. Discarding the first 10 ps to allow for equilibration after CBMC, this hons 2 through 9. For the tail carbons, the simulation data
procedure was repeated to give a total of three separate continuous trajeghow a Iarger effect of cholesterol &n) than does exper-

tories which were then used for averaging for each system. iment at 5% cholesterol concentration. Interestinalv. the
Interaction parameters for water, cholesterol, and lipid head groups', 0 on. ingly,

were the same as those we used earlier (Chiu et al., 1999a,b), namely t&dmulation profile resembles in overall shape experimental
GROMOS96 set. United atom models omitting explicit hydrogens wereprofiles at higher chol:POPC ratios reported by Lafleur et al.
used for lipid molecules. Explicit hydrogen atoms were added to choles(lggo)_

terol ring atoms to allow for the inclusion of the pi-electron effect elec- In Fig. 4 we show the distribution of molecular tilt angles

trostatic interactions between ring atoms and atoms on neighboring lipi r cholesterol for bilavers 1 and 2. usina the line between
molecules. Appendix A lists partial charges and 6—12 parameters used f P llay » using I W

cholesterol atoms. For computing torsion angle motions around lipid andh€ hydroxyl oxygen and the tail methyl carbon (whole
cholesterol chain saturated bonds, third neighbor 6-12 interactions wernolecule). The distribution for the DPPC-cholesterol bi-
replaced with the dihedral potential function due to Ryckaert and Bellmanqayer is centered at about 25°, whereas the distribution for
(1978). For the hydrocarbon chain interactions between atoms on differertihe POPC-cholesterol bilayer is centered at about 32°. For
chains, we utilized a modified set of parameters developed by our group b%om . ith cholest | tilt at high holest | )
fitting to densities of a series of alkanes, and, for the © double bond, panson with cholesterol ult at higner ¢ (_)es_er(_) C(_)n
to 5-decene (Chiu et al., 1999¢). Group-based spherical cutoffs of 20 A fo€€ntrations, the cholesterol whole-molecule tilt distribution

both electrostatics and 612 forces were used. Neutral charge groups wevgas found to peak at 12° for a 1-1 DPPC-cholesterol system
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(Chiu, Jakobsson, and Scott, unpublished results; Smorcholesterol bilayer due to fewer phosphate groups. The
dryev and Berkowitz, 1999a). DPPC-cholesterol bilayer showed very similar results.
Since the introduction of cholesterol into a bilayer dis- Fig. 6 is a representative plot that shows the mean-square
places electron-rich phosphate groups, it is of interest taeviation of cholesterol molecules in the plane of the bi-
calculate electron density profiles from simulation data. Figlayer, in the DPPC-cholesterol bilayer, from their positions
5 shows electron density profiles calculated for the POPGit the beginning of the simulation as a function of time. We
bilayer with and without cholesterol. It is apparent from thehave done mean-square deviation calculations for DPPC
figure that at this low cholesterol concentration the effect isand POPC molecules, and for cholesterol molecules in both
minimal. The peak-peak spacing is 34 A for both systemssystems. Data were calculated using the position of the
but the average peak height is slightly lower for the 5%center of mass of the DPPC molecules, and for the oxygen
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atom of the cholesterols, and were collected over the laghilayers, the diffusion constants of cholesterol molecules
800 ps of the simulation. The diffusion constants are estiare lower than those of the lipid molecules. For comparison,
mated over the simulation time scales based on “rattling irthe experimental value of the diffusion constant for a pure
a cage” motion, as there is insufficient time for large scaleDPPC bilayer is also about 18° m%/s, whereas the diffu-
lateral hopping. This approximation leads to an incorrectsion constant for a DPPC bilayer containing 40% choles-
diffusion constant for motion perpendicular to the bilayerterol is about 102 m?/s (Gliss et al., 1999). The data show
plane, so these data are not shown. In-plane diffusion corthat lateral mobility within a lipid bilayer containing a low
stants calculated from the slope of the linear region of theconcentration of cholesterol is not measurably different
data are given in Table 1. For both DPPC and POPGrom that of a pure lipid bilayer. The experimental data of
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Lindblom et al. (1981) also suggest little or no variation of diffusion constants of POPC, with or without cholesterol, in

lipid lateral mobility with cholesterol concentration. It excess water. There is some anisotropy in the in-plane
should be noted that the measurements of Lindblom et atholesterol mean-square deviation data for smaller time lag
were made on bilayers at low hydration, so that measure¢hot shown) in the POPC bilayer,. This is likely due to the

diffusion constants<£6 = 2 X 10 2 m?s) are about 1.5 more rigid and anisotropic environment of the POPC bilayer
orders of magnitude lower than values for other lipids at fulldue to the double bonds on the sn-2 chains of the lipids.
hydration. To our knowledge there are no published data foSome residual anisotropy may remain in the POPC system.
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FIGURE 5 Electron density pro-
files for a pure POPC bilayer and the
6% cholesterol:POPC bilayer.
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This system was originally “melted” from an ordered struc- POPC chains tend to be less affected by cholesterol, because
ture (Chiu et al., 1999b) and has now been subject to ovethe rigid double bond gives them less ability to conform to
3 ns of simulation, but it is possible that a remnant orien-the shape of the cholesterol molecule.
tational anisotropy has persisted.
Figs. 7 and 8 sh_ow snapshot_s of |pd|V|d_U_61I cholesterobISCUSSION
molecules and their closest neighboring lipid molecules.
DPPC chains are generally forced into straight, ordered’he systems simulated consist of small numbers (6 or 8) of
conformations if they are close to a cholesterol moleculeisolated cholesterols in lipid bilayers. We have therefore

18 4

FIGURE 6 Plot of the mean-
square displacements of oxygen at-
oms on cholesterol molecules for the
DPPC-cholesterol system.
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TABLE 1 Calculated bilayer plane lateral diffusion
constants (m?/s)

System Molecule D,y
DPPC-cholesterol DPPC 3#40.9x 10 *°
POPC-cholesterol POPC 421.0x 10710
DPPC-cholesterol Cholesterol 2+10.9x 10 *©
POPC-cholesterol Cholesterol 1+41.0 X 10°%°

examined every cholesterol molecule and its neighboring
lipids for differences in intermolecular contact between
cholesterol and DPPC versus POPC. This is a small sample,
but we have observed consistent patterns of interaction,
which we discuss here. This is an example of the potential
insights one can obtain from simulation. The calculated
global properties of these bilayers are in good agreement
W'th eXpe”m_enta_l data, SO It '_S highly _appro_prlate to eXam-—ygyre 8 Snapshot of a cholesterol molecule and two neighboring
ine the detailed interactions in the simulation that causegopc molecules. The cholesterol hydroxyl is hydrogen bonded to a POPC
these properties. carbonyl oxygen. The inability of the POPC chains to pack closely against

At the atomic |eve|' the simulations show Signiﬁcant the cholesterol in spite of the close contact due to the hydrogen bond is
structural differences in the interactions of a saturated-chaifPParent
phospholipid and a mono-unsaturated-chain phospholipid
with cholesterol. The single factor that drives the different
behavior is the double bond at C9-C10 of the sn-2 chain offhe result is that even at 6% cholesterol concentration, the
POPC. The rigid bond forces a kink into this chain, whichorder parameter profile for DPPC differs from that of a pure
hinders close packing between the chain and a neighboringPPC bilayer, whereas the profile for the 6% POPC-cho-
cholesterol molecule. This hindrance also affects the abilityesterol bilayer is nearly identical to that for a pure POPC
of the saturated sn-1 chain of POPC to effectively packbilayer. Differences in the POPC and DPPC systems are
around a cholesterol molecule, and the result is that orderlso clear from the cholesterol tilt distributions. The broader
parameters for POPC are not significantly different at lowdistribution of cholesterol molecular tilt angles in POPC
concentration from those in a pure POPC bilayer. By concompared to DPPC are a consequence of the greater amount
trast, the saturated DPPC chains are able to “wet” thef disorder in the POPC bilayer. At low concentrations of
surfaces of the cholesterol molecule, as indicated in Fig. 6¢cholesterol, the tilt distributions for both bilayers is repre-
sentative of cholesterols unhindered by the presence of
other near neighbor cholesterols. This situation persists
from low (6%) cholesterol concentrations to an upper limit
of about 33% cholesterol concentrations. Above this con-
centration, most cholesterols will have at least one near
neighbor cholesterol. In a POPC bilayer, the most probable
unhindered cholesterol tilt angle is about 8° greater than in
a DPPC bilayer.

Wetting provides a mechanism by which cholesterol can
disrupt the main DPPC phase transition, through steric
hindrance to isomeric lipid chain disordering. If one cho-
lesterol molecule is able to prevent two neighboring satu-
rated lipid chains from undergoing rotameric conforma-
tional changes, then there should be no lipid chain melting
phase transition at 1:1 lipid:cholesterol concentrations. If
one cholesterol molecule is able to preventrzighboring
lipid chains from undergoing rotameric conformational
changes, then there should be no lipid chain melting phase

, __transition atn:1 lipid:cholesterol concentrations. if = 1,
FIGURE 7 Snapshot of a cholesterol molecule and three neighborin . .
DPPC molecules. The cholesterol hydroxyl is hydrogen bonded to a DPP e _Stenc hmdrar_]ce must h_ave arange greater than One_ lipid
carbonyl oxygen, and two hydrocarbon chains from different lipids are inChain cross-section. Experimental data that show the disap-
nearly all-trans conformations. pearance of the main lipid phase transition at a 2:1 lipid:
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TABLE A1 6-12 Parameters for interactions between atoms In contrast to order parameter data, electron density and
on different DPPC chains and on all cholesterol atoms diffusion data suggest that these properties in both POPC-
Atom type o (nm) e (kJ/m) Q) and DPPC-cholesterol bilayers are not measurably different
Lipid Chain CH, 0.400 0.380 0.0 from their pure lipid counterparts at the I!p|d:cholestergl
Lipid Chain CH, 0.351 0.570 00 ratios studied here. At the low concentrations we consid-
Cholesterol O 0.287 1.01 -0.76  ered, lipid chain ordering in the saturated chains of the
Cholesterol H1 0.237 0.118 +0.40  DPPC system is the one structural and dynamical property
Cholesterol C3 0.336 0.406 +0.21 - most sensitive to the presence of cholesterol molecules. The
Cholesterol H6 0.237 0.118 +0.18 inabili f POPC K tightl d hol |
Cholesterol C4 0.336 0.406 ~036 nability o o pack fightly around a cholestero
Cholesterol H7 0.237 0.118 +0.18 Stands out as the single clear difference in lipid-cholesterol
Cholesterol H8 0.237 0.118 +0.18 interactions at low concentrations. This differential interac-
Cholesterol C5 0.336 0.406 +0.06  tjon could, in mixtures of DPPC and POPC, lead to phase
Cholesterol C6 0.336 0.406 ~025 geparation. The fact that the lateral diffusion is about the
Cholesterol H9 0.237 0.118 +0.16 f hol | in DPPC d POPC i . f th
Cholesterol C7 0.336 0.406 —031  Same for cholesterol in and POPC in spite of the
Cholesterol H10 0.237 0.118 +0.17 difference in sterol-hydrocarbon chain interactions suggests
Cholesterol C8 0.336 0.406 -0.16  that most of the frictional resistance to lateral diffusion lies
Cholesterol H12 0.237 0.118 +0.16  in the polar region of the membrane, from carbonyl groups
Cholesterol C9 0.336 0.406 -0.16 outward
Cholesterol H13 0.237 0.118 +0.16 Th ' | dh further d h i
Cholesterol C10 0.336 0.406 00 e results prese.nte ere urther emon_st_ratgt e utility
Cholesterol C19 0.351 0.570 0.0 of the CBMC-MD simulation method. The rigid ring por-
Cholesterol C1 0.336 0.406 —-0.34  tion of the cholesterol molecule hinders reorientational and
Cholesterol H2 0.237 0.118 +0.17  torsional motions of neighboring lipid chains. The use of a
Cholesterol H3 0.237 0118 017 smart MC algorithm can allow lipid chains to jump over
Cholesterol C2 0.336 0.406 -0.34 ic barri hich b bl ic for MD si |
Cholesterol Ha 0.237 0118 1017 §ter|c arriers, which may be pro ematllc. or simula-
Cholesterol H5 0.237 0.118 +0.17 tions. The use of CBMC (or any other efficient Monte Carlo
Cholesterol C14 0.336 0.406 —-0.16  procedure that drives the system toward thermal equilibrium
Cholesterol H18 0.237 0.118 +0.16  or otherwise moves the system to a different region of phase
Cholesterol C15 0.336 0.406 ~032 gpace) has the effects of lengthening the time scale of the
Cholesterol H19 0.237 0.118 +0.16 . |ati d of allowi h h l fth
Cholesterol H20 0237 0118 t0.16 SImMu at|on. and of allowing moret orough sampling of the
Cholesterol C16 0.336 0.406 —0.34  configuration space of the bilayer.
Cholesterol H21 0.237 0.118 +0.17
Cholesterol H22 0.237 0.118 +0.17
Cholesterol C17 0.336 0.406 —0.15 Supported by National Institutes of Health grant GM54651 (to E. J. and
Cholesterol H23 0.237 0.118 +0.15 H. L. S.) and National Science Foundation grant MCB 96—-31050 (to E. J.).
Cholesterol C13 0.336 0.406 -0.03
Cholesterol C12 0.336 0.406 -0.29
Cholesterol H16 0.237 0.118 +0.16 APPENDIX
Cholesterol H17 0.237 0.118 +0.16 ) )
Cholesterol C11 0.336 0.406 —0.34 The figure belgw shoyvs thg cholesterol molecula_r structure with atom
Cholesterol H14 0.237 0.118 4017 numbers used in the simulations reported here. United atoms are enclosed
Cholesterol H15 0.237 0.118 4017 by bpxes. Table Al lists 6-12 ipteraction parameters used between atoms
Cholesterol C18 0.336 0.406 00 ©On different molecules and partial charges for each atom.
Cholesterol C20 0.336 0.406 0.0
Cholesterol C21-25 0.400 0.380 0.0
Cholesterol C26-27 0.351 0.570 0.0 REFERENCES
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