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Lipid bilayers exhibit a phase behavior that involves two distinct,douipled order-disorder processes, one
in terms of lipid-chain crystalline packing@ranslational degrees of freedpmnd the other in terms of lipid-
chain conformational orderin@nternal degrees of freedgmExperiments and previous approximate theories
have suggested that cholesterol incorporated into lipid bilayers has different microscopic effects on lipid-chain
packing and conformations and that cholesterol thereby leadgdouplingof the two ordering processes,
manifested by a special equilibrium phase, “liquid-ordered phase,” where bilayers are (igiidtransla-
tional disorder but lipid chains are conformationally ordered. We present in this paper a microscopic model
that describes this decoupling phenomena and which yields a phase diagram consistent with experimental
observations. The model is an off-lattice model based on a two-dimensional random triangulation algorithm
and represents lipid and cholesterol molecules by hard-core particles with intepiaitype degrees of
freedom that have nearest-neighbor interactions. The phase equilibria described by the model, specifically in
terms of phase diagrams and structure factors characterizing different phases, are calculated by using several
Monte Carlo simulation techniques, including histogram and thermodynamic reweighting techniques, finite-
size scaling as well as non-Boltzmann sampling technidiresrder to overcome severe hysteresis effects
associated with strongly first-order phase transitioi$ie results provide a consistent interpretation of the
various phases of phospholipid-cholesterol binary mixtures based on the microscopic dual action of cholesterol
on the lipid-chain degrees of freedom. In particular, a distinct small-scale structure of the liquid-ordered phase
has been identified and characterized. The generic nature of the model proposed holds a promise for a unifying
description for a whole series of different lipid-sterol mixturgs1063-651X%99)09305-9

PACS numbsg(s): 05.70.Fh, 64.60.Cn, 83.20.Jp, 87.16.

I. INTRODUCTION types of degrees of freedom in models for single-component
lipid bilayers. Our present paper continues on the same gen-
Hydrated bilayers composed of amphiphilic lipid mol- eral theme of the interplay between the translational and the
ecules have attracted a remarkable amount of interest frofnternal degrees of freedom, but focuses on investigating the
both the biological and the physics communities, because d#ffects of introducing into a one-component system a second
their biological significance as one of the basic architecturaspecies of “model molecules” that display a duality in their
components in biological cell membranes, and also becausateractions with the translational and the internal degrees of
of their physical significance as model systems that offefreedom of the native molecules, mimicking, in fact, the mo-
both a richness and a complexity of physical phenonjéha lecular mechanisms of cholesterol molecules in lipid bilayers
From the physical point of view, each monolayer in a lipid (see below
bilayer constitutes a two-dimension@D) system of inter- The existence of two principal thermodynamic phases of a
acting lipid molecules, the hydrocarbon chains of which carlipid-bilayer system has been well established. These are
be thermally excited to a large number of conformationalcharacterized by different types of macroscopic behavior of
states. Naturally, a full physical description of a lipid bilayer both the translational and the chain conformational degrees
must involve at least two types of fundamental degrees obf freedom: a low-temperatuigel phase, which is a 2D solid
freedom intrinsic in the bilayer: translational degrees of freephase with(quasiy long-range translational order and which
dom, and “internal” molecular degrees of freedom that cor-also has a high degree of collective ordering in chain confor-
respond to the chain conformational states. At the micromations of the lipid molecules in the system, and a high-
scopic level, the interplay between these two types otemperaturdiquid-crystalline phase, which displays macro-
degrees of freedom can be clearly and simply defined iscopic disorder in both the translation@s does a liquid
terms of specific microscopic interactions and molecularand the chain conformational degrees of freedom. Although
mechanisms. But at the macroscopic level, the interplay cathe common terminology in biophysical literature describes
manifest itself intricately in the ordering processes in a lipidthe two phases as thgel phase and thdiquid-crystalline
bilayer, depending on the nature of the microscopic interacphase, we for our purposes label the two phases sqittfior
tions or the molecular mechanisms. Our previous W&k  solid, chain orderedand Id (for liquid, chain disorderex
concentrated on the issue of how details of microscopic inrespectively. It can be concluded from experimental data
teractions affect the macroscopic coupling between the twehat, thermally driven, the translational order and the chain
conformational order that are characteristic of Htephase
disappear or appeaimultaneoushat a particular tempera-
* Author to whom correspondence should be addressed. Electronitire called the temperature of the “main transition,” in al-
address: martin@physics.mcgill.ca most all of the systems of one-component lipid bilayers stud-
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ied [3]. In other words, the translational and the chaintion (ordering process, describing the process only in terms
conformational degrees of freedom appesacroscopically of thermal energetics of the grain boundafigg]. The final
coupled. essential ingredient of the model was a hypothesis of a dual
However, there are no fundamental physical principlesmolecular mechanism of cholesterol: on the one hand, a cho-
dictating that this macroscopic coupling be the necessary gdesterol molecule acts as an “ice breaker,” described in the
neric feature of the thermodynamic behavior of either two-model as a substitutional impurity that weakens the interlipid
dimensional systems with both translational and internal deinteractions responsible for crystallization; on the other hand,
grees of freedom in general, or lipid bilayers in particular.the molecule acts as a “chain rigidifier,” tending to induce
Indeed, our previous study of minimal models for 2D ran-its neighboring lipid chains into conformationally ordered
dom (off-lattice) Ising systems and one-component lipid bi- states. Calculations based on a mean-field theory of the
layers has shown that it is only a matter of engineering miinodel predicted a phase diagram of DPPC-cholesterol bilay-
croscopic interactions to macroscopically decouple the twars that agreed qualitatively with the experimental phase dia-
types of degrees of freedoff]. An intermediate phase does gram. This model study certainly provided concrete theoret-
exist as part of the generic phase behavior of syst@msh ical support for the hypothesis and strongly suggested that
as lipid bilayer$ with both the translational and internal de- the lattice model may have captured some of the essence of
grees of freedom: a phase where tfgpiasi) long-range the microscopic physics governing the thermodynamic phase
translational order is broken, but where the inter@ain  behavior of lipid-cholesterol bilayers. This model, however,
conformational degrees of freedom remain macroscopicallysuffers a fundamental shortcoming inherent in the lattice de-
ordered. We referred to this intermediate phase aftli@r  scription: the description of the translational degrees of free-
liquid, chain ordered phase. We note here, however, thatdom and the microscopic physics underlying the associated
concrete experimental evidence has yet to be found for therdering process is not really realistic.
existence of such a phase in one-component lipid bilayers, Motivated by the phenomenology and the understanding
although some evidence has been found for lipid monolayersstablished by the previous experimental and theoretical
[4]. work on lipid-cholesterol systems, given the context of our
The lo phase has been discovered, however, in bilayeprevious work of investigating macroscopic interplay be-
systems of some lipid-cholesterol binary mixtures. Cholesiween translational and internal degrees of freedom in two-
terol is an important molecular constituent of the membraneglimensional systems within a minimal model, and equipped
of eukaryotic cells and it is mostly distributed in the cell with a computer-simulation algorithm that we developed for
plasma membrane. The question of the biological relevancthe purpose of providing a full description of translational
of cholesterol has intrigued many researchers, as evidencelbgrees of freedom, we have found it natural to extend our
by a large body of both theoretical and experimental work orprevious minimal model for one-component lipid bilayers by
lipid-cholesterol bilayers and monolayef§—10, among including a second species of particles that model the dual
which we briefly review those that are most relevant to themolecular mechanism of cholesterol molecules in lipid bilay-
purpose of our study. The evidence for the existence ofthe ers. Our focus is, therefore, on exploring the generic thermo-
phase in bilayers of dimyristoyl phosphatidylcholine dynamic consequences of the cholesterol-like molecular
(DMPC)-cholesterol mixtures was first given by Needham,mechanism, in terms of the macroscopic ordering processes
Mclintosh, and Evans on the basis of their micromechanicahssociated with the two types of degrees of freedom. In the
measurementid]. A full phase diagram in terms of choles- same spirit of our earlier work, our current model for the
terol concentration and temperature was firmly establishedholesterol-like particle is also designed to be minimal, in
for bilayers of dipalmitoyl phosphatidylcholinéDPPQ-  that it contains a very small number of model parameters, but
cholesterol mixtures by Vist and Davis by combining datastill reflects the dual molecular function of the particle of
from deuterium-NMR, differential scanning calorimetry and being both an “ice breaker” and a “chain rigidifier.” As the
electron spin resonance studjd§)]. This phase diagram dis- results of our study will demonstrate below, certain kinds of
plays a modest depression of the main-transi(g&md) tem-  our model particles, corresponding to a range of detailed
perature for low concentrations of cholesterol; and remarkmodels of their dual-natured coupling to the “lipid mol-
ably, it demonstrates a macroscopic decoupling of thescules,” do indeed macroscopically decouple the transla-
translational and the chain conformational degrees of freetional and internal degrees of freedom, leading to the sepa-
dom, as manifested by a high-temperatltkdo coexistence rate appearance of two distinct ordering processes and the
and a low-temperaturgo-lo coexistence at intermediate con- existence of do-type phase. It is perhaps useful in guiding
centrations of cholesterol as well as a siniglgphase region our presentation and discussion to make note at this point.
at high cholesterol concentrations. Although we often refer to the particles in our model as
Molecular mechanisms underlying the apparent ability of‘lipid molecules” and “cholesterol molecules” and to the
cholesterol to decouple the macroscopic processes of lateraystems as “lipid bilayers,” we are fully aware that our de-
ordering and chain ordering in a lipid bilayer were investi- scriptions of the microscopic properties of our “model mol-
gated in a theoretical study based otatiice model[5]. In  ecules” are considerably simplified pictures of those of real
the model, each lattice site was assigned a multivalued varlipid and cholesterol molecules, as our emphasis is on reveal-
able corresponding to chain conformational states. The physag generic physics rather than on providing quantitative in-
ics governing this set of degrees of freedom was describetkrpretations for the experiments. And the generic physics we
by a multistate(Pink) model[11]. In addition, a multistate are concerned with should be viewed in a broader context: it
Potts model was employed to give, in a very approximatenay well also be relevant to certain two-dimensional non-
way, a phenomenological account of the lateral crystallizalipid systems where both translational and internal molecular
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degrees of freedom are thermodynamically relevant. Hamiltonian defines the microscopic model:
The plan for the presentation of the rest of the paper is as
follows. In Sec. Il, we first review briefly both the random-
lattice algorithm and the essential results from our previous Ho=2 EqLligt X Vool R LioLio+ITA. (1)
study of the macroscopic coupling between the translational ' =<p

and the chain conformational degrees of freedom in one- o , i
component systems. We then give a basic description of th_@_ere@ <j) denotes a summation over nearest neighbors and

extended microscopic model for a “lipid-cholesterol” bi- | 1S @n index labeling the particles in the systefy, and L,
layer, which defines the microscopic interactions betweef@'® occupation variables that are unity when itteparticle

the lipid molecules and between the lipid and cholesterolS in the ordered and the disordered states, respectively, and
molecules and highlights the dual function of cholesterolZ€r0 otherwisek, is the excitation energy of the disordered
molecules. In Sec. Ill, we discuss different numerical meth-conformational state and,,.,(R) is a distance-dependent in-
ods that were used in the Monte Carlo simulations of theteract_ion potential between t.wo.neighboring particles that are
extended model, with a particular reference to the use of aRoth in the ordered statdl is, in effect, a lateral surface
effective-Hamiltonian technique that reduces the problem@ressure stabilizing the system against lateral expansion and
associated with the strong hysteresis frequently encounterdd) i the total area of the system. The interaction potential
in our simulations. In Sec. IV, we present the results of theVo-o(R) is composed of a hard-core repulsive potential and
Monte Carlo simulations of the extended model. These refwo attractive square-well potentials, as illustrated in Fig.
sults consist of a detailed “lipid-cholesterol” phase diagram1(&), being a simple model of a realistic short-range molecu-
obtained from simulations based on the techniques discuss&f interaction. _ _ _ _

in Sec. Il as well as characterizations of lateral structures in 1he main results of our previous simulation study of this
the different thermodynamic phases. Finally, in Sec. V wemodel are summarized in Fig. 2, a phase diagram given in
examine our results in the light of earlier research on lipid-terms of temperature and a parametgrJ, measuring the
cholesterol systems and discuss their significance, in particiiélative strength of the two square-well attractions. The point
lar, the applicability of the calculated phase diagram. Weof key importance in this phase diagram is the appearance of
also propose possible modifications or extensions of oufwo distinct regimes, separated by a triple point, of different
present model, which may be applied to bilayer systems ofyPes of macroscopic interplay between the two types of de-

binary mixtures of lipids with sterol molecules other thangrees of freedom. A regime of macroscopic coupling be-
cholesterol. tween the two types of degrees of freedom, as observed in

most systems of pure lipid bilayers, exists for values of

V/Jy greater than the triple-point value; however, a regime
Il. MODEL of macroscopic decoupling also exists as part of the generic
, , , . . hermodynamic behavior of the model, for values\gf/J,

As stated in the preceding section, the microscopic modelyjier than the triple-point value, where two distinct order-
to be discussed in the present paper is an extension of g yransitions take place successively, separated by an inter-
model proposed earlier to describe the generic phase behayie giatelo phase. In order to highlight the influence of the
ior of single-component lipid bilayerf2]. Hence, we first oy, jesterol-like molecular mechanism as proposed in the In-
give a summary of the details of that model and the principa,,qy,ction, we choose in the present paper to concentrate on
results from the computer-simulation study of the model,qo regime where the two sets of degrees of freedom are
This earlier model gives a minimal description of the micro'macroscopically coupled in the absence of cholesterol.

scopic physics governing the phase behavior of lipid bilay- -~ gaseq upon the model and the physics described above, a
ers, in terms of two different types of fundamental degrees of;inimal model, which describes a system containing both

freedom—the internal degrees of freedom representing chaifhq chain particles and cholesterol molecules, can be built
conformations and the translational degrees of freedom dgs,

o o ¢ L %y adding additional microscopic interaction terms to the
scribing the positions of the particles. Two distinct states;miitonian in Eq.(1):
form the phase space of each conformational variable: an
ordered(o) state, corresponding to an &l&ns configuration,
and a disorderedd) state, modeling excited states where
lipid chains become conformationally disordered due to o .
trans-gauch@somerization. The ordered state is a nondegent€r€Ho.q, Hoc, Ha.c, andHc.c, as indicated by the differ-
erate ground state while the disordered state is characteriz&ft subscripts, represent the pairwise interaction potentials
the large number of possible conformational states of transchain and a cholesterol molecule, a disordered chain and a
gauche isomerizatior[43]. A genuine representation of the qholesterol moleculle, and two cholesterol molecules, respec-
configuration space associated with the translational varitively; they are defined as follows:
ables is achieved through a specially designed 2D random-
lattice simulation algorithm. A brief description of this algo-
rithm will be given in Sec. Ill. HO-d=<i§<:j> Vod(Rij){LioLja+ LjoLia}:

The two types of degrees of freedom an&roscopically
coupled through pairwise interaction potentials, which de-
pgnd on both the confqrmatior_lal states .and the interpa}rticle Hoo= z Voo R LioLic+ LioLick 3)
distance of two interacting particles. Explicitly, the following i<h

H:H0+ Ho—d+HO—C+ Hd—C+ HC—C' (2)
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@ (b)

V)

Lmex V(r)

FIG. 1. Model interaction potentials(a)
Voo(R), (B) Vo(R), (€) Vy(R), and (d)
V..(R). d is the hard-core radiug}, is the ra-
dius of the short-range square-well potential and
I max IS the range of the longer range square-well
potential. The ratioRy/d is chosen so that
© @ R..c/Ro-0~1.3, making the average surface area
. Y of the cholesterol molecules about 30% larger
V(@) D buax V@) T knax than that of the lipid chains in the ordered state.

the lateral packing of the ordered chains. Similarly, a com-
Hoe= > VacRILiaLic+ LiaLic}, parison of Fig. 1b) and Fig. 1c) makes the “chain-
=< rigidifier” mechanism clear, as the given interactions simply
mean that a cholesterol molecule prefers its neighboring
Hc—c:<2> Vee(Ri{LicLic}, chains to be in the conformationally ordered state.
i<j

where an additional occupation variablgs is introduced to lll. SIMULATION METHODS

account for the presence of the cholesterol molecules in the Before presenting the numerical results obtained from the
system.L;; is unity if theith particle is a cholesterol mol- simulation studies of the microscopic model of Eg) we

ecule and is zero otherwise. The energy of interaction bedescribe the statistical mechanical formulation of the prob-
tween two chains both in the disordered state is set to zero.

For completeness, the model of H) includes a term for
the interaction between an ordered and a disordered lipic
chain. This term was not included in the Hamiltonian in Eq.
(1) since it has no importance for the generic phase behavio
of the model.

Reflecting our strategy of performing minimal modeling,
the additional microscopic interaction¥,..(R), V4..(R),
V.(R), andV,4(R), are each approximated, similarly as =
V,.(R) in Hy, by a sum of a hard-core repulsive potential of '
ranged, a short-range square-well potenti&i(R),

04 r

0.3 4

VR l v d<R=R, " 02 T
0 otherwise,
and a longer-range attractive square-well potentiéR), 0.1 ¢ i
VIR = ( —V', d<R=<I - 0.00 025 Vo/cj.lso 075
0 otherwise. °

. L . L FIG. 2. Phase diagram for the model of the pure lipid bilayer
Some of the microscopic interactions are sketched in Fig. lystem. Al three phase boundaries are first-order phase boundaries.
to |Ilqstrate our specific way of modeling the.dual mo'lecular-rhe insets show snapshots of typical microconfigurations for the
function of a cholesterol molecule. A comparison of Fi®1 ihree different phases labelego (solid-ordered, Id (liquid-
and Fig. 1b) illustrates the “ice-breaker” mechanism, as the disordered| andlo (liquid-ordered, respectively. Chains in the dis-
interactions involved imply that a cholesterol molecule dis-ordered state are plotted a®) and chains in the ordered chain
solved in an ordered-chain environment tends to have atate as @). The three snapshots are not given to scglés the
larger surface area than that of a lipid chain, thus disruptingriple point described in the text.
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lem in terms of thermodynamic ensembles and simulatiorthe simulations, is defined to be the time needed to perform
procedures, and discuss in some detail the simulation metlon average one complete pass through stepsb), and(c),

ods that have been employed in order to establish a cohereahd one complete run through changing the molecular type
picture of the thermodynamic behavior of the model. or conformational state of each particle in the system.

The system under consideration consists of a total number A straightforward implementation of the updating proce-
of N particles, including both “lipid” and “cholesterol” dures outlined in the previous paragraph leads to a serious
particles. All simulations performed used the Monte Carlodifficulty when investigating the thermodynamic transitions
Metropolis algorithm[14], for fixed N, T, and surface pres- between different phases, especially the transitions between
surell. so and Id phases. The difficulty is essentially due to the

Two different thermodynamic ensembles have been usepresence of a very strong hysteresis. There are several rea-
regarding the molecular composition of the systda:a  sons underlying the strong hysteresis. A simulated process
semigrand canonical ensemble, in which the number ofluring which the system passes through a region of barrier
“cholesterol” particles is controlled by a parameief rep-  between two coexisting equilibrium phases corresponds to a
resenting the difference between the chemical potentials Cgequence of concerted simulation steps. However, each
“lipid” and “cholesterol” particles, and, therefore, fluctu- simulation step in the algorithm involves only a single mol-
ates andb) a canonical ensemble, in which the number ofgcyle and small variations in microscopic configurations, or
“cholgsterol” particles, i.e., t_he “cholesterol” concentration hq microscopic energy of the system. Given the already
X is fixed. The two formulations are complementary to eacharge phase space associated with a single molecule and an

other. _Thle S|mulf;13t||onst fqrm?lated basled ?{n_ the_se_ml'granﬁmrease in the microscopic energy corresponding to the bar-
canonical ensemble straightforwardigt least in principl rier height, each step in the barrier-crossing sequence can

yl'eld as functions off and Ka 'equmbrlum prob:’:}blllty dis- ,» only be tried with a small probabilitp, and realized with an
tributions for relevant quantities such as the “cholesterol ven smaller probabilitn-e~#2E1 where AE. here repre-
concentration. Hence, the phase diagram of the system, bofh prob Wo€ ! c—e1 P

sents the energy increase in a single simulation step. Cross-

in the , T) representation and in thex{, T), can be . . ]
(s, T) rep I ! 4 T) ing a high or even modest energy barri&g, therefore im-

unambiguously obtained from the probability distributions. ™ . ) -
Our simulation algorithm must explore the entire phasep“es a very long sequence of simulation steps and is dictated

space of the system, which is a superposition of the subspad & total probability of roughly o) 'e™#4€. This probabil-
spanned by the translational degrees of freedom and thy is clearly rendered very small by the large number of
spanned by the conformational degrees of freedom as wefiteps in the sequendéd. For a modest height of an energy
as, when the semigrand canonical ensemble is used, the sutarrier of KgT, one barrier crossing from aostate to arid
space associated with compositional fluctuations. Accessingtate requires typically TQVICS's for a system of linear size
the phase space associated with the conformational degreks-12. This difficulty makes it practically impossible to re-
of freedom is straightforward as it only involves random liably identify phase transitions.

updating of conformational states of all “lipid” particles. Part of the difficulty, which is due to a very smapd)™,
Similarly, compositional fluctuations are represented by ranis inherent in the algorithm and, therefore, cannot be re-
dom attempts to exchange each particle in the system with Bmoved unless some special algorithms are designed and
particle from either of the “lipid” and “cholesterol” reser- used. However, the part of the difficulty that arises from the
voirs. The nonconventional element of our simulation algo-energy barrier can be overcome by employing certain tech-
rithm is a random-lattice algorithm developed to deal withniques. We have used simulation techniques based on a
the translational degrees of freedd®). The details concern- modified Hamiltonian. This method exploits the idea of de-
ing the implementation of this random-lattice algorithm haveveloping an “artificial” Hamiltonian that yields a consider-
been published in Ref2]; only the essentials are given here. ably diminished energy barrier. The equilibrium distribution
The algorithm employs a netwofkandom-latticg represen-  functions for the original Hamiltonian can then be estab-
tation of spatial configurations of a 2D dense system of manyished from the alternative simulations of the modified
particles and generates the phase space of spatial configutdamiltonian through a simple reweighting relation. This
tions by performing three basic stega) movements of the method can be considered as a generalization of other Monte
particles,(b) changes in local connectivity of the network, Carlo sampling schemes such as the multicanonical-
and(c) changes in the overall area of the system. The comensemble schemEl6]. For a complete discussion of the
bination of stepga) and (b) ensures the occurrence of both method and related references, the reader is referred to Ref.
lateral diffusion of the particles and fluctuations in local par-[17].

ticle distributions (local densitiey that are the necessary  In our simulation study of the microscopic model, E2),
manifestations of the translational invariance inherent in anyhis method has been implemented in simulations performed
general microscopic description of a 2D liquid system andwithin the semigrand canonical ensemble. One of the most
step(c) allows for changes in global density of the system. Inimportant ~ equilibrium  distribution  functions is
order to ensure detailed balance in the simulations, or th&(T,u, ;€,X.), whereT andu, are the thermodynamic con-
symmetry of the Markov chain generated by the algorithmtrol parameters, and=E/N andx. are the energy per par-

all of the different updating procedures have been combineticle and cholesterol concentration, respectively. A corre-
in a random manner. In other words, the simulation algosponding spectral free-energy function can now be defined as
rithm does not impose any preferred sequential order in théF(e,x.)= —kgT InP(g,X.), which displays a barrier when
procedures that update different types of degrees of freedogpexistence conditions corresponding to special valuek of
[15]. One complete Monte Carlo stépICS), a time unit for andw, are approached. Given an original Hamiltontdna
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natural candidate for a modified Hamiltonian can have theestimate of the coexistence condition and an improved ap-

following functional form, proximation of /(&) at the coexistence b, /(e).
o (v) If desired, another iteration is started from st@p
H=H+f(e), (6)  with F ., (¢), either to obtain an improved statistical sam-

, _pling of F,(&,X.) for the same system size or to simulate a
wheref(e), known as the shape function, must be chosen Marger system.

such a way that the spectral free-energy function correspond- |, the simulations, a system in a laterally disordered state
ing to the modified Hamiltonian shows no significant barrier, ;g prepared at a high temperature. The system is then

as described below. Straightforward simulations of the modiy,enched to the temperature of coexistence corresponding to
fied Hamﬂoman yield a modified probability distribution 5 given value ofu,. After a sufficiently long period of

function, P(e,x;), which, when normalized, has a simple equilibration, typically 200 000 MCS’s, when the system has

relationship to the originaP(e,X.), relaxed to a thermodynamic equilibrium state, the probability
—Bf(s) distribution functionP(e,x;) is sampled over a period of
Ple,x.)= Ple.Xc)€ _ 7) (10—-200)x 10° MCS’s. The method enables us to simulate

systems of relatively large sizes and to study the systematic
convergence towards the thermodynamic limit of the finite-
size thermodynamic behavior of the physical model Hamil-
tonian. Though, the method is still quite time consuming. In
the iterations, the system size can only be increased in very

> P’ x)e D

[N
E,XC

P(e,Xc) is hence easily established froﬁ(a,xc), based on

the above equation and the normalizatiorRgt , x): small steps; the statistics required to obtain the initial esti-
— B (e) mate of the spectral free-energy functidhas described in
Plex.) = P(e,xc)e ®) step(i) is already considerable, being typically of the order
1/\C H

of 50X 10° MCS’s per particle for a system of size=10.

We have also performed a limited number of simulations
within the canonical ensemble in order to obtain complemen-
which leads to tary results for the phase behavior of the model. The simu-

lations based on the canonical ensemble formulation, where
cholesterol concentration is one of the thermodynamic con-
7D(XC)ZE; Pe’ Xe), trol parameters and thus fixed, are done in the following
€ manner. The system is prepared in a high-temperature liquid
state as described above, with a fixed number of cholesterol
79(8)22 Ple’,Xe). (9) molecules randomly distributed throughout the system. The
¢ system is then quenched to the lower temperature and equili-
o . ) ] brated over a period of 200000 MCS's and the various ther-

A judicious choice forf(¢) requires some prior knowl-  modynamical quantities are then measured over a period of

edge of the original spectral functigi(e)=—kgT INP(¢);  5_20x10° MCS's. In the simulations we have calculated a

such knowledge can be obtained from simulations of systemgumber of quantities including the following structure fac-
of very small sizes. Establishing the phase diagram, espggys,

cially the loci of phase coexistence, needs sufficient data

from systematic simulations of systems of larger sizes. Itera- .1 R R .

. . . . _ = _ _ 2a. .

tion of a five-step procedure accomplishes the task: Sr(a) = Wpr(@pr(—a)—(pr(®))" 04,5},
(i) At values of T and u, estimated to be close to true

coexistence conditions, an initial estimate Bfe) is ob-

E ﬁs/’xé)eﬁf(gr)

r o
& X

. ) ; . 1

tained from a simulation of a system of a relatively small = — ~ —My— 7))268: 5t

size L governed by the original HamiltoniaH, and is de- So(@) N{<p0(q)p0( D)~ {Po())" .o}

noted 7, (). (13)

(ii) An extrapolation based on the size dependence of the - 1 - - RO
energy barrier is used to approximate the barrier of a system Sc(a)= N{<P0(q)PC(_Q)>_<PC(Q)> 84,01
of a larger sizeL’ and in turn, the shape function:

!

-1 - - - -
H(e)=—Fi(e)=— TFi(e), (10) SO-C(Q):N{<PO(Q)PC(_Q)+PC(Q)PO(_Q)>

whene lies in the barrier regiorf.(¢) then defines the modi- —2(po(q)pc(Q)) 8q,6}-
fied Hamiltonian, which is used in a second simulation of a . . )
system of size’. From this simulation, the modified prob- Herep+(q) is the Fourier transform of the total density op-

ability distribution function, P, (e,x.), is obtained. erator, pr(r)=2;6(r —r;) and po(d), pc(q) is the Fourier
(i) PLr(e,%c) is reconstructed fromP ./ (e,x) by use of ~ transforms of the partial density operatasg(r)=2;5(r
Eq. (8). —r;) L, for the lipid chains in the ordered state< 0) and

(iv) Based onP,/(e,X.), the Ferrenberg-Swendsen re- the cholesterol moleculesa=c), respectively.(---) de-
weighting techniquél8] is applied in order to obtain a better notes a thermal average ahdis the number of particles.
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IV. SIMULATION RESULTS
1.02
In this section, we describe in terms of thermodynamic

phase diagrams and observables the generic thermodynamic
behavior of the minimal model defined in Eg), established

from systematic simulations described in the preceding sec- 1
tion. The principal thermodynamic control parameters are

the temperaturd, and either the global cholesterol concen- EE
tration, X, or u, , the effective chemical potential control-

ling equilibrium cholesterol concentration. We defing 098 |

=N./N, whereN is the total number of particles in the sys-
tem andN; is the number of cholesterol molecules. This
definition is related to the molar fractiof’ commonly used
in experimental work ag{'=2x./(1+Xx), since each lipid 0 008 o3 o 05 05
molecule contains two chains. The rest of the parameters in Xo
the model are fixed at specific values in all simulations. For
convenience, the unit for energy is chosen toJgeV, ,, 102 ®)
which is the strength of the longer-range attraction between P
chains in the ordered state, as defined by(gg.The unit for
lengths is set by the hard-core diamedehus, the surface
pressurdl is fixed atlld?/J,=6.0. The excitation energy of T--- y
the disordered state of lipid chains is chosen Bg =
=1.303),, and the degeneracy of the same siajes taken S lo
to be InD4=7.2. The parameters defining the interaction po-
tentials as in Eq(4) and Eq.(5) are set at the following 0.98 |- so
specific  values: VS =1.558),, V. .=2458),, V5,
=—1.75),, V}.=0.35), V5.=-0.35)y, V..=0.5],, \
VS .=—1.00,, V! ;=0.81,, and VS 4=—0.5J,. The radius 0oe | )
of the short-range square-well potential wag/d=1.3. The g 25 3 35 4 45 5
values ofll, Ry, E4, and InDy are chosen so that the latent M
heat of_the main transition and change in surface area actoss 1. 3. Phase diagram for the lipid-cholesterol modal.The
the main transition are comparable to that measured experty e dia functi f cholesterol tratiomnd
. . gram as a ftunction ot cholesterol concentragman
mentally for the single-component DPPC bilayer systerrf

s . educed temperature/Ty, . The insets to the figure show different
[19]. The value forV, is chosen such that the phase tran'snapshots of microconfigurations corresponding to the different

sition in the pure “lipid system” is located in the regime phases in the diagram. The snapshots are not given to scale. The
where the translational and the internal degrees of freedomitrerent phases labeled in the phase diagramsayeolid-ordered

are coupled(see discussion in Sec.)lIOther parameters, (gel; Id, liquid-disorderedfluid); andlo, liquid-ordered, where the
VSl (a=o0,l,c) are also set at certain values, so that thefirst letter refers to the lateral order of the phase and the second
phase behavior predicted by the model resembles that of tHetter refers to the conformational order of the phabeThe phase
DPPC-cholesterol bilayer. Note that the values given abovdiagram as a function of the chemical potential differepgeand

for the parameters are those used for the results quoted in tHéTy - Pc and P, are the critical point terminating the-lo coex-
following. These values, however, are not unique in that thédstence region and the triple point, respectively, as described in the
same generic phase behavior holds for a large set of differedxt.

parameter values.

anld phase, and alo phase, as defined in the Introduction,
) . . o _ by three first-order transitions between these three phases
A. Phase diagrams: simulations within the grand canonical and finally, by two special points, a critical poifc, which
ensemble terminates thed-lo transition and a triple poin®, at which
In order to establish phase diagrams for our model sysall three phases coexist.
tem, we have performed simulations within the semigrand In Fig. 4 are shown examples of the finite-size analysis of
canonical ensemble, using the simulation methods describdfie phase coexistence. This figure shows the spectral free
in Sec. Ill. energiesF (X.) calculated as a function of the system dize
In Fig. 3 are shown the phase diagrams constructed baséar two of the three different cases of first-order transitions,
on our simulation data. Figure@ is presented in terms of corresponding to theo-lo and theld-lo coexistence, respec-
two control parameters, the global concentration of cholestively. In each case, a value dfis chosen and kept fixed in
terol x, and a reduced temperatuféT,,, whereT,, is the  simulations of systems of different sizes while the parameter
temperature of the main transition in the pure lipid systemu, is tuned and a specific valyes (T;L) is determined for
while Fig. 3b) is a conjugate representation in the parameteeach system size from the “coexistence” condition—two
space spanned hy, andT/T,,. As clearly illustrated in the equal-energy minima igF_ (X¢).
phase diagrams, the generic thermodynamic behavior of our The figure shows a monotonic increase with systemlsize
model is characterized by three principal phasesaghase, in the “interfacial energy,”AF, (X.), defined as the height
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FIG. 5. Finite-size scaling plots & 7, (xc) at three tempera-
tures close to the critical point of tHd-lo coexistence regiona)
(®)T=1.007),, (b) (®)T=1.013T);, and(c) (M)T=1.018T},.

The system sizes are=8, 10, 12, 14, 16, 20, 24, and 30. The
inserts to the figure show the spectral free-enefgyxc) for the
different system sizes. The line connecting the pointganis a
linear fit to the barrier height as a function of system size. The lines
connecting the points itb) and(c) are guides to the eye.

stant value, indicating that the critical point of tlklo co-
existence region is located closeTe-1.013Ty, .

A precise determination of the line of the three-phase co-
existence, or the position of the triple point, requires system-

FIG. 4. Finite-size scaling plot ofF(xo). (@ T=0.969T, atic simulations for different system sizes, which turns out to
(solo phase coexistengeThe system sizes ale=8, 10, 12, 14, be practl_cally |mp053|ble. We have, therefore,_ contented our-
16, 18, and 20(b) T=1.007T,, (Id-lo phase coexistengeThe sys- selves with making .a.good estimate from a single histogram
tem sizes aré =8, 10, 12, 14, 16, and 20. The insets to the figuresC@lculated for a sufficiently large system. Figure 6 shows the
show the barrier heighF(xc) as a function of system size. The histogramP(e,Xc) for a system of sizé =18 at a tempera-
lines connecting the points in the two insets are guides to the eyeure 0.99Ty . The histogram demonstrates the coexistence

of the three distinct phases: the phase, with a low internal

of the maximum relative to the minima of the spectral free-energy and low cholesterol concentration, the Id phase, with
energy function. This finite-size behavior indicates the exisa high internal energy and a very modest cholesterol concen-
tence of a first-order transitiof20]. The magnitude of the tration, and thdo phase, with an intermediate internal energy
energy barriers between the coexisting phases can be es@ind a relatively high cholesterol concentration. Based on this
mated. For example, for a system of side=20, result we have estimated the location of the three phase line
AFL(Xe)ig10=3KgT and A F| (Xc)sol10=4-KgT.

The finite-size analysis also yields evidence for the pres-
ence of a critical point terminating tHd-lo coexistence. In
Fig. 5 we show the finite-size analysis of the simulation data
for three different temperatures close to the critical endpoint
of theld-lo coexistence region. The inserts in the figure show 0.006
the variation of the spectral free energy as a function of Bl
system size for the three different temperatures. For the low-p(g, Xc)
est temperature,T=1.007T,, [Fig. 5a)], the finite-size 0.002
analysis shows a linear increase of the energy associate
with an interface between theé and thelo phases, indicating
the existence of a first-order phase transition. The slope o
the linear relation corresponds to the interfacial tension be-
tween the two phases. For the highest temperatire,
=1.018Ty, [Fig. 5(c)], AF, (Xc)4-10 decreases as a function
of system sizd., demonstrating the absence of a phase tran-
sition for this temperature. Finally, the results fdr FIG. 6. The histogran®(e,x.) for a system size of =18 and

=1.013r, [Fig. 5(b)] suggest that the “interfacial energy” T=0.997T,,. The three coexisting phases are located at cholesterol
at this temperature for large system sizes approaches a cogencentrationsi;=0.010(s0), X.=0.053(ld), andx.=0.143(lo).

0.25
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to be close tor=0.997T,, and the concentration of choles- cholesterol in the lipid matrix, corresponding to the wide

terol in the three coexisting phases to be, respectively, miscibility gap between the lipid-ricko and the cholesterol-

=0.010, X, ;3=0.053, andx ;,=0.143. rich lo phases. In contrast, above the temperature of the
The region of coexistence between the and theld three-phase coexistence, and for intermediate cholesterol

phases is very narrow and both the low-temperature boun@oncentrations, the effect of conformational entropy takes
(the three phase coexistence Jirend the high-temperature prece_dence over both the cohesive |_nteract|0ns and the chain-
bound(the main transition point of the pure lipid systeare ~ ordering effect of cholesterol, favoring thé phase as the
strongly dependent on system size. It is, therefore, also ver§auilibrium phase. Under this entropy dominance, the chain-
time consuming to obtain histograms of the distributionOrdering effect of cholesterol translates into its low affinity
function at the coexistence, which have sufficient accuracyer disordered lipid chains, as reflected in the moderate solu-
for a finite-size scaling analysis. We have thus used the Ferility of cholesterol molecules in théd phase. At high
renberg Swendsen reweighting technijL] to estimate the enough cholesterol concentrations, however, the chain-
locations of the boundaries of tteed coexistence region. Ordering effect wins the competition over the entropy effect,
Specifically, we have through the reweighting procedure exteinstating the macroscopic order in the lipid chain confor-
trapolated to higher temperatures the probability distributiofnations, i.e., théo phase. This ordering event, which only
functions obtained from the three-phase histogram. involves the conformational degrees of freedom, is mani-
The phase diagrams in Fig. 3 exhibit all the characteristic§ésted in the reasonably wide region of tdelo coexistence.
of macroscopic decoupling between the translational and the
chain-conformational degrees of freedom: the appearance of B. Structural analysis: simulations within the canonical
the lo phase, and the two uncoupled transitions associated ensemble

with this phase specifically, theolo and theld-lo transi- In this section we present results of a detailed structural
tions. These two transitions correspond to the distinct orderynaysis of the different phases described above. The results
ing processes of the translational and the chainyaye all been obtained by performing simulations within the
conforr_natlonal degrees_ of freedom, re_specthE'W- It is cleaganonical ensemble as described in Sec. Ill. Each simulation
that this pher_lomeno_n is @ macroscopic consequence of the performed for a system size bf=1600. The thermody-
dual-natured interaction of the cholesterol molecule with the, 5 mic average of the structure factor containg different
translational and chain-conformational degrees of freedom %icroconfigurations with a time interval of 100 MCS’s be-
the lipid molecules. Figure(d), along with our understand- 1 een two consecutive configurations.

ing of thesold transition in the pure lipid system, as de-  gjgyres 7-11 summarize calculated structure factors char-

scribed in Ref[2] and summarized in Fig. 2, provides clues ycterizing the lateral structures of the various thermodynamic
as to how the molecular mechanism of cholesterol is macrogpaces. Figures(® and 7b) show, for theso and theld

scopically manifested. In the one-component system of th . - -
- . : ; _ phase, respectively, the structure factBéq) andSp(q) as
lipid, the sold transition is predominantly driven by the con ell as the circular averages &, So. Sc, andS.c. In

formational entropy associated with the disordered state o‘fvl . R g
the lipid chains, and the transition temperatiig is deter- ~ Fig. 7(@) the plots 0fSr(q) andSp(q) give a clear signal of -
mined by the competition between the conformational-2 Solid hexagonal phase character|29d by a lattice spacing
entropy effect and the strength of the effective interactionslose tod. In Fig. 7(b) the plot of S;(q) demonstrates the
between conformationally ordered chains. Incorporation ofiquid characteristics of théd phase. The average interpar-
the cholesterol molecule into the lipid system creates a conticle distance can be determined from the position of the first
plex picture of macroscopic ordering phenomena. Belowdiffuse scattering ring, and a rough estimate gives a value of
Tw ., thesophase can only solubilize very low concentrations(r)~1.115.

of the cholesterol without losing it§uasi-long-rangetrans- Figure 8 displays both the total structure fackrand the
lational order, due to the “crystal-breaking” function of the two partial structure factor§y and S, calculated atT
cholesterol. Once the concentration reaches certain smak; 0.969T,, and xc=0.165 where the system is in tHe
temperature-dependent values, the “crystal-breaking” funcphase. The characteristics of the phase, as far as its lateral
tion of cholesterol indeed causes a breakdown of the globadtructure is concerned, is unambiguously that of a liquid.
packing order of the chains, or the loss of the long-rangéMore systematic analysis of tHe phase is summarized in
translational order. This breakdown in turn affects the chainfig. 9. The three upper figures show the circular averages of
ordering process, as it also implies a reduction in the strengtB;, Sy, Sc and Sg_¢ calculated at three different locations
of the effective cohesive interactions between chains in thén the parameter region where tleephase exists. The three
conformationally ordered state. The reduced effective interlower figures are the corresponding snapshots of microcon-
action strength thus sets a maximal temperature for the madigurations. The collective ordering in conformations of the
roscopic ordering of chain conformations; and this maximalipid chains is apparent. The figure at the right further dem-
temperature is essentially the temperature of the three-phasastrates the ‘“rigidifying” effect of the cholesterol: The
line. Below this temperature, the cohesive interaction behigh degree of chain ordering as illustrated in the snapshot is
tween chains, albeit at its reduced strength, dominates oveatabilized only by the incorporated cholesterol, as the pure
the conformational-entropy effect and sustains a macrolipid system is in thdd phase at this temperature. Clearly,
scopic conformational order, even though the translationathe appearance of tHe phase as a stable equilibrium phase
order is lost. The “chain-ordering” tendency of the choles-is a macroscopic manifestation of the dual molecular func-
terol, or the high affinity of the cholesterol for conformation- tion of the cholesterol. When present at relatively high con-
ally ordered chains, results in relatively high solubility of the centrations, the cholesterol destroys the quasi-long-range
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FIG. 7. The structure factoST((i) andSo((i) calculated within the so phase and the Id phase, respectively. The three fig(aeshiaw
the results forT=0.969T),, x,=0.010(so phase¢. The three figures iib) show results fofT=1.007T,,, x,=0.085(ld phas¢. The left
figures shovsST(a), the middle figures sho@o(a), and the right figures show the circular averagesSior Sg, Sc, andSp.c . Theq values
are given in units of 2/d. The Bragg peaks ia) characterize a hexagonal-ordered solid structure with a lattice spacing atolihe
diffuse rings in(b) show the existence of the liquid phase. The average interparticle distance can be determined from the position of the first
ring and gives a value of around 1.115

translational order and at the same time induces or reinforcaential between two cholesterol moleculgsg. 1(d)] and
macroscopic order in lipid chain conformations. that between a cholesterol molecule and an ordered lipid
Figure 9 offers more information on the details of thechain [Fig. 1(b)]. The relatively weaker cholesterol-

lateral structure of théo phase. The three graphs 8f(q)  cholesterol interaction gives the cholesterol a tendency to
all bear a diffuse ring located close fig|=0.4(27/d). The  minimize nearest-neighbor contacts between its own kind in
intensity of the ring increases with the concentration of theexchange for maximal number of contacts with ordered lipid
cholesterol. An examination of the corresponding snapshotshains. The formation of the threadlike microstructures al-
gives clue to the structures that give rise to these rings. llows that tendency to be expressed to an appreciable extent
appears that most of the cholesterol molecules and a signifat high concentrations of the cholesterol. The dataSe¢

cant fraction of the lipid chains aggregate with their ownindicates that the average distance between an ordered lipid
kind to form one-dimensional threadlike microstructures.chain and a cholesterol molecule is aboutdl.B a thread-
The physical reason for this particular structure, roughlylike structure where two cholesterol molecules are separated
speaking, lies in the difference between the interaction poby one lipid chain, the distance between the cholesterol mol-

FIG. 8. The structure factonST(d), So(ﬁ), andsc(d) calculated ak.=0.165, T=0.969T, within thelo phase. Thej values are given
in units of 27/d.
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FIG. 9. The structure factor calculated at different locations withiddhghase. The upper three figures show the circular averaggs, of

So, Sc, andSy_¢ calculated atfrom the lef) x,=0.165,T=0.969T}, ; X.=0.25,T=0.969T, ; andx.=0.25,T=1.007Ty,. Theq values

are given in units of z/d. The lower three figures show snapshots of the microconfigurations of the corresponding phases. In the snapshots,

a lipid chain in the ordered state is shown &)( a lipid chain in the disordered state &), and a cholesterol molecule ax}.

ecules is then about 216 Such a configuration should give displays only the diffuse properties of a liquid, indicating
rise to a diffuse ring located df|~0.4(27/d). And this that the cholesterol dissolves in the liquid) domain. The
signal should be more appreciable $a(q) than inSe(q)  Structure factors in Fig. 11, corresponding to tido coex-
naturally, due to the relatively higher fraction of those cho-ISténce, show no sign of structural differences between the
lesterol molecules forming the threadlike structure out of thdWo coexisting phases. This result further supports the char-
total number of the cholesterol molecules. This picture isacterization of thdo phase as a liquid phase.
consistent with the simulation results.

Finally Figs. 10 and 11 show the structure factors calcu- V. DISCUSSION

lated within thesolo andld-lo coexistence region, respec- Experimentally observed equilibrium phase behavior of

tively. The structure factoB;(q) in Fig. 10 gives a clear pjlayer systems of binary mixtures of phospholipids and cho-
signal of both a liquid and a solid phas®:(q), the partial lesterol is characterized by a macroscopic decoupling of the
structure factor related to the cholesterol, on the other handranslational degrees of freedom from the internal molecular,

so-lo

2000.0
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00 085 10 16 20 25 30 35

FIG. 10. The structure factoS(q) (the left figuré andSc(q) (the middle figurg calculated ak.=0.075 andT = 0.969T,, within the
region of phase coexistence of theand thelo phases. The figure at the right gives the circular averag& 085, Sc, andSy.c. The
g values are given in units of2/d.



PRE 59 OFF-LATTICE MODEL FOR THE PHASE BEHAVIOR €. .. 5801

1d-lo

15000“

FIG. 11. The structure factors calculated at
X.=0.17 andT=1.010T,, within the region of
phase coexistence of tie and thelo phases. The
left figure showsS;(q), the right figure gives the
circular averages db;, Sp, Sc, andSg.¢. The
g values are given in units of72/d.
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specifically, chain conformational, degrees of freedom. Thigentrations, the macroscopic ordering processes of the trans-
phenomenon provides a meaningful context for investigatingational and chain conformational degrees of freedom. The
the generic physics involved in interplay, both at the micro-fact that the model is only a minimal one suggests that the
scopic level and at the macroscopic level, between translamacroscopic decoupling between translational and chain
tional and internal molecular degrees of freedom. To thissonformational degrees of freedom in these systems may not
end, we have formulated a microscopic model to describe @epend sensitively on details of thacroscopicphysics and
two-dimensional system composed of two distinct types Ofnay, therefore, be a generic phenomenon. It has actually
“model molecules,” representing lipid molecules and cho-peen argued that the phase behavior of the DPPC-cholesterol
lesterol molecules, respectively, and we have carried out gjjayer system contains some generic features for mixtures of

statistical mechanical study, based on Monte Carlo computqrpids and cholesterol or cholesterol-like molecUlB22,23,

simulations, .Of the model to investigate the eqUIIIbrIumalthough more concrete experimental evidence is yet to be
phase behavior of the model system. obtained

The model differs in an essential way from some of the In addition, our paper provides detailed information on

earlierlattice models developed to describe the phase behav- .
ior of lipid-cholesterol mixtures: It provides an off-lattice, the lateral structure of the different phases. The structure of

and therefore realistic, representation of the translational ddn€ cholesterol-rich phase is of particular interest, since it has

grees of freedom in terms of a specific random-lattice algoP€€n the subject of a long and continuing debate in the ex-

rithm. Naturally, this feature enables us to charactefére perir_nental Iiteratur§24]. The structure factor that we have
make predictions drthe macroscopic behavior of the trans- OPtained from the simulations clearly shows thatlthphase
lational degrees of freedom, i.e., the lateral structures of difis indeed a liquid phase. More interestingly, the partial struc-
ferent thermodynamic phases of the model system in a faitHure factors associated with cholesterol molecules and or-
ful way. dered lipid chains, respectively, show signatures of an addi-
Given both our aim of elucidatingenericbehavior of the tional structure that is characterized by length scales roughly
interplay and the considerable computational effort requiredwice that of the average distance between nearest neighbors.
by the explicit treatment of translational degrees of freedominspection of the related microscopic configurations leads to
the rest of the ingredients of the model correspondhtoi-  an interesting observation: cholesterol molecules and those
mal descriptions of the relevant microscopic physics. Thelipid chains that are in direct contact with cholesterol mol-
chain conformational degrees of freedom and the associatestules tend to form “threadlike” structures. In other words,
phase space are simplified into two molecular conformain these structures, each molecule tends to allgrearly)
tional states. Cholesterol is treated as a Simple SubStitutionWith |tS own k|nd Th|S tendency becomes more pronounced
impurity. Its molecular function in a lipid bilayer is de- at higher cholesterol concentratiofdata not shown in the
scribed, based on an earlier hypothei&is21], to be dual, hanej The “threads” are short, involving only a few mol-

both as a “crystal breaker” and as a “chain rigidifier.” This ¢ jjes and there is no sign of long-range correlations in their
molecular mechanism forms a microscopic basis for the in-

. ) rientations. The origin of this behavior may be understood
terplay between translational and conformational degrees oj

: g . s follows. At low and intermediate temperatufesmpared
freedom. The microscopic interactions, those between a chQo.. ™ 1o temperature of main transiton in the one-

lesterol molecule and a lipid chain, in particular, are all de- mponent system of ligjdthe system in théo phase con-

signed to only contain features that are essential and neces’

sary for describing both the simple phase behavior of oneSiSts of cholesterol and chains in the ordered state only.

component systems of lipid and the dual molecular functiont Nerefore, the model effectively becomes an off-lattice anti-

of cholesterol. ferromagnetic Ising model with a spin-exchange interaction
Our rather extensive and systematic study of the minimaPf STengthzVo.o(Rij) +Ve.o(Ri)) ~ zVo.o(R;j) and an ex-
model based on Monte Carlo computer simulations has led ti¢rnal field[25]. This model has not been studied. But, a
a phase diagram for the model system. This phase diagrafglated model, an antiferromagnetic Ising model defined on a
displays the same topology as the experimentally obtainelttice with elastic deformability, has been shown to display
phase diagrani10]. Particularly, the theoretical phase dia- & low-temperature stripe phase, where like-signed spins line
gram demonstrates that the proposed microscopic modeip to form stripeg§26]. The characteristic periodicity in the
does provide a picture of microscopic physics underlying thestripe phase is twice that of the average lattice spa@64
ability of cholesterol to uncouple, already at very low con- The presence of the “threadlike” structures revealed by
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our simulations has some experimental support, particularljwo-component systems. Varying values of the microscopic
from early fluorescenci27] and x-ray diffraction[28] stud-  parameters may represent variations in, for example, sterol
ies. The results of these studies were interpreted as suppagipe. In fact, cholesterol is the end product of a biosynthetic
for a structural model where lipid and cholesterol moleculespathway, along which there are other sterols acting as evo-
formed stoichiometrical complexes and moreover, the comtytionary precursors to cholesterol. Further studies of the
plexes aligned themselves lineaflyee[29] for an early re-  model are in progress, aiming at capturing the systematics of
view of those studigs Our study shows, however, that the equilibrium phase behavior of a range of two-component

partial alignment of molecules as observed in the simulationgystems modeling mixtures of lipids with those sterols along
requires no chemically specific mechanisms such as the foghe piosynthetic pathway.

mation of stoichiometrical complexes. It is important to note

that the “threadlike” structures in thid phase are not the

ripple structures observed in experimental systemsoito ACKNOWLEDGMENTS
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