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Theory of phase equilibria and critical mixing points in binary lipid bilayers

Jens Risbo, Maria M. Sperotto, and Ole G. Mouritsen
Department of Physical Chemistry, The Technical University of Denmark, Building 2062810 Lyngby,
Denmark

(Received 29 November 1993; accepted 19 May 1995

The fundamental problem of determining the phase equilibria of binary mixtures is discussed in the
context of two-component phospholipid bilayer membranes of saturated phospholipids with
different acyl-chain lengths. Results are presented from mean-field calculations and Monte Carlo
simulations on a statistical mechanical model in which the interaction between lipid acyl chains of
different length is formulated in terms of a hydrophobic mismatch. The model permits a series of
binary phase diagrams to be determined in terms of a single “universal” interaction parameter. The
part of the free energy necessary to derive phase equilibria is determined from the simulations using
distribution functions and histogram techniques, and the nature of the phase equilibria is determined
by a finite-size scaling analysis which also permits the interfacial tension to be derived. Results are
also presented for the enthalpy and the compositional fluctuations. It is shown, in accordance with
experiments, that the nonideal mixing of lipid species due to mismatch in the hydrophobic lengths
leads to a progressively nonideal mixing behavior as the chain-length difference is increased.
Moreover, indications are found that a phase transition in a strict thermodynamic sense may be
absent in some of the short-chain one-component lipid bilayers, but a transition can be induced
when small amounts of another species are mixed in, leading to a closed phase separation loop with
critical points. The physical mechanism of inducing the transition is discussed in terms of the
molecular properties of the lipid acyl chains. The results of the numerical model study are expected
to have consequences for the interpretation of experimental measurements on lipid bilayer systems
in terms of phase diagrams. @95 American Institute of Physics.

I. INTRODUCTION notoriously known to display phase equilibria that are diffi-
Phase equilibria in many-component mixtures are gov_cult to assess experimentally as well as theoretiéallipid
erned by the free-energy function which, however, usually ist:”?y?rf arrte xc;d;alt;ystenrgsrfct)r r?(ljci)rllogmfa![hmefm :riﬁmd f
never readily available from either experiment or theoretical ' b porta hq h € unde sla g ot the func to gt] 0
calculation. In particular, under experimental circumstances,[,net;n rag;est, Wd Ic ‘fibre ;:r:)mphex ma”y'.fgmp‘?”er.‘ mI'X ]chres,
usually only first derivatives of the free energy, such as den® € able 1o describe the phase equiiibria n simple Tew-
sities and order parametefe.g., spectroscopicor second ~Somponent lipid mixtures in planar bilayer aggregates. Al-
derivatives, such as specific heats and susceptibilities, aFQOUgh our methods and results are presented within the con-

experimentally accessible. The phase equilibria then have et of lipid systems, the apprgach is fairl_y Qe”efa' and
be derived indirectly from the behavior of such derivatives,S10uld prove useful for other mixtures with intricate phase

e.g., from changes in the temperature and composition d&quilibria and for which statistical mechanical models can be
pendence of the densities or order parameters and in particiRrmulated. _ _

lar from possible singular features in the response funcfions. ~ LiPid bilayers display a number of thermotropic phase
Generally, the accuracy of the phase equilibria, e.g., in termrsr‘e‘ns'_t'0n§ of which the main transition is the one which is
of a phase diagram, obtained from such an indirect determinost intensively studied since it constitutes the lower bound-
nation depends on how pronounced the first-order nature ¢ty for the physiologically interesting fluid phase. At the
the transition is and how perpendicular to the actual phasB&in transition the bilayer is transformed from a low-
boundary the chosen thermodynamic path is. The strongdgmperature solidge) phase to a high-temperature fluid
the density and compositional fluctuations of the mixed sys{liquid-crystalling phase’ The main transition is usually as-
tem, the more delicate it becomes to determine the phaggumed to be a first-order transition associated with strong
equilibria from derivatives of the free energy. It is particu- Precursor effects and fluctuations. The phase equilibria in
larly difficult to determine the accurate position of phaselipid bilayer systems are conventionally studied experimen-
boundaries for mixtures close to critical mixing points. tally by calorimetric*® or spectroscopic means.

In the present paper we are going to discuss a numerical The nature of the main transition in one-component
method based on Monte Carlo simulations by which it isphospholipid bilayers is still a controversial issue, although it
possible to derive very accurately the phase equilibria iris usually assumed to be of first ordérThere is, however,
many-component mixtures. A prerequisite for the applicatiomo clear-cut experimental proof of this, and the usual as-
of the method is a statistical mechanical model in terms of sumption of a first-order transition is mainly due to the tra-
Hamiltonian which describes the mixture. The approach iglition which developed after the original finding by Chap-
general but for the sake of simplicity we shall apply it to amanet all° of a very intense and narrow specific-heat peak
particular class of mixtures, phospholipid bilayers, which arewith a large heat content for phospholipid bilayers at their
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3644 Risbo, Sperotto, and Mouritsen: Binary lipid bilayers

main transition temperaturd,,,. This finding was later ac-
curately quantified in the classical high-sensitivity L tat-a® |

differential-scanning calorimetry study by Albon and

Sturtevant! Nevertheless, there is no single piece of experi- W> A
mental observation which reveals the kind of discontinuities

which are usually associated with first-order behavior. In W B

fact, the most recent and accurate calorimetric stieyds to
the conclusion that the transition is at best weakly first order
and possibly there is no transition at all in a strict thermody-
namic sense, i.e., the bilayer transition may be close to a o _ o
ciical point. Whether it is on the side of the crical point |5 & Scherte thstaton o e tydopiobic msmach betveer o
corresponding to dweakly) first-order transition or on the pnolipid molecules.

side where there is no phase transition in a strict thermody-

namic sense may critically depend on details of the particular

system. The current picture of a ||p|d bi|ayer at its main The statistical mechanical model on which our numeri-
transition is hence one of astrong|y f|uctuating SysfeT'he cal Study is based is described in Sec. Il. Three different
strong fluctuations are signalled on the macroscopic level bjnixtures of a homologous series of saturated di-acyl phos-
dramatic peaks in the response functidrstfong variations ~Phatidylcholines are considered, specifically D14PC-D16PC,
in the order parametefé, and anomalous swelling D14PC-D18PC, and D12PC-D18P(Abbreviations used
behavior® Microscopically, the fluctuating state is mani- areé D12PC: dilauroyl phosphatidylcholine, D14PC: dimyris-
fested by formation of lipid clusters and domains leading totoY! Phosphatidylcholine, D16PC: dipalmitoyl phosphatidyl-
a heterogeneous lateral structure which is dynamicallfholine, D18PC: disteroyl phosphatidylcholine, D20PC: di-
maintained™* It is interesting to note a well-established fact, @rachidoyl phosphatidylcholine, corresponding to 12, 14, 16,
experimentally as well as theoretically, that the appearancé8, and 20 carbon atoms in the acyl chaBection IIl de-

of the main bilayer transition is strongly dependent on smalfcribes a mean-field approach to the phase equilibria and a
perturbations, such as imperfections, impurities, sample mog@lculation of the system properties at coexistence. The nu-
phology, trans-bilayer interactions, as well as environmentainerical simulation methods are described in Sec. IV, includ-

conditions. One of the aims of the present paper is to demd conventional Monte Carlo simulation in the grand ca-

onstrate that, if a phase transition is absent in a onehonical ensemble as well as histogram techniques and finite-
component lipid bilayer, it may well be induced when a sec-Size scaling analysis applied to binary mixtures. The results
ond lipid component is introduced even in a very smallffom the numerical simulations are described in Sec. V, and

the paper is concluded by a discussion in Sec. VI.

amount.
In order to shed some light on the question as to how the
nature of the main transition in one-component lipid bilayers“- MODEL
controls the phase equilibria in mixtures, it is of interest to The statistical mechanical model used in the present pa-
study a simple and well-defined theoretical model system foper for binary lipid mixtures is based on the ten-state Pink
a lipid bilayer in which one can systematically unravel themodef* to describe the main transition for each of the pure
effects of various system parameters on the phase equilibri@ipid-bilayer components of the mixture. We consider two
The numerical approach described in the present paper ifferent di-acyl lipid species, A and B, which only differ in
based on a statistical mechanical model of the molecular inthe length of the acyl chains. The two lipid species are
teractions between lipid molecules in pure bilayers and mixcoupled by a term which reflects the incompatibility of acyl
tures. The approach employs a particular combinatio(i)of chains of different hydrophobic lengths, cf. Fig. 1. This type
the histogram techniques advanced by Ferrenberg andf hydrophobic mismatch interaction is related to the mis-
Swendset? to perform reweighting of thermodynamic distri- match interaction of the so-called mattress model of lipid-
bution functions andii) the finite-size scaling analysis ap- protein interaction®3?23*The model was also used recently
plied by Lee and Kosterlit?*"to the logarithm of appropri- to describe local structure in binary lipid mixtufésind bi-
ate distribution functions from which the part of the free nary lipid mixtures incorporated with transmembrane
energy needed to determine phase equilibria can be derivegroteins®®
Histogram- and finite-size scaling techniques have proved The ten-state Pink model for the main transition in one-
indispensable for problems where there has been doubt as tomponent lipid bilayers has earlier been described in
the nature of the phase transition in one-component systentetail>2:*¢*"Despite its simplicity, the model has proved suc-
due to strong fluctuations, e.g., Potts modéf@®hard-disc  cessful in describing a great variety of physical properties of
models!®2° Abrikosov vortex-lattice model&, models with  lipid bilayers and showing how lipids interact with a number
randomnes$? microemulsion model$® and models of liquid  of other membrane componeit§he Pink model describes
crystals®*~?6Recently the approach was applied to study thechain melting on a lattice by taking into account the lipid
nature of the main phase transition in some one-componemicyl-chain conformational statistics and the van der Waals
lipid bilayers’=2° and critical mixing in a lipid-polypeptide interactions between various conformers in a detailed man-
mixture3® The present paper shows the full potential of thener, while the excluded volume effect is partially accounted
approach when applied to a binary lipid mixture. for by assigning each lipid chain to a single site of a trian-
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gular lattice. The lipid bilayer is considered as being com-

10
-J
posed of two noninteracting monolayers. Therefore, the%”“‘:TABE D (Ul I Rl Lo %)

. . ~ - m'm’ “im’ T imim/
model does not account for possible effects due to chain (L) mm’=1
interdigitation. The acyl chain conformations are represented T 10
by ten single chain statesy=1,...,10, each described by a + EZ > (ldfy—ds 2L
cross-sectional ared,;,,, an internal energyg,,,, and an in- (L)) mm’ =1
ternal degeneracyp,,. The cross-sectional area is recipro- +|diBm_d]'Am'|—%Fmv%jAm')' 3)

cally related to the hydrocarbon chain length,, since the
chain volume is approximately invariant under temperatureThe first term in.7*® describes the direct van der Waals
changes. The nine lower states are characteristic of the gblydrophobic contact interaction between different acyl
phase and the tenth state is typical of the fluid phase. Of thehains. The corresponding interaction constant is taken to be
nine gel states, the lowest state is thetahs ground state the geometric averagg=(JaJg)% T in the second term
and the eight remaining states are low-lying conformationabf Eq. (3) represents the mismatch interaction, cf. Fig. 1, and
excitations of the ground state. In terms of these variables this assumed to be “universal” in the sense that its value does
Hamiltonian for the ten-state Pink model for lipid species Anot depend on acyl-chain length. It was previously shown
(and analogously for Bcan be written within a two-component regular solution thedftyhat a wide
range of binary lipid phase diagrams could be described in
terms of such a single universal parameter, once the chain-

10 length characteristics were isolated in the chain-length vari-
oA _ A Ay A ablesd,,. The value of the mismatch parameter to be used
7 Z m=1 (Em* 1 Am) Zim within the simulation approach to the statistical mechanics of

10 the model in Eq.(3) was found to bel'=0.038<10 '3
_ J_ 2 2 IAJA oA oA 1) erg/A3% In the present paper we shall demonstrate that a
2 mim’Eme jm e similar universal description is furnished by the detailed sta-

(i,i) mm’ =1
tistical mechanical model in Eqgl)—(3) both within a
mean-field solution scheme and when it is solved by a con-

. . . . siderably more reliable computer-simulation approach.
where #4, =0,1 is an occupation variable and the pair inter- y P Pp

actions are extended over nearest-neiahbor sites onlv. The Since all of the theoretical results presented in the
: x1€ Ve -nelg A ! A y: rbresent work have been derived from the statistical mechani-
values of the single-chain properUeEﬁ(, D, Ay, and

) : . . me | latti I i in Eq)—(3), f hich th
d’nﬁ) for di-acyl saturated phosphatidylcholine bilayers haveca attice model described in Eq&l)~(3), for which the

. . . thermodynamic internal energy and the enthalpy are the
previously been determined by Piek al3! II represents an Y 9y Py

. . S same, we shall use these two terms synonymously through-
intrinsic effective lateral pressure exerted on a lipid bilayer

due to interfacial effectghydration, polar head interactions, out the paper.

etc). The interactions between an acyl chain and its six near-

est neighbors are given by van der Waals interactions of

strengthd,, in Eq. (1). |4 is a product of a term related to the IIl. MEAN-FIELD CALCULATIONS

van der Waals interaction between chains and a phenomeng: Mean-field theory for binary lipid mixtures
logical expression for the shape-dependent nematic

parametet: The values of the interaction strengtlg , We have modified the mean-field theory previously de-

which we have derived by simple scaling from the previ—\./e.IOped. for one-com7ponent lipid l_ailayers_ and mixtures of
ously determined value for D16P€,are as follows:J lipids with cholesterd!’ to apply to binary mixtures of phos-
— 05232 0.618. 070985. 0.815 '0%50,13 erg .fér pholipids described by the statistical mechanical lattice

D12PC, D14PC, D16PC, D18PC, and D20PC, respectivelﬁ.“‘?t‘?'e' " E?S'(l)‘@)' Th‘]f ttr']‘eo“.’ :akes its starting point in
The parameterspgpc and Il (=30 dyn/cm independent of writing the Iree energy ot the mixture as
acyl-chain lengthwere originally found by fitting to experi- F=Tr(p.77)+kgTTr(pIn p), 4

mental values for the transition temperatures and transitiop , _ e .
. h h I I
enthalpies of pure D16PE:® Wherep is the equilibrium probability distribution an@” is

R ) . . he Hamiltonian of the model. In the mean-fiel roxima-
The Hamiltonian function for the binary mixture of the t. € hra to_ a2 o the mode t ¢ mear eld approxima
o livid species A and B is now written tion the N=L< sites of the two-dimensional lattice are
pid sp treated as being statistically independent armhn therefore
be expressed as

N
T= WP+ By 4B
T= T+ T+ T, 2 p:iljl oy pi=p1, (5)

wherep; is the single-site probability distribution. It is then
where the two first terms describe the interaction betweepossible to replac&’/,, and 3, in the Hamiltonian by their
like species and the last term accounts for the interactiomean value$ %) and( #2). The molar fraction of compo-
between different species. The interaction between differenent B is defined asy==( #2). The average occupation
lipid species is described by the symmetric Hamiltonian  variables( #%) and( #2) satisfy the completeness relation
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FIG. 2. Phase diagrams for three lipid mixtures determined from mean-field calcul&tpbB44PC-D16PC(b) D14PC-D18PC, an¢t) D12PC-D18PC. The
labels denote g€l g,9;, 9,) and fluid ( f) single-phase regions. Fluid-gel and gel-gel phase coexistence regions are dengtef] gy+f, g,+f, and g
+0,, respectively.

2m(<»%fn>+<~—%ﬁq>):1- p; is obtained by minimizing the The mean-field free energy per lattice site is then expressed
free energy with respect tp; under the constraints as
Tr(py)=1 and Tr€mp1 22) =xg, i.€.,

10
10
s FM(xg)= 2, [ Wi Zm +had o) +keT
— | F+ A Tr(py) +A,Tr| X pl%ﬁ;)):o. (6) (Xe) mE:l - Zm) + Nk )+ e
5p1 m=1
il e[ [( B
The Lagrange multipliera; and\, must be chosen so that x <</(A> In m +( 5,/*3> In m (11)
the constraints are fulfilled. The solution to the minimization om D/ om Dy '

problem in Eq.(6) can now be written as
Finally, the phase diagram in thgd, T)-plane is obtained by

p1= exf — (N4 A= n{ 7)) /keT] 7) minimizing the function
Y Tr(exd — (WA S ZoN/keT])
r G . ' Xo—X Xg— X
The mean-field Hamiltoniah in Eq. (7) is defined as F(XB’Xl’XZ):(xz—x?) FMF(x,) + B—xi) FMF(x,),
146
= T\ — A 97 B (',B
h=§ 5, TP 7) 2 (M Zm+he o), 8) X,<xg and x,=xg 12
whereh’, andhf, are local energies with respect tax; andx, for at fixed temperature and com-

positionxg. The values forx; andx, determine the phase
boundaries of a two-phase coexistence region if they are dif-
ferent fromxg.

For each temperaturel, the slope of the function

z FMF(xg) atxg=X,, determines the chemical potential differ-

2 “ m m ence,u'r, , between the two species A, B, corresponding to

m'=1 . . . . .
coexistence. It is hereby possible to derive the phase diagram
(9 inthe (uM",T) plane.

(and similarly forh). z is the coordination numbezE6 B Mean-field results for phase diagram, enthalpies,
for the triangular lattice Equation(8) together with the con-  and mixing energies

straint Tr(Emplt%ﬁq)=xB leads to a determination of the
mean value of the occupation variables from a solution to th%1
following set of self-consistent equations

10
z )
hﬁ=<Eﬁ+HAﬁ)—l$§(JA PPN S 70
m' =1

10

10
B ]
+dag |m,(—%ﬁr>
m'=1

The mean-field phase diagrams for the three mixtures,
4PC-D16PC, D14PC-D18PC, and D12PC-D18PC, are
shown in Fig. 2. The “universal” value of the mismatch
D?;exp[—h?;/kBT] parameter used for these mean-field calculations is
S DX ex — < lkgT] )" I'=0.025x 10" B erg/A which was determined by a fit to the
experimental phase diagram for D14PC-D18PEigure 2
X=A,B and m=1,...,10. (100  shows that, as the difference in acyl-chain length is in-

(L) =Tr(p1%m) =Xx
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FIG. 3. Mean-field results as a function of composition for the enthalpy along the liqiEg(s]), the enthalpy along the solidug, (O), and the transition
enthalpy, AH=E;—E, (@), cf. the phase diagrams in Fig. 2.

creased, there is a progressive enhancement of the nonidegH (x) = Eq(x) — Ey(x), as obtained from the mean-field
mixing behavior. The D14PC-D16PC is closest to idealitytheory are shown as a function of composition in Fig. 3 for

and there is full mixing in the two phases. For the D14PC+ne three mixtures. For the D14PC-D16PC and the D14PC-
D18PC system this is still the case and the phase behavior {§1gpc mixtures it is found for both components th&f

isomorphic but the solidus line is considerably flattened. FO‘Eends to decrease as small amounts of the other component
an even larger hydrophobic mismatch, the D12PC-D18PC

. A s re mixed in, wher h monoton havior. Thi
mixture exhibits only limited solubility in the gel phase, and .a © ed in, wherea; has a monotonous behavio S

a dramatic peritectic behavior with gel—gel coexistence ha'smplles thaF for D14PC_D16PC the transmqr.\ enthalpy devel-

evolved. These observations are consistent with previouPS @ maximum as a function of compositiGaround 80%

studies of this homologous series of lipid mixtuféd® In ~ D16PO. In the case of D14PC-D18PC the minimurtipis

particular we have verified that the phase diagrams for thes@nly sufficient to produce a flattening dfH close to pure

mixtures can be reproduced reliably by means of a singlé&16PC. The situation for the peritectic mixture, D12PC-

“universal” parameter. D18PC, is somewhat more complicated since small amounts
The enthalpy(or internal energyof the two phases at of D12PC in D18PC lead to a dramatic decreas& jnand

coexistenceEy(x) and E¢(x), and the transition enthalpy, subsequent phase separation of the gel phases. This leads to

T T T T T T T T

T 10 T T T T T

st (b) D14PC-D18PC | (a) D14PC-D16PC (0 D12PC-D18PC

E, 7 x fEf
8+ ]

_a-9g F

®
T
!

£ ® ®
5 7 3 5] /
r U s} i L 6F 1
2 9 9
(=}
= = =
6 i —_
= = 4b 4
= N 5k » =
W 5k ) R 35|
E
o
@0, 8
000 E 0\0 /0 Eg /
o, o N o o
Ak ° O\o——-’"o/ g | 06, ‘o—o_o—-o——o/ 2F & 4

T T T T T -1 T T T T T
295 300 305 310 315 320 325 330 335 295 300 305 310 315 2%0 26‘30 260 S(I)O 3‘10 3&0 330

T [K] T [K] T [K]

FIG. 4. Mean-field results as a function of temperature for the enthalpy along the ligEidis), and the enthalpy along the solidig, (O), cf. the phase
diagrams in Fig. 2.
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a pronounced maximum iaH around 93% D18PC. appropriate transition temperature,=X,B and a=g,f.
The mean-field enthalpies of the gel and fluid phasesk,,y is a nonideal mixing enthalpy which not only includes
Ey(T) andE«(T), as functions of temperature along the co-nonideal interaction energies but also the variation of the
existence curve are shown in Fig. 4. The data for the D12PQipid-chain conformational energy due to temperature
D18PC peritectic mixture again has a special behavior comehanges and mixing. In a similar fashion the entropic contri-
pared to that of the two isomorphic mixtures. The enthalpybution to the free energy is written
of the gel phasek, displays a singularity at the three-phase
line implying thatE, is not determined by temperature alone
but is also dependent on composition. The very dramatic
variation in E4(x) observed over the range 93%-100% of
D18PC in Fig. &c) is by help of Fig. 4c) seen to occur over ] )
a very wide temperature range of about 60 degrees. A confN€reéS’x . is the entropy of the pure component X in phase
parison between the phase diagrams for the three mixtures f @nd is assumed to be temperature-independent and deter-
Fig. 2 as well as the enthalpy data in Fig. 4 shows that as th&ined at the appropriate transition temperature. Within the
mismatch in chain length is increased, the phase-separatidR€an-field picture the compositional part of the mixing en-
region gets more pronounced and the two lipid species melfopy is just that of an ideal mixture. Hgnce the total mixing
at temperature regions which are increasingly wider apar€NtrOPY:Smix(X,T), in Eq.(14) can be written as a sum of the
This is particularly pronounced for the D12PC-D18PC mix-id€al mixing entropy and a contributioBain, Which is due
ture, cf. Fig. 4c), where basically all of the short-chain lipid to tr_\e internal conformational degrees of freedom of the acyl
melts within a narrow temperature interval around 273 K and*hains
the long-chain lipid predominantly melts in the temperature
range 315-330 K. Six(,T) = Sigeal X) + Senar X, T). (15
Previous theoretical model calculations of lipid binary

phase eqU|!|br|a are '.’“OS“V Built on the use of various p.heWithin this descriptiorS;,,i,is the deviation from the mixing
nomenological theories of solution, e.g., regular solution

entropy of an ideal mixture. In Fig. 5 are given the various

theory*® which is basically a mean-field approach. With theseentropy terms together with the mixing enthalpy for three

theories it is fairly easy to reproduce experimental phase diat'ypical cases. Figures(® and §b) give results along the
grams with just one or two nonideal interaction parameterg iqus line for the D14PC-D16PC and D14PC-D18PC mix-
for gach m!xture. However,. to accurately rep.roduce "’,‘Whmefures. The corresponding results for the solidus line for the
family of different phase diagrams for a series of m'Xtures.DlzPC-D18PC mixture are not shown since this mixture

using a single common parameter, as was done in Fig. 2, oes not mix in the gel phase except at low compositions.

highly nontrivial.™ This is one advantage of the present ap'Figure Hc) shows instead the results along the liquidus line

proach. Another advantage is that the present mean-field CatBT the D14PC-D18PC mixture. The results for the liquidus of

culgtlon IS performe(_:i on a sta.t|st|cal mecha_nlcal mOdelthe two other mixtures are qualitatively very similar and are
which explicitly contains information about the internal de- hence not shown

grees Of. fre.edom of t_he acyl chains, vv_hereas this prg of An important observation to be made from the data in
information in conventional regular solution theories is h'd'Fig. 5 is that the real mixture displays a significantly en-

den in the standard chemical potentials of the different,,nqq transition enthalpy compared to that of an ideal mix-

fhafej' These stan_dardt tih_emlctalt p:)r:entlals Iare lljStL_Ja ¥fre. Furthermore, it is found that the deviation from ideality
realed as an experimental input 10 the regular solutiong stronger for small amounts of D14PC in D18PC than for
theory by using experimental data for transition enthalpie

Imall amounts of D18PC in D14PC. This is apparently in

arjd.temperatures and b_y assuming that the specific heé&ntradiction to the conclusion made in a theoretical study
within the one-phase regions is independent of temperatur%y von Dreelé® based on the Prigogine approximation for

I.n other words, .the phenomgnologlcal regulg_r solution thgofhe partition function. However, it is difficult to compare the
ries do not provide a description of the transitional properties,, " gifferent theoretical analyses since only the present

of the pure components. ) ) . study takes the internal acyl-chain degrees of freedom into
The present approach permits a discussion of the phasfccount

equilibria in terms of nonideality and how this is controlled The data displayed in Fig. 5 may serve to facilitate a

by the molecular properties of the involved species. Let u%:omparison with results obtained from solution theories in

study the results p_resented in Fig. 3 m_the light of dev'at'or_]%\/hich the temperature variation of the properties of the pure
from regular solution theory and consider the gel and fIUIdc mponents are neglected. The essential feature of the mix-
components of the phase coexistence as being mixtures

th | and fluid oh f th ts. Under thi re of lipids seen as molecular species with internal degrees
€ gel and Tluid pnases ol the puré components. Under tig feeqom js that at the entry to the gel phase the acyl chains
assumption the enthalpy of the mixture can be written

become conformationally ordered by stretching into a mo-
lecular state with a lower internal energy and a lower con-
E(X,T)=XEg ,+(1=X)Ep o+ Emix(X,T), (180  formational entropy. This leads to a non-negligible decrease

in the total entropy of the mixture. Conversely, at the entry to

where the enthalpies of the pure phases are denoted Hhfye fluid phase the acyl chains become conformationally dis-
EX .. which are assumed to be constant and evaluated at tlirdered associated with an increase in conformational en-

—TS(X,T): _T[X%,a-"— (1_X)SDA,a+SmiX(X!T)]1
(14
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FIG. 5. Mean-field results for the different contributions to the free energy of a binary lipid mixture. Results are shown for the total mixingSzptrape
ideal mixing entropySisea;, @and the conformational acyl-chain entrofy.in, cf. Eq.(15). E i is the nonideal mixing enthalpy, cf. EqL3). (a): Along the
solidus of the D14PC-D16PC mixturé): Along the solidus of the D14PC-D18PC mixtufe): Along the liquidus of the D14PC-D18PC mixture.

tropy, i.e., a negative contribution to the free energy, whereaassess the phase equilibria and serve as input for the finite-
the nonideal mixing enthalp¥ .,ix, increases the free energy size scaling analysis needed for calculating the interfacial
of the mixture. The consequence of this mixing behavior igension, cf. Sec. IV C below. The statistics required to accu-
that the melting process of the mixed lipid system, comparedately determine the phase coexistence at a given temperature
to that of the pure components, proceeds from a more cortypically involve 1¢ Monte Carlo steps per lattice site.
formationally ordered state to a more conformationally dis- The simulations are carried out using standard Monte
ordered state. The observed enhancement of the nonide@hrlo Metropolis sampling. Thermal equilibrium of the
melting entropy over that of an ideal mixture is hence likelymodel system is attained using single-site Glauber excitation
to be due to the mixing behavior of the conformational en-for the acyl-chain degrees of freedom on each lipid species.
ergy rather than the nonideal interaction energies. In the fluidEquilibrium with the particle reservoir within the grand ca-
phase there is some degree of cancellation of the enthalpimonical ensemble is simulated by single-site conversion of
and entropic contributions to the free energy implying thatthe lipid species and simultaneous assignment of a random
the mixture in the fluid phase is closer to an ideal mixture.acyl-chain conformation.

This suggests that regular solution theory is inappropriate for

describing mixtures of lipids due to the substantial contribu-

tion of the chain conformational degrees of freedom to th

. 8. Histogram techniques
total entropy and the total enthalpy of the mixture. 15109 qu

In order to use the Lee-Kosterlitz finite-size scaling
method effectively to study phase equilibria in mixtures, it is
a prerequisite that the joint distribution functidar histo-
gram), A(E,Ng), for the extensive variables, namely inter-

The Monte Carlo simulations are carried out on finite @l €nergy(the enthalpyand the compositiorNg, is calcu-
lattices subject to periodic boundary conditions. In order tdat€d very accurately close to coexistence, cf. Sec. IV C.
determine system properties in the thermodynamic limit, a’(E;Ng) for a given set of thermodynamic parameters
series of different linear lattice sizek, have been investi- (T.x) is defined by
gated. The simulations are performed within the grand ca-
nonical ensemble where the composition of the mixture fluc-
tuates and is controlled by a fielg, which is the chemical
potential difference between the two species. For these simu-
lations Eq.(2) is modified accordingly

IV. NUMERICAL SIMULATION METHODS

A. Monte Carlo techniques

n(E,NB) ex;{—(E-f—,u,NB)/kBT]
EE’NBH(E,NB) eX[Z[—(E-i—,U,NB)/kBT] ’
17

‘{?T,,M(EYNB):

T— uNg= TP+ 7B+ 778, where n(E,NB) is the temperature-independent density of
states. If7 is calculated with sufficient accuracy for a spe-
whereNg is the number of lattice sites occupied by compo-cific set, (T,u), it is possiblé® to determine the distribution
nent B. The grand canonical simulations provide the distrifunction for a nearby set of parameters, (u'), by simple

bution functions, see Sec. IV B below, which are used tathermodynamic reweighting of the histogram according to

(16)
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{%T!YM!(E,NB): (18)

From the joint, two-dimensional distribution function, and two-phase coexistent®&>°In contrastA.7(u,T,L) ap-

Z(E,Ng), the two one-dimensional distribution functions proaches a constant at a critical point, corresponding to van-

can readily be derived as ishing interfacial tension in the thermodynamic limit. In the
absence of a transitiofi;?’ A.7(u,T,L) tends to zero.

AB)=2, AENg), (19

¢ D. Tuning-in at coexistence
~ N The iterative procedure for tuning in at coexistence is as
"/)(NB)_EE“ Z/AENg). (20 follows: A trial value of the chemical potential at coexist-

ence,u=un,, for a given temperature is guessed or esti-
In Egs.(17)—(20), E denotes the total internal energy. In the mated from a short simulation on a very small lattice. The
following we shall use the same symbol for the internal en-accurate value of.,, for that system size is then determined
ergy per molecule. by a long simulation(typically 1 Monte Carlo steps per
lattice sitg at this trial value ofu and a more accurate value
of u=pun, is then determined by the Ferrenberg-Swendsen

Phase equilibria can be examined by the powerfukeweighting technique, cf. Eq18). If the trial value turns

method of Lee and Kosterlit?*" This method, which is out to be too far from coexistence to allow a sufficiently
built on finite-size Scaling analyses of distribution fUnCtionSaccurate Samp”ng of the two phaSES, a new trial value is
(histogramg derived from computer simulations, constitutes estimated from the long simulation. The system size is then
an unambiguous technique for numerically detecting firstincreased and the value of= u, for the previous system
order transitions and phase coexisteffc@he method in-  sjze is used as trial value for the long simulation on the larger
volves calculation of a certain part of the free energy usinggystem. After the reweighting, the accuracy of the reweight-
the distribution functions in Eq¢19) and (20). From these jng procedure is checked by a direct calculation at a chosen
distribution  functions, free-energy-like functions, e.g.,value of the chemical potential. This rather tedious and

C. Finite-size scaling theory

Z(x,T,L), can be defined &% lengthy iterative procedure assures a very accurate determi-
nation of the chemical potential at coexistence and hence

FxT,L)~=In7r (L), (21)  |eads to an accurate determination of the compositional
phase diagram via the finite-size scaling analysis described

where the dependence of the linear system dizehas ex-
plicitly been expressed. The quantify differs from the total
free energy by a temperature- and laslependent additive
guantity. However, at fixedT and L, the shape of

in Sec. IV C.

The Ferrenberg-Swendsen reweighting technique be-
comes more and more troublesome the larger the size of the
Z(xT.L) is identical to that of the total free energy and system studied because the distribution functions get nar-

rower for larger systems. The method works best for small

furthermoreA.7(u,T,L) =.7(x,T,L)—.#(x',T,L) is a cor- . ; . .
) / systems which are subject to large fluctuations allowing
rect measure of free-energy differences. At a first-order tran- . .
" pe L more information about a larger part of phase space to be
sition, .7(x,T,L) has pronounced double minima corre-

sponding to two coexisting phases BEx, and X=X, sampled. Reweighting of data obtained for one value of the

) . . chemical potential to another value gives a greater uncer-
separated by a barried.7(u,T,L), with a maximum at P 9 9

. . tainty for the larger system simply because it is the extensive
Xmax COrresponding to an interface between the two phases y ger sy Py

. . . . composition that enters the Hamiltonian and hence the re-
The height of the barrier measures the interfacial free energy ciahting orocedure. cf. E (18). This implies that one
between the two coexisting phases and is given by ghting p » ¢ Eqo). P

needs to know the chemical potential at coexistence with an
. . — accuracy which varies approximately ds 2. Another
A7, T,L) =7 (Xmax, T,L) = 7(Xq,T,L) bottleneck of a more principal and physical nature is the
= y(p, T)LI T4 o(L92), (22)  time, 7, associated with the crossing of the free-energy bar-
rier between the two phases. This time increases exponen-
whered is the spatial dimension of the systeih=2 in the tially with the linear dimension of the two-dimensional
present case y(u,T) is the interfacial free-energy density model systemy~exp(yL/kgT). In order to facilitate the re-
or interfacial tension. Thereforel.7(u,T,L) increases weighting, the actual simulation time has to be much larger
monotonically withL at a first-order transition corresponding than =. For a given model, the value of this relaxation time
to a finite interfacial tension. The detection of such an in-puts a very sharp upper limit to the system sizes which can
crease is an unambiguous sign of a first-order transftion be studied by these simulation techniques.
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shows the system-size dependence of the free energg a
function of the average area per lipid molecuwe,for pure
D14PC, D18PC, and D20PC lipid bilayers. Figuréh)6
w ] shows the height of the free energy barriar7(A), as a
a function of L. It is found that, as the chain length is in-

_ creased, the bilayer gets closer to a critical point which is
o e present inbetween chain lengths corresponding to 18 and 20
So 77 carbon atoms. For the lipid species with the longest chain
length studied, D20PC, we indeed find that there is a clear
] first-order transition within the ten-state Pink model, as de-
termined by the linear dependence/# (A) on L.

Ayo

D20PC

40 50 60 70

Area [A7] A. Histograms, free-energy functionals, and phase
(b) equilibria

The bottom graph in Fig.(d shows an example of the
compositional distribution function or histogram(x), at a
3t . temperaturd =319 K for a D14PC-D18PC system of linear
sizeL=10. Results are given before and after reweighting to
a chemical potential corresponding to coexistence. The cor-
2tk . responding free energy functionaf(x), is shown in the top
of Fig. 7(a). The size dependence 6f(x) is shown in Fig.
7(b) while Fig. 7c) shows the size dependence.@{E),
1+, . whereE is the internal energyenthalpy per molecule. The
a o distribution functions are shown at the appropriate size-
“ D14PC o DISPC dependent chemical-potential values corresponding to phase
(1 S coexistence. As the system size is increased, it is seen that
0 10 20 30 40 50 60 there is a dramatic increase in the free-energy barrier be-
L tween the two phases and that the composition of the mixture
is x3;6p=0.95 andxh,go=0.42. Similarly, the enthalpy
distribution function shows that at coexistence the two
phases have enthalpies aroufig= — 1< 10~ *® erg/molecule
FIG. 6. Monte Carlo results for pure D14PC, D18PC, and D20PC lipid gng E~=8X 1013 erg/molecule.

bilayers.(a) Free-energy functionaly7(A), as a function of average cross- : _ -
sectional areaA\, per lipid molecule for different system sizds, as indi- From the size dependence of the free-energy barrier,

cated on the curvegb) Free energy barrier height, 7, as a function ot_; A.7(L), shown in Fig. 8 the interfacial tensior, can be
D14PC (A), D18PC (O), D20PC (). calculated using Eq.22). From the plot in Fig. 8,y is de-

termined to bey=0.57x 1013 erg/lattice unit.

The simulation data shown in Fig. 7 correspond to a
temperaturd = 319 K where the D14PC-D18PC mixture ex-
hibits a clear first-order transitional behavior associated with

Monte Carlo simulations involving histogram techniquestwo-phase coexistence. Figure@?9and 9b) show data for
and detailed finite-size scaling analysis for determiningthe free energy-functionali/(x,L), and the free-energy bar-
phase equilibria are very demanding with respect to the staier, A.7(L), for lower temperatures. This data set demon-
tistics. Hence we have not performed detailed simulations fostrates that the model for the D14PC-D18PC mixture exhib-
all three mixtures considered by the mean-field calculation#s a critical mixing point at a certain temperature. Figure
above. Instead we have concentrated on a single mixtur®(b) shows unequivocally, that the free-energy barrier de-
D14PC-D18PC, which however clearly illustrates the pointscreases with system size B=299.0 K and lower tempera-
we want to make. tures indicating that the interfacial tension vanishes and there

From previous simulations using both histogram andis no phase transition or phase coexistence in the thermody-
finite-size scaling techniquésjt is known that the pure lipid namic limit. Conversely, the data far=299.5 K and higher
bilayers of D16PC, and D18PC described by the ten-stateemperatures shows a free-energy barrier that increases with
Pink model in Eq(1) do not display a phase transition in a system size and hence phase coexistence prevails in the ther-
strict thermodynamic sense but undergo a continuous, nonsaodynamic limit. Hence, the combined data set in Fidp) 9
ingular transformation within a very narrow temperaturestrongly suggests that there is a lower critical mixing point at
range. The results for D18PC have been confirmed by tha temperature betweeh=299.0 and 299.5 K. By a similar
present calculations. For completeness, the phase behaviortype of analysis we have found that there is an upper critical
D14PC and D20PC has also been investigated. Fig@e 6 mixing point at a temperaturd,=327 K.

AF [1073erg]

V. SIMULATION RESULTS

Downloaded-09-Nov-2009-t0-192.38.67.192 CREMi BN oMok 03 (NG - B-SeRiIRmber AR right:~see-http://jcp.aip.org/icp/copyright.jsp



3652 Risbo, Sperotto, and Mouritsen: Binary lipid bilayers

T T T T
+
(b) 7 (C) g
R
x -
* 1 ol iy |
£x v Foa v
X% & +
XX ¥ +
£ % -— + +
X 8051 Py * v B
X g% 1 3 v M +
XX o ra %+ L °
#8% Topes :
x$ ox == v N Al
&5 ox = 4t M Bo T+ 4o
0 ik — + + 57 %v v
55 9% x A W, & + ¥ % 3
ﬁoox B + 338 v Yo
4 AKX X 3b o :g AL E
A 0% e +9 v, Yo
A A8 x o+ +Y +
257 LY Fhao
J 5
og 2% v ov¥_ o
o® g aRY: 2t %\7 %y © E
e %
9,0
u v 1 T T T T T T
08 1.0 4 2 0 2 4 6 8 10
-13
*D1grC *D1gpc E [107" erg]

FIG. 7. Monte Carlo computer-simulation data for the D14PC-D18PC mixtayeDistribution function for the compositiorA(x) in Eq. (20) (in arbitrary
units), and the corresponding free-energy functiona(x) in Eq. (21), for a system of linear size= 10 at temperaturg& = 319K. Results are shown before
(----) and after(——) reweighting of the data to a chemical potential corresponding to coexistéscand (c): Size-dependence of the free-energy
functional,.7(x,L), and the enthalpy distribution functiorr;(E,L), respectively, evaluated at coexistence at temperdtar819K. The linear sizes of the
systems correspond to=5(), 6(0),7(A),8(V),9(¢),10(+), and 11(<). For the sake of clarity the different data sets have been shifted vertically.

B. Phase diagrams well as the physical properties associated with the phase

Based on simulation results of the type presented in Fig ines, has been determined from the data derived from the
7 and 9 we are able to construct a complete phase diagra rgest systems that are feasible to treat with current com-
for the D14PC-D18PC mixture described by the statisticaPUter resources. These systems are taken to represent the

mechanical model in Eqg1)—(3). This phase diagram, as thermodynamic limit. The phase diagram is shown in Fig.
10(a) together with the corresponding diagram derived from

mean-field theory using the same value of the mismatch pa-
rameter]'=0.038< 10" ** erg/A, as in the computer simula-
4 [ S B tions. This mean-field phase diagram is different from that
D14PC-D18PC presented in Fig. ®) because the values used for the mis-

1 match interaction parameter are different. In fact for the
higher value ofl" the mean-field theory predicts peritectic
3t . behavior for the D14PC-D18PC mixture. However, the over-
all numerical accordance between the accurate Monte Carlo
phase diagram and that derived from the approximate mean-
field theory is surprisingly good, except for the slope of the
solidus (three-phase line As expected, on the basis of the
fact that mean-field theory tends to suppress correlations be-
tween fluctuations, there is a close correspondence between
mean-field theory and simulation data only in the region of
the phase diagram where the mixing of the two lipid compo-
nents has induced a strong first-order phase transition. Within
° the mean-field theory there is a first-order phase transition in
] each of the pure components, whereas the more reliable
computer-simulation results predict critical points at low and

T high contents of D18PC, specifically at compositions
Xp1gpc=0.08 and 0.97. The corresponding phase diagram
L spanned by temperature and chemical potential is shown in
Fig. 1Qb). In this representation, the critical points are
clearly exposed as end points of the line of coexisting
F1G. 8. Monte Carlo computer-simulation data for the D14PC.D1EPC mi phases. Again, a close correpondence between the Monte
tre. 5ep§ndincae gfci?ﬂe?f;gals;reiilr?e(mzallJa?riereheight AZ(L) in ""Carlo and the mean-field results is found for temperatures

Eq. (22), on the linear sizel., of the system. The slope of the solid line is P€tween the critical points. _
the interfacial tensiony, in Eq. (22). The Monte Carlo results for the enthalpy of the coexist-
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FIG. 10. Phase diagrams for the D14PC-D18PC mixt(ag. Computer-
FIG. 9. Monte Carlo computer-simulation data for the D14PC-D18PC mix-simulation data for the liquidus({) and the solidus @) lines. The solid
ture. (a): Size dependence of the free-energy functiomg{x,L). Results lines indicate the corresponding mean-field phase diaglamComputer-
are shown for two different temperatureb=299.0 andT=300 K for a simulation results ©) and mean field resulté—) for the phase diagram
series of different linear lattice sizds, as indicated on the curve) Size spanned by temperatur€, and chemical potential,,. The positions of
dependence of the free-energy barrier7(L), for temperatures in the vi-  critical points corresponding to the Monte Carlo phase diagram are indicated
cinity of the critical mixing point. by *. Fluid and gel phases are denotedftgndg. g, denotes a gel phase
only occurring in the mean-field phase diagram.

ing phases are shown in Figs.(&land 11b), both as func- mixture is a fluctuating quantity and a corresponding re-
tions of temperature and composition. For comparison, theponse function
mean-field results are also given. The discrepancies between

2
the Monte Carlo and mean-field results are largely due to the x(T)= (EZ) = (KgT) " 2((x2)— (xg)?)L2 (23)
basic difference in the phase equilibria, in particular with Iu) ;
respect to the presence/absence of critical points. can be definedG is the Gibbs free energy. It is possible to

determine the compositional susceptibilig(T), from the
C. Interfacial tension and compositional fluctuations composition distribution function, cf. Fig(d, by separating
' the histogram into two parts corresponding to the two
The full temperature dependence of the interfacial tenphases. The value of(T) for an ideal mixture,yigea(T).
sion, y(T), is obtained from plots like that displayed in Figs. along the sameT(,x) lines(cf. phase diagram in Fig. 1@an
8 and 9b) and is shown in Fig. 12. This figure clearly shows also be calculated. The expression fgf.o(T) is derived by
that v vanishes at the critical points, as expected for ausing the relation which connects the second derivatives with
second-order phase transition. A maximum of the orderespect to the chemical potential and molar fraction of the
y=0.6x10" 12 erg/lattice unit <10 * erg/A) is attained Gibbs and the Helmholtz free energy, respectively, i.e.,
somewhere in the middle of the temperature range betwee®’G/du?)r=—(9°F/9x?); . The ideal compositional sus-
the two critical points. ceptibility can therefore be expressed aggea(T)
In the grand canonical ensemble the composition of a= (kgT) xg(1—Xg). Figures 18a) and 13b) show the re-
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° °E;
j9) . . . .
° ° tensive enough to capture this latter feature in the composi-
2 : : : tional fluctuations. The compositional fluctuations along the
b 3“’T [K]m 830 solidus, cf. Fig. 1&), vary very dramatically with tempera-

ture and close to the lower critical point they are about two
orders of magnitude more intense than those along the liqui-
dus near the critical point. Also the gel-phase compositional

bl . . 6@ and ) fluctuations are expected to blow up near the upper critical
FIG. 11. Enthalpy as a function of compositiéa) and temperatur ; . [P : :
along the liquidusE; (L), and along the Solidug, (O), for a D14PC- point. Similarly to th(_a data for the I|qU|d_us, the simulation
D18PC mixture. Monte Carlo data are shown as points and correspondinE;es"”tS along the solidus are not eX.tenSIVe. enough to reveal
mean-field data are shown as solid lines. the feature at the upper critical region which appears to be
limited to an extremely narrow temperature interval.

sults for x(T) and yigea T) along the solidus and liquidus
. . . . VI. DISCUSSION AND CONCLUSIONS
lines, respectively. It is seen from the expression for
Xideaf T) that the ideal fluctuations reflect the positions of the  In the present paper we have presented a mean-field and
phase lines in a simple way,;qeaf T) is small for small val- Monte Carlo simulation study of a statistical mechanical
ues ofx, or xg and exhibits a maximum at equimolar com- model of the phase equilibria in binary mixtures of saturated
position. For most temperatureg,T) follows the qualitative  phospholipids with mismatch in the hydrophobic acyl-chain
variation of y,4ea(T), but x(T) is amplified in a nonlinear lengths. This binary mixture is qualitatively different from
way compared tQigea( T). This amplification is most pro- that of most other binary mixtures since its properties are
nounced in the gel phase. The similarity betwegqa(T) strongly influenced by the internal degrees of freedom of the
and x(T) does not hold near the critical points. two species. The simulations account accurately for density
In the fluid phase, strong compositional fluctuations oc-and compositional fluctuations in the mixture, whereas ef-
cur near the lower critical point. The fluctuations decreasdects due to fluctuations are to some extent suppressed in the
rapidly and reach a minimum around 300 K corresponding tanean-field approximation. However, compared to conven-
the steep part of the liquidus line between 10%-20%tional phenomenological solution theories applied to lipid
D18PC, cf. Fig. 1(). The fluctuations then increase and mixtures, the present mean-field approach captures effects
reach a maximum near 320 K corresponding to the more fladue to the internal degrees of freedom of the acyl chains and
portion of the liquidus line between 40%-60% D18PC, cf.it provides independently for a description of the phase be-
Fig. 10b). The fluctuations then decrease again. One wouldavior of the pure components.
then expect that the fluctuations should rise again as the up- The essential part of the model for the mixture is a term
per critical point is approached. The simulations are not exin the Hamiltonian which associates an interaction between
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Our computer simulations of the phase diagrams, which
30 e DMPC-DISPC should be considered as very reliable due to the fact that the
(a) simulations operate on the free-energy level, reveal some
10F solidus 1 surprising features. They show that whereas within the ap-
plied statistical model there is no phase transition in the pure
components, such a phase transition and the associated phase
equilibria can be induced when two lipid species are mixed.
'F 3 The simulations reveal that the phase diagram for D14PC-
D18PC displays a closed coexistence loop with two critical
mixing points. It is predicted that these critical points are
further removed from the pure-component limits the more
closely the acyl-chain lengths are matched. The possibility of
occurrence of critical points in these simple two-component
phospholipid mixtures has not been previously addressed.
There is however no observation in the experimental litera-
ture which points to their absence. The published phase dia-
grams for lecithin mixtures usually do not include data for
liquidus very dilute mixtures, and the boundaries in the phase dia-
grams for the less dilute situations have been extrapolated to
the pure-component limits under the tacit assumption that the
pure components display first-order phase transitions. How-
ever, as we have pointed out, no definite experimental proof
of the first-order transitional behavior exists. Rather, the
most accurate calorimetric watlsuggests that the transition
is at best weakly first order. Our results put the importance of
sample impurities into perspective. A small amount of a for-
eign lipid speciege.g., a lysolipid in an apparently pure
L (99% lipid bilayer may restore the first-order transitional
295 300 305 310 315 320 325 330 behavior_

T'[K] The finding that a first-order transition can be induced by
mixing lipid species of different chain lengths is probably
unique for membrane systems. Usually the opposite is found
when other membrane components are mixed in with a lipid

FIG. 13. Monte Carlo computer-simulation da)(for the compositional  bilayer, e.g., cholesterdl, polypeptides® or proteins®® i.e..
fluctuations,x(T) in Eqg. (23), in the D14PC-D18PC mixture. For compari- the transition is gradually broadened and removed. Further-
son is also shown the behavior gfe(T) corresponding to an ideal mix-— yqre our results show that the transition enthalpy in some
ture (O). Results are given along the coexistence curve for the solaus . . . . . .
and the liquidugb) lines of the Monte Carlo phase diagr4oi. Fig. 10@)]. cases may Increase as the pure |Ip|d bllayer is mixed with
The solid lines are guides to the eye. another component, cf. Fig. 3. When cholesterol, polypep-
tides, and proteins are incorporated into a lipid bilayer, the
transition enthalpy invariably decreases with the concentra-
the two different species which is proportional to the differ-tion. The effect of a long-chain lipid in suppressing the fluc-
ence in the hydrophobic lengths of the acyl chains. In accortuations in a bilayer composed of lipids with shorter chains is
dance with an earlier phenomenological model study alssomewhat surprising. One might have expected that the long
built on the concept of hydrophobic mismatthit is found ~ chain would act as a stiff molecular object at temperatures
that the phase equilibria in the homologous series of phosslose to the transition temperature of the short-chain lipid.
pholipid mixtures, D14PC-D16PC, D14PC-D18PC, andHence it appears that the peculiar property of the binary lipid
D12PC-D18PC, can be described by a single “universal’mixture is due to the capacity of lipid acyl chains to adapt to
mismatch parametek,. The theoretical results show that the very different environments by undergoing internal confor-
phase diagram becomes progressively more non-ideal as theational changes.
difference in acyl-chain length increases. The overall theo- The model calculations of the present paper show that
retical predictions of the phase diagrams based on our mod#éie strong density fluctuations present in pure lipid bilayers
calculations are in good agreement with experimental datdhgecome suppressed when the other lipid species is mixed in
considering the uncertainties involved in an experimental deand at the same time the coexistence is enforced. The weak-
termination of lipid phase equilibria using either calorimetric ening of the density fluctuations in the coexistence region is
techniques or, e.g., local-probe techniques such as sperelated to the concomitant increase in interfacial tension. The
troscopies. The nature of the D14PC-D18PC mixture idransition enthalpy of the mixture is considerably larger than
somewhat controversial and some small-angle neutron scatat predicted for an ideal solution. The contribution to the
tering results have been interpreted in terms of peritectienixing energy due to the internal conformational degrees of
behavior! freedom of the acyl chains is quite substantial. To our knowl-

Tg [10%3 erg’!]

2
295 300 305 310 315 320 325 330
T [K]

2.0 T T T T T T
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