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Phase equilibria in the phosphatidylcholine-cholesterol system
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A thermodynamic and a microscopic interaction model are proposed to describe the phase equilibria in the
phosphatidylcholine-cholesterol system. The model calculations allow for a solid phase with conformationally
ordered acyl chains and liquid phases with conformationally ordered as well as disordered chains. The
resulting phase diagram is in excellent agreement with the experimental phase diagram for di-
palmitoylphosphatidylcholine bilayers with cholesterol as determined by a recent NMR and calorimetry
study. It is thus demonstrated that the phase behaviour of phosphatidylcholine-cholesterol mixtures can be
rationalized using only a few basic assumptions: (i) Cholesterol interacts favourably with phosphatidylcholine
chains in an extended conformation, (ii) the main transition of pure phosphatidylcholine bilayers takes place
in terms of translational variables as well acyl-chain conformational variables, and (iii) cholesterol disturbes
the translational order in the crystalline (gel) state of phosphatidylcholine. These results suggest that the
occurrence of specific phosphatidylcholine-cholesterol complexes is not implied by the experimental

thermodynamic data.

1. Introduction

The effect of cholesterol on phosphatidylcho
line bilayers is a longstanding problem in the
physical chemistry of model membranes [1-3]. A
large number of experimental investigations have
been devoted to this problem and their results
have been used to answer three basic questions.
These are: (1) What is the effect of cholesterol on
the main phase transition of pure phosphati-
dylcholine bilayers? The main phase transition at
T,, is the transition which takes the bilayer from a
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crystalline solid (gel) phase with conformationally
ordered acyl chains to a liquid (liquid crystalline)
phase with conformationally disordered acyl
chains [4]. (ii)) What is the effect of cholesterol on
the rotational and translational motions of the
phosphatidylcholine molecules in the liquid crys-
talline state? (iii) What is the effect of cholesterol
on the conformation of the acyl chains of the
phosphatidylcholine molecules? The experimental
techniques used to answer these questions include
among others calorimetry [5-9], magnetic reso-
nance spectroscopy [10-17], fluorescence depolari-
zation [18-20], infrared and Raman spectroscopy
[21-25], neutron- and X-ray scattering [26-28],
electron microscopy [26,29-31], and micromecha-
nics [32].

From these experimental studies a general con-
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sensus has been reached concerning the basic
answers to these questions. Addition of cholesterol
leads to a more conformationally ordered state of
the acyl chains of the phosphatidylcholine mole-
cules [10-17]. Within a given phase, cholesterol
has only a small effect on the molecular transla-
tional and rotational motions [33-35]. At low
cholesterol concentrations a slight broadening of
the main phase transition occurs whereas at higher
concentrations the liquid phase of the pure bilayer
is dramatically stabilized. These results were only
obtained with considerable effort and the de-
termination of the phosphatidylcholine (PC)-
cholesterol phase diagram in excess water turned
out to be a particularly elusive problem. Recently
Vist and Davis [16,17] presented a careful study of
the dg,-dipalmitoyl-PC-cholesterol multi-bilayer
system using both deuterium nuclear magnetic
resonance (NMR) and calorimetry. The system
was therefore characterized on both the molecular
and the thermodynamic level. The study was per-
formed in the temperature range of 20-60°C and
from 0 to 30 mol% cholesterol. Analysis of the
data from both of these experiments plus results
from electron paramagnetic resonance (EPR) mea-
surements [10] leads to the phase diagram of Fig.
1. Sections of the phase diagram are in agreement
with data obtained by several other techniques
[29,32] as also shown in Fig. 1.

In Fig. 1 and in the text below we have used a
notation for the phases which describes both the
two-dimensional translational order and the
chain-conformational order occurring in the
phases: The gel phase is referred to as the solid-
ordered (so) phase, where s, for solid, refers to the
crystalline order and o, for ordered, to the average
acyl-chain conformation. Similarly, the liquid-
crystalline phase at low cholesterol concentration
is denoted liquid-disordered (1d) whereas at high
cholesterol concentration there is a liquid-ordered
(lo) phase. The latter phase has not previously
been characterized as such. The nomenclature is
motivated by the fact that several independent
experimental studies have demonstrated the
simultaneous occurrence of a liquid-crystalline
phase and high acyl-chain order. Micromechanical
studies [32] show that the bilayer at high
cholesterol concentrations behaves as a liquid with
no surface shear rigidity but a greatly reduced
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Fig. 1. Experimental phase diagram for the DPPC-cholesterol
system as determined by NMR spectroscopy and differential
scanning calorimetry ( ) [16,17}, EPR spectroscopy
(------ ) {10], freeze-fracture (------ ) [29], and micromecha-
nics (- —-—- ) (Needham, D. and Evans, E., unpublished data).
Note that the NMR and calorimetry studies were carried out
on dg,-DPPC for which T, is about 38° C. The experimental
data have been scaled accordingly to facilitate the comparison
within a single figure.

membrane-area compressibility. The NMR mea-
surements show that the deuterium order parame-
ters approach the value 0.5 which is typical of an
all-trans rotating chain [16,17]). The NMR spectra
also show that diffusion is fast enough to average
dipolar couplings even at very low temperatures
[36]. A fast translational diffusion in this con-
centration range is also demonstrated by the pho-
tobleaching fluorescence studies [34].

The phase diagram of Fig. 1 shows several
remarkable features which indicate that cholesterol
interacts with phosphatidylcholine in an unusual
way. Normally a solid is not as good a solvent as a
liquid and the addition of an impurity results in a
sizable freezing-point depression. The two-dimen-
sional solid and liquid phosphatidylcholine phases
do not initially respond in this way to cholesterol,
which according to the phase diagram is almost as
soluble in the solid ordered as the liquid dis-
ordered phase at low concentrations. However, the
situation completely changes for high cholesterol
concentrations, where the liquid phase of the bi-
layer is stable down to temperatures substantially
lower than T,. Therefore, in the high concentra-
tion regime, it is clear that cholesterol strongly
favours the liquid phase over the solid phase in
contrast to the low-concentration behaviour. There
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is a third feature of the phase diagram which
deserves attention. In a concentration range of
about 10% to 20% cholesterol at temperatures
above T, there are indications of a phase sep-
aration where two liquid phases of the bilayer
coexist. In the following two sections, the high-
cholesterol liquid phase will be described in terms
of a liquid ordered phase.

These three remarkable features of the phase
diagram of Fig. 1 indicate that there are very
specific phosphatidylcholine-cholesterol interac-
tions. In this paper we propose a thermodynamic
model which describes the liquid phases of the
bilayer on the level of regular solution theory
(Bragg-Williams approximation) while the crystal-
line nature of the solid ordered phase is char-
acterized phenomenologically. A related micro-
scopic model for the phosphatidylcholine-
cholesterol system is then presented and solved in
the mean-field approximation. The microscopic
model allows for an interpretation of the nature of
the various phases.

2. Thermodynamic model

The simplest way to describe a non-ideal liquid
mixture is to introduce an interaction term of the
form w,g X, Xy into the free energy of the mix-
ture. Here w,g is the interaction parameter and
and X, and Xy are composition variables. This
approximation is the basis of regular solution the-
ory [37] and corresponds to the Bragg-Williams
approximation in the theory of lattice gases. It is
also used in the Flory-Huggins theory of polymer
solutions. Clearly the behaviour of phosphati-
dylcholine-cholesterol bilayers cannot be de-
scribed by a model where an interaction term of
this type is solely responsible for the deviation
from ideality.

The extensive spectroscopic evidence that
cholesterol causes a straightening of disordered
acyl chains implies that the conformational nature
of the acyl chains must be taken into account in
the expression for the free energy. The acyl chains
can take on a number of conformations and we
divide them into two classes from which two aver-
age conformational states are constructed. The
first state is the conformationally ordered (o) state,
in which the chains are essentially straight with a

low internal energy and a low degeneracy. The
second state is the conformationally disordered (d)
state, in which the chains have several rotameric
defects (gauche bonds) and therefore a high inter-
nal energy and entropy (degeneracy). We now
include this two-state model in the formalism and
note that it is in line with previous microscopic
models for phosphatidylcholine mono- and bi-
layers [38,39]. The remainder of this section is
devoted to the construction of an expression for
the free energy which allows for the determination
of the phase behaviour of phosphatidylcholine-
cholesterol bilayers in terms of separate labels for
the two conformational states (o, d) of the acyl
chains and the crystalline (s) and liquid (1) char-
acter of the phases.

In the framework of regular solution theory the
binary phosphatidylcholine-cholesterol system
acquires the characteristics of a ternary system
because of the presence of the two conformational
states of the phosphatidylcholine molecules. The
difference is that, at a given temperature and
binary composition, the relative amounts of the
two conformational states are dependent intensive
variables whose equilibrium values are determined
by minimising the free energy. The free energy for
the liquid lamellar system is written as follows for
the combined model:

G(np,one, Ty =nepl (L, TY+nept (1, T)
+(np+ne)[3waa PEXT + Woq PoPa X
+WeaPa XL Xe + weoPo XL Xc ]

+ RT(ny + nc) pg XL (S, — Sg)
+ P XL In(po X1 )+ pa X In( pg X )
+ X In X¢] (1)

Here the first two terms represent the free energies
of the phosphatidylcholine and cholesterol in their
respective liquid (1) standard states. For PC we
have chosen the system with only straight chains
as the reference system. The first parentheses con-
tain four binary interaction terms. The first term
i1s a correction for the difference in interaction
between the pure disordered state (d) and the
reference state (0). The other three terms are the



pair interactions for a ternary system. The second
parentheses contain the entropy contributions.
Again the first term accounts for the difference
between the d- and o-states of the PC while the
other terms are due to an assumed ideal mixing.
The relative populations of the two PC states are
denoted by p, and py and their sum is equal to
unity. For given values of the variables n, ng,
and T and the parameters wgyy, Woq, Weqs Weos
and S, —S,, the values of p, and p,; are
determined by minimizing the free energy i.e.

3G 3G
=—=0;
9p, 9pq

po+pd=1 (2)

The free energy expression in Eqn. 1 contains five
parameters and one would therefore expect a rich
thermodynamic behaviour. However, liquids are
either miscible or immiscible and this feature can
be described by simple regular solution theory.
The model of Eqn. 1 allows for two new features.
The position of the miscibility gap and the critical
point can be strongly asymmetric with respect to
the concentration of the two components. This
was recently shown by one of us [40] for a chem-
ically different system with a free energy expres-
sion similar to Eqn. 1. Furthermore, the cooper-
ativity in the interactions gives a phase transition
of pure PC bilayers.

Although there are five parameters in Eqn. 1
each one of them has physically reasonable values
only within a certain range. The degeneracy of the
d-state should lie in the range 10°-10° [39]. The
interaction parameter wy, should approximately
match this degeneracy so that the d-state is the
dominant state at ambient temperatures. In ad-
dition, strong interactions should not a priori be
expected between any two components i.e. pair
interactions should be of the order of a few kT if
pure components are used for the reference state.

Fig. 2 shows a phase diagram which was calcu-
lated with a reasonable choice of parameters. The
striking feature is the miscibility gap which at high
temperatures terminates in a critical point, whereas
at low temperatures the end-point is at a phase
transition of the pure phosphatidylcholine system.
With the choice of parameters used to obtain Fig.
2, cholesterol and PC in the o-state will form an
ideal mixture. This explains the miscibility at low
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Fig. 2. Phase diagram for the thermodynamic model of the
phosphatidylcholine-cholesterol system allowing for liquid
phases only. The model parameters used are wgq=33.93
kJ/mol, w_4=2231 kJ/mol, wq=22.31 kJ/mol, we,=0
kJ/mol, and S, — S; = — R In 1000 = —57.43 kJ /mol per K.

temperatures. Above the main phase transition,
cholesterol tries to make the PC conformationally
ordered (which it prefers) and this gives rise to the
two-phase region with predominantly d-states in
the PC-rich phase and predominantly o-states in
the cholesterol-rich phase.

A more complete phase diagram requires the
introduction of the solid conformationally ordered
(so) phase. A description of this phase involves
not only the local molecular conformations but
also effects due to the long-range packing arrange-
ments of the molecules. An analysis of the so-phase
on the molecular level would therefore be equiv-
alent to an approximate theory of melting. This is
dealt with in the next section. In the present
section, the solid phase is described phenomeno-
logically whilst bearing in mind that the theory of
solid solutions is considerably more difficult to
formulate than a theory of liquid solutions. The
free energy of the solid phosphatidyicholine phase
may now be written in the following form:

Go=nypd (s, T)+ncpl(s, T)
+RT(ny +nc)(X, In X, + Xc In Xc) 3)

where we use the so-phase of pure PC as the
standard state for both components. The interac-
tion terms have been omitted under the tacit as-
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sumption that the cholesterol content of the solid
phase will always be sufficiently small so as to
allow the entropy term to dominate the chemical
potentials. The parameters in Eqn. 3 are the
standard chemical potentials p®. For the phos-
phatidylcholine, pf(s, T') determines the temper-
ature 7, of the main phase transition while
p%(s, T) is crucial for the phase behaviour at
temperatures near 7, . Eqn. 3 describes the energy
of an additional (solid) phase which can interfer
with the phase equilibria of the liquid phases in
Fig. 2. By minimising the free energy allowing for
varying amounts of the different phases we arrive
at the phase diagram of Fig. 3. This phase diagram
has the salient features of the phase diagram ob-
tained from experiment and we have therefore
arrived at a preliminary interpretation of Fig. 1. A
discussion of the results of the present section is
presented in Section 4 together with those from
the parallel microscopic model of the next section.

3. Microscopic model

Understanding the phase equilibria in the phos-
phatidylcholine-cholesterol system on the molecu-
lar level requires a microscopic model which
minimally accounts for: (i) the main phase transi-
tion in pure phosphatidylcholine bilayers as it
proceeds in terms of acyl-chain degrees of free-
dom as well as translational degrees of freedom,
and (ii)) the specific interactions between
cholesterol and these two sets of phosphati-
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Fig. 3. Phase diagram for the thermodynamic model of the
phosphatidylcholine-cholesterol system allowing for solid and
liquid phases. The model parameters used are the same as in
Fig. 2. p = —1.3307 kJ /mol and p¢. = 3.9322 kJ /mol.

dylcholine degrees of freedom. Recently, a model
was proposed for pure PC monolayer and bilayer
transitions which incorporates both chain melting
and two-dimensional crystallization [41-43]. We
have for the present purpose generalized this model
to apply to a two-component system by adding
specific microscopic phosphatidylcholine-choles-
terol interactions.

We first describe the microscopic model of the
pure phosphatidylcholine system. Within this
model, the PC bilayer is considered as two mono-
layers which are independent of each other. An
internal lateral pressure is applied to the mono-
layer to model the forces required for bilayer
stability. Each monolayer is represented by a tri-
angular lattice model where each site is occupied
by either a PC or a cholesterol molecule. We then
adopt the two-state of Doniach [38] to describe
the interactions between the PC molecules. The
two-state model accounts for the conformational
states of the acyl chains, the all-trans conforma-
tionally ordered state (0) and the highly excited,
conformationally disordered state (d). The degen-
eracy of the o-state is unity and that of the d-state
is of the order of 10°. The interactions among the
PC molecules are characterized by a strength
parameter J, and they extend to nearest
neighbours only. The two-state model has a first-
order phase transition driven by the difference in
internal entropy of the two chain states and the
cooperativity arising from the nearest-neighbour
interactions. The transition takes the system from
a phase with conformationally ordered (o) chains
to the conformationally disordered (d) phase. The
interaction parameter values and the internal con-
formational energies of the two-state model are
well-known from previous applications to pure PC
bilayer melting [44]. Solidification (or crystalliza-
tion) in terms of the translational degrees of free-
dom many in a very approximate way be accounted
for by using the Potts model [42]. This model
describes the fact that solid phosphatidylcholine
domains in the conformationally ordered phase
may be formed in a large number of crystal orien-
tations in the two-dimensional plane of the lamel-
lae. Within the Potts model, each PC molecule in
the o-state is assigned a socalled Potts variable
which is an integer between 1 and Q, where Q is a
large number designating the different crystalline



orientations. When an acyl chain goes from the
o-state to the d-state it looses its Potts variable,
and visa versa, reflecting the fact that only orien-
tationally ordered chains may enter a solid phase.
The Potts model now assigns an energy Jp to the
grain boundary which may be formed between
two different solid domains, such that neighbour-
ing o-state acyl chains interact with an energy
Jp >0 if they carry different Potts variables and
zero otherwise. The Potts model leads to a first-
order phase transition from a Potts-ordered (s) to
a Potts-disordered (1) phase. The phase diagram in
terms of temperature and Jp/J, of this pure phos-
phatidylcholine bilayer model may be described as
follows [41,43]: At large values of Jp/J,, the tran-
sitions in terms of the two sets of variables occur
simultaneously and they take the system directly
from the low-temperature so-phase to the high-
temperature ld-phase. At lower values of Jp/J,,
the two transitions decouple and give rise to an
intermediate phase, the lo-phase.

The conceptually new feature is now the effect
of cholesterol on the two sets of phosphatidylcho-
line degrees of freedom. Apart from specific inter-
actions between the cholesterol molecule and the
two different PC chain states favouring a straight-
ening of the chains, we associate cholesterol with
the capacity of a ‘crystal-breaker’: Whenever a PC
molecule has cholesterol as a nearest neighbour,
the Potts interaction between the PC molecule and
other phosphatidylcholines are weakened. In this
way we account quantitatively for cholesterol’s
disturbance of solid phases. It is anticipated that
the effect of cholesterol’s crystal-breaking prop-
erty will be to reduce the effective value of Jp/J,
in a pure PC model and thus, at higher cholesterol
concentrations, to promote the stability of the
intermediate lo-phase.

The precise mathematical formulation of the
complete model is rather involved and it is given
in the Appendix. Due to the complexity of the
microscopic model, we have restricted ourselves
for the present to a derivation of its phase behav-
ior within the mean-field approximation. The level
of this approximation is the same as that of the
thermodynamic model of Section 2. Even a mean-
field calculation is far from trivial for our model
and the details of the procedure are also presented
in the Appendix.
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Fig. 4. Phase diagram for the microscopic model of the phos-
phatidylcholine-cholesterol system. The model parameters are
pertinent for DPPC.

We then turn to a description of the results for
the phase equilibria derived from the microscopic
model. Firstly, by suppressing the effects of the
Potts variables (Jp=0 and Q =1) we obtain a
phase diagram similar to that in Fig. 2 with a
miscibility gap between the lo- and ld-phases.
Secondly, for the full model we arrive, for rea-
sonable values of the model parameters (cf. Ap-
pendix), at phase diagrams of the type displayed
in Fig. 4. It is noted that this diagram has pre-
cisely the same topology as the experimental di-
agram of Fig. 1 and the diagram in Fig. 3 calcu-
lated from the thermodynamic model. In terms of
the variables of the microscopic model, one then
immediately arrives at an interpretation of the
various phases of the phosphatidylcholine-
cholesterol system.

4. Discussion

In the previous two sections we have presented
two parallel models, one thermodynamic and the
other microscopic, for the purpose of generating
phase diagrams for the phosphatidylcholine-
cholesterol system. Before presenting our conclu-
sions in the light of the numerical results, it is
important to understand how the models relate to
each other and to the experimental picture for the
systems under investigation.
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First of all, both models represent the confor-
mational states of the acyl chains in terms of a
two-state model. The low-energy or conformation-
ally ordered (o) state in this model is taken to be
equivalent to an essentially straight chain. This
state then becomes the dominant state in both the
so- and lo-phases. The measurement of the NMR
order parameter [16,17]} shows that more confor-
mational disorder is induced by cholesterol in the
so-phase. This effect is described by our theory in
terms of an admixture of the o- and d-states in the
lo-phase (see Appendix). In this case the models
presented in this work are minimal models which
possess the essentials for the understanding of the
phase diagram of Fig. 1 and which can be re-
garded as foundations on which more refined
models can be built. Some possible refinements
are: (i) The inclusion of more conformational
states and steric effects in the formalism [22,45].
(ii) The use of an appropriate theory of two-di-
mensional melting. The Potts description of the
solid-liquid phase transition is only approximate
and does not account for long-range order due to
molecular tilt (orientational order) [41,43]. (iil)) A
description of the ripple phase of the pure PC
bilayers and its modification by cholesterol. This
awaits the construction of a satisfactory theory. In
this context we note that Copeland and McCon-
nell [29] have made extensive electron microscopy
studies of the system in the concentration range
where the phase diagram of Fig. 1 shows the so-lo
phase separation with a solid in equilibrium with a
cholesterol-rich phase. The conclusion of these
studies 1s that the system shows a superstructure
with alternating ribbons of solid and liquid re-
gions. Neither the model studies nor the experi-
mental NMR studies address this question of the
possibility of a superstructure which is effectively
a single-phase behaviour. In fact, all these studies
are compatible with the occurrence of a super-
structure.

The thermodynamic model of Section 2 is basi-
cally a phenomenological model. It is important to
note that the microscopic model is also phenom-
enological in the sense that its parameters are not
derived from first principles and that the Hamilto-
nian (see Appendix) operates on a two-dimen-
sional lattice, whereas a phosphatidylcholine bi-
layer is a three-dimensional entity. However, the

advantage of the microscopic model is that we are
not limited to the Bragg-Williams or mean-field
approximation used to analyse the phase diagrams
but can use computer-simulation methods to study
the effect of density fluctuations on the phase
behaviour [44].

Previous theoretical investigations for phos-
phatidylcholine-cholesterol bilayers can be divided
into (a) models which propose the formation of
long-lived complexes [46,47] and (b) models which
are based on pair-interactions in a dense two-di-
mensional system of PC molecules. The theory
closest to our microscopic model is due to Pink et
al. [22] who analyse data from their own Raman
measurements for phosphatidylcholine-cholesterol
systems. They use a lattice model with ten confor-
mational states and show that their model is com-
patible with a miscibility gap between a phos-
phatidylcholine-rich and a cholesterol-rich phase.
Our model is basically an extension of their model
having the added feature that the nature of the
solid and liquid phases is treated separately from
the conformational degrees of freedom. This cru-
cial feature enables us to understand the experi-
mental phase diagram of Fig. 1. The other theories
of type (b) include theories by Marcelja [48], Jinig
[49], and O’Leary [50]. While these theories have
considerably merit in their own right, none of
them allows for phase separation.

5. Conclusions

The model calculations presented in this paper
reproduce all three of the unusual features of the
experimental phase diagram of the phosphati-
dylcholine-cholesterol system. Moreover, they
make it possible to extract a qualitative explana-
tion of the phase behaviour. The nearly-equal
affinity of cholesterol for the pure solid and liquid
phosphatidylcholine phases as demonstrated by
the phase behaviour at low cholesterol contents is
a remarkable consequence of two competing ef-
fects. Cholesterol disturbs the translational order
in the solid phase and this gives an unfavourable
free-energy contribution for solvation in the solid.
However, probably due to the two-dimensional
character of the system, the effect is smaller than
in a corresponding three-dimensional system with



short-range crystalline order. This general effect is
in the case of cholesterol nearly balanced by the
specific character of the short-range phosphati-
dylcholine—cholesterol interaction which promotes
conformationlly ordered phosphatidylcholine
chains next to cholesterol. Thus, cholesterol effec-
tively acts so as to decouple PC-chain conforma-
tional order from PC-chain crystalline order, but
it is a coincidence of nature that this decoupling
only affects the phase behaviour at higher
cholesterol concentrations. However, at these
higher concentrations the consequences of the de-
coupling are very dramatic and lead to a highly
asymmetric phase diagram. At cholesterol con-
centrations above approximately 20 mol% the solid
state is suppressed even at temperatures well be-
low T,. The reason for this is that the specific
phosphatidylcholine~cholesterol interactions
straighten the acyl chains of the PC in the liquid
phase and, once this has been accomplished, the
short-range phosphatidylcholine-cholesterol inter-
actions are similar in the solid and the liquid. In
that case, cholesterol clearly prefers the liquid
phase.

The liquid-liquid phase separation with a criti-
cal point at relatively low cholesterol contents
arises from the fact that cholesterol prefers a
particular conformational state of the PC mole-
cule. It is perhaps tempting to ascribe the asym-
metry of the miscibility gap to an asymmetry in
the cholesterol-phosphatidylcholine interactions
as being caused by for example a 1:4 complex.
The calculations of this paper show that it is
unnecessary to invoke complications beyond bi-
nary additive interactions in order to account for
the asymmetry, provided one introduces distinct
conformational states. It is interesting to note that
the model calculations apart from their explana-
tory role also have some predictive power in the
sense that it is difficult to find a parameter set
that produces only two of the characteristic fea-
tures of the phase diagram without giving the
third. This gives strong support for the idea that
these features are basically generated by one com-
mon molecular mechanism.

Although we have throughout the paper used
DPPC (dipalmitoylphosphatidylcholine) as the
specific example of lecithin bilayers for which we
have compared theoretical predictions with experi-
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mental measurements, Figs. 1-4, it should be noted
that a similar phase behaviour is expected for
other PC bilayers. In the case of DMPC (di-
myristoylphosphatidylcholine), where some ex-
perimental information is available about part of
the phase diagram [10,11,26,32], the data indeed
suggest a phase diagram with a topology of the
type of Fig. 1. Moreover, the two low-temperature
phase lines bounding the so-lo coexistence region
are not sensitive to the acyl chain length.

The phosphatidylcholine-cholesterol system has
been extensively studied by a number of different
experimental techniques and we briefly discuss the
relation between the present model calculations
and some of these studies. A key feature of the
model is that cholesterol tends to promote confor-
mationally ordered acyl chains. It has been con-
clusively demonstrated by NMR studies that this
is indeed the case [14-17]. At high cholesterol
contents and low temperatures, the system be-
haves like a liquid, albeit viscous, as shown by
several experimental criteria [32,33] and it is fully
consistent with the present models. It is sometimes
stated, e.g. on the basis of fluorescence anisotropy
measurements [3], that cholesterol makes phos-
phatidylcholine membranes less fluid. This is an
imprecise statement since it neglects the fact that
the PC bilayer is a highly anisotropic system in
which fluidity has components of microviscosity
or lateral mobility as well as of acyl chain confor-
mational order [33,51]. In the liquid phase,
cholesterol leads to an increase in the acyl-chain
conformational order [14] but does not induce a
concomitant decrease of molecular mobility
[20,33].

Cholesterol is an important regulator of the
physical properties of biological membranes and
membrane function [1-3]. The range of cholesterol
concentrations considered in the present paper is
within physiological ranges for many membranes,
e.g. the plasma membranes of erythrocytes. It is
therefore interesting to point out that the phase
behaviour of the phosphatidylcholine-cholesterol
system has important bearings on membrane bi-
ology and that the unusual features of the phase
diagram emphasise that cholesterol is a unique
molecular species whose function in membranes is
unlikely to be mimicked by other biochemical
substances [2,52].
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A. Appendix

A general description of the microscopic model
is given in Section 3. This appendix is devoted to a
description of the (i) energy function (the Ham-
iltonian) for this model and (ii) the details of the
calculation of the phase diagram in Fig. 4. The
Hamiltonian has already been described in detail
in Refs. 39 and 43 for pure phosphatidylcholine
systems in the absence of cholesterol.

The microscopic model is a lattice model de-
fined on a triangular lattice. Each site ‘i’ of the
lattice represents either an acyl chain or a
cholesterol molecule. In the case of an acyl chain
the site ‘i’ has two associated conformational
states, the ordered (o) state and the disordered
stage (d). For each o-state there are Q Potts states
which give an approximate description of the
crystalline nature of the so phase. The Hamilto-
nian can now be expressed in terms of the follow-
ing occupation variables: %, (i), %; and
Ze D). £, ,(i)=1if the chain on site ‘i’ is in
the conformationally ordered state and the p-th
Potts state (p=1,...,Q) and £, ,(i) =0 other-
wise. Similarly, %,(/) and Z ,(/) are the occupa-
tion variables for a conformationally disordered
chain and a cholesterol molecule in the p-th Potts
state (p=1,..., Q). The sum of all the occupation
variables at a lattice site must be unity, i.e.

0
L%, D+ % ,(D]+ L) =1 @)

p=1

The total Hamiltonian for the phosphatidylcho-
line-cholesterol system is

H = Ao+ Hng ®)
X, is the Hamiltonian for the intra-molecular

contribution to the energy from the acyl chains
and the cholesterol molecules

7 =Z{Z[((o F AN, , () + TAZe (D]
i \p

+(<d+HAd).5ﬁ,(i)} (6)

€, and ¢, are conformational energies and A, and
Ay are the areas corresponding to the two confor-

mational states. The cholesterol cross-sectional
area is A, and II is the internal lateral pressure.
M, represents the inter-molecular interac-
tions and it has several contributions

Ky = Hoo + Hopg + Hyg + Hog + Hoe + Hiye + Hioe (7
The interaction energy J5#,, between nearest
neighbour acyl chains in the o-state is

Hoo==Jo/2Y L (- Jp(1=8,,) %, ,(DZ, ()
Gupop’y
(8)
Jo 1s the van der Waals interaction between
neighbouring chains. J, is the strength of the

Potts interaction with respect to J,. The next
terms in Eqn. 7 are

Hog=—Jo/2 3 Y AL (D L))+ LoD 2, (1))

{jye
(9)
and
Hyy = *10/2<Z>1§fd<i>54,m (10)
P

The terms in Eqns. 8-10 are the pure phosphati-
dylcholine contributions [43]. I, and I} give the
o-d and the d-d van der Waals interactions in
units of J;. To describe the effect of cholesterol on

the PC system we introduce the occupation varia-
ble

Le(iy =) L (i) (11)
14

and the quantity

L. p= 1] a-LZky T1 0-%(k)) a2
k,;k,¢1

Kok #

where k; and k; represent nearest neighbours of i
and j. Z-(i, j)is thus zero if a cholesterol mole-
cule is present in the neighbourhood of i or j. The
presence of a cholesterol molecule will weaken the
Potts interaction between the surrounding acyl



chains

fo((:=~‘]()/22 Z JPjé(l_Sp,p')
G yp.p"y

X(1= L (i, N p (DL () (13)

The remaining Potts interactions will be accounted
for by the ordered phosphatidylcholine
chain—cholesterol interaction term

He==Jo/23. Y, (Joc=Jp(1-j0)(1-8, 1))
Lipp'

X( &, (D)L (N + Lo (D, () (14)

I, and I denote the van der Waals interaction
between the acyl chains and the cholesterol in
units of J,. j. parametrizes the strength of
cholesterol as a ‘crystal-breaker’. The last terms in
Eqn. 7 are

Hic=~Jo/2 Y Y lac (L) Lo () + Lo, () Z4( )
iy p

(15)
and

Hec=—=00/2Y, Y Iece ,()Lc p()) (16)
i jxp.p'y

The phase behaviour of the model is governed
by the free energy

F=Tr(pH#)+ kgTTr(p In(p)) amn

where p is the equilibrium distribution function.
In mean field theory p is approximated by a
product probability

N
e=]1pi.0.=p (18)
i=1

where p, is the single-site distribution function.
The occupation variables %, (i), Z;(i) and
Zc(i) can then be replaced by their mean-field
values (&, >, (&) and (Z ,) in Tr(ps¢’). In
our mean-field analysis of F we fix the value of
(%) and afterwards investigate the stability of
F(%:)). p, is obtained by minimizing F with
respect to p, under the constraints Tr(p,) =1 and
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Tr(p &) = (Ze)

B(F+\Tr(py)+pTr(p1 %)) _
dp,

0 (19)

The Lagrange multipliers A and g must be chosen
so that the constraints are fulfilled. This equations
now permit a self-consistent determination of
(Ly), (Lo py and (Zc ) p=1,...,0. (L) Is
not the molar fraction of cholesterol in PC be-
cause each PC molecule occupies two sites in the
triangular lattice. Therefore

Xc

(Fe) =5

(20)
The phase diagram is calculated by minimizing the
function

(x3 = xc) F(x)) +(xc = x1) F(x3) |
Xy — X, ’

F(xe, xp, %)=

X) S Xoy Xy 2 X (21)

with respect to x; and x, for fixed temperature.
The values obtained for x; and x, determine the
phase boundaries of a coexistence region if they
are different from x.

The values of the model parameters associated
with pure phosphatidylcholine bilayers are taken
from previous theoretical studies of DPPC {39,43].
The main phase transition temperature (41°C) is
fixed by the values of J, and Jp. We choose
J,=0847-10"3 erg and Jp,=0.91. An area of
A-=32 A? is ascribed to cholesterol [53]. The
internal lateral pressure is chosen as Il =30
dyn/cm [39]. The remaining parameters are /..
Iyc and I and jé. The phase diagram shown in
Fig. 4 was obtained for [ .=0.84, [,-=0.28.
Icc=0.12, and ;{=0.35. The topology of the
phase diagram is only weakly influenced by the
value of I in the low-cholesterol concentration
region, so the chosen value of /.- = 0.12 does not
necessarily reflect the interaction between
cholesterol molecules in a physical system.
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