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ABSTRACT Mixtures of dihydrocholesterol and phospholipids form immiscible liquids in monolayer membranes at the
air-water interface under specified conditions of temperature and 2-dimensional pressure. In recent work it has been
discovered that a number of these mixtures exhibit two upper miscibility critical points. Pairs of upper critical points can be
accounted for by a theoretical model that implies the cooperative formation of molecular complexes of dihydrocholesterol and
phospholipid molecules. These complexes are calculated to be present in the membranes both above and below the critical
points. Below the critical points the complexes form a separate phase, whereas above the critical points the complexes are
completely miscible with the other lipid components. The cooperativity of complex formation prompts the use of the
terminology condensed complex.

INTRODUCTION

There have been numerous physical chemical studies of
mixtures of cholesterol and phospholipids in monolayer as
well as bilayer membranes (Feingold, 1993). Aside from
their biological relevance, these mixtures have been of
interest because they show strongly nonideal mixing behav-
ior. This behavior has variously been interpreted in terms of
a “condensing effect” of cholesterol, the formation of spe-
cific cholesterol-phospholipid complexes, phase separation
into co-existing liquid phases, or the formation of superlat-
tices. Despite this extensive earlier experimental and theo-
retical work, there is need for a single, inclusive, quantita-
tive model for the various properties of these mixtures. The
work presented here arose from an unanticipated discovery
of pairs of upper liquid-liquid miscibility critical points in
mixtures of dihydrocholesterol (DChol) and phospholipids
at the air-water interface (Radhakrishnan and McConnell,
1999). In interpreting these results we were led to a model
in which molecular complexes of DChol and phospholipids
are formed. There is an associated reduction in molecular
area, commonly referred to as a “condensation.” Under
special conditions this process leads to two upper miscibil-
ity critical points. A novel feature of the present model is the
molecular cooperativity involved in complex formation.
The model is general enough to incorporate the idea of a
superlattice structure. It predicts sharp features in the aver-
age area per molecule at the complex stoichiometries, a
prediction that is verified experimentally.

The thermodynamic model relies heavily on two theoret-
ical papers, one by Corrales and Wheeler (1989) and the
other by Talanquer (1992). These authors have calculated
phase diagrams for two-component liquid mixtures in which
the components undergo a reversible chemical reaction to
form a third liquid component. We have elaborated their

mean field thermodynamic model to include a pressure
dependence of the free energy and the formation of oligo-
meric complexes. There have been a number of earlier
theoretical treatments of cholesterol-phospholipid mixtures.
These treatments have considered various aspects of the
problem of liquid-liquid immiscibility as well as complex
formation (Ipsen et al., 1987; Slater and Caille, 1981). None
of the earlier work has considered multiple upper miscibility
critical points, which has been the motivation for the present
study.

A preliminary report of this work is given elsewhere
(Radhakrishnan and McConnell, 1999). That report is one
of a series of studies of liquid-liquid immiscibility in
DChol-phospholipid mixtures in monolayers at the air-wa-
ter interface (Hagen and McConnell, 1996, 1997). DChol,
rather than cholesterol, has often been used to minimize air
oxidation (Benvegnu and McConnell, 1993). These studies
rely on the use of epifluorescence microscopy to observe
co-existing liquid phases. There are two special aspects to
this experimental work. In certain cases the lipid domains
formed are so small they are difficult to resolve in the
optical microscope. These small domains can be fused with
one another through the use of an externally applied electric
field (Lee et al., 1994). The field is then removed before
subsequent measurements. The second point concerns the
identification of critical points in the phase diagrams. Near
critical points the monolayer domains form stripes, and the
observation of these stripes is very useful for the determi-
nation of the critical compositions and pressures (Keller and
McConnell, 1999). Both experimental techniques have been
important in the identification of pairs of upper miscibility
critical points.

We assume that properties of lipid monolayers are closely
similar to those of bilayers under appropriate conditions of
temperature and pressure. Accordingly, we anticipate that
this work may be useful in connection with recent studies of
biological membranes involving the “liquid ordered phase”
(Feingold, 1993), or the “detergent resistant phase” (Brown
and Rose, 1992; Brown and London, 1998; Sheets et al.,
1999; Cinek and Horejsi, 1992; Bohuslav et al., 1993;
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Hanada et al., 1995). Our calculations also appear relevant
to the work of Brown and Goldstein (1999) on the regula-
tion of cholesterol biosynthesis.

EXPERIMENTAL

The experimental phase diagrams in Fig. 2,a–cwere obtained for mixtures
of DChol and phospholipids using epifluorescence microscopy and meth-
ods described previously (Subramaniam and McConnell, 1987; Hirshfeld
and Seul, 1990). In Fig. 2a, the phospholipid is a 2:1 molar mixture of
dimyristoylphosphatidylserine (DMPS) and dimyristoyl-phosphatidylcho-
line (DMPC). A small amount (0.2 mol %) of a fluorescent dye, Texas red
dimyristoylphosphatidyl-ethanolamine (TR-DMPE), which is preferen-
tially excluded from the DChol-rich phase, is used to provide contrast
between phases. Lipids were deposited from 1 mg/mL chloroform solu-
tions on the air-water interface of a 9 cm3 2.5 cm Teflon trough that had
a movable barrier to modulate the surface pressure. The subphase con-
tained distilled water at pH 5.3; substitution of phosphate-buffered saline at
pH 7.0 made no significant difference. The domains formed in thea

two-phase coexistence region of Fig. 2a were circular (5–10mm) and
easily resolved microscopically, as shown in Fig. 1a. However, the
domains formed in theb two-phase coexistence region were typically very
small (Fig. 1.c). An electric field was used to fuse some of the domains,
thereby making them easier to observe. This method has been described in
detail in earlier work (Lee et al., 1994). The electric field was turned off
before making subsequent measurements of the phase transition pressures.
The critical points can be identified by the observation of the superstructure
stripe phase, which is only seen close to the critical pressure and compo-
sition (Keller and McConnell, 1999). Epifluorescence micrographs of the
stripe phase in both thea andb regions are shown in Fig. 1,b andd. The
experiments do not preclude the possible existence of more than two upper
critical points. Fig. 2,b and c show phase diagrams derived in a similar
fashion for other lipid mixtures of DChol and phospholipids. In Fig. 2b,
the phospholipid is DMPS only, while in Fig. 2c, the phospholipid is a 1:1
molar mixture of DMPC and dipalmitoyl-phosphatidylcholine (DPPC).
The binary system of DChol and DMPS in Fig. 2b shows that the
observation of two upper critical points is not dependent on the use of a
ternary lipid mixture rather than a binary mixture. All of the above lipids,
DMPC, DPPC, DMPS (Avanti Polar Lipids, Alabaster, AL), DChol

FIGURE 1 Epifluorescence micrographs of a lipid monolayer consisting of DMPC, DMPS, and DChol at various pressures at an air-water interface at
room temperature (23°C). (a) and (b) show images of a monolayer consisting of 25 mol % DChol, 49.9 mol % DMPS, 24.9 mol % DMPC, and 0.2 mol
% TR-DMPE. (a) 2.4 mN/m: 5–10-mm circular domains of bright, DChol-poor liquid phase within a dark, DChol-rich liquid phase. These domains exhibit
Brownian motion and are characteristic of domains formed in thea two-phase coexistence region of Fig. 2,a–c.(b) 3.8 mN/m: stripe phase characteristic
of proximity to a miscibility critical point. (c) and (d) show images of a monolayer consisting of 50 mol % DChol, 32.2 mol % DMPS, 16.6 mol % DMPC,
and 0.2 mol % TR-DMPE. (c) 6.3 mN/m. These small white domains are,2 mm in diameter and are formed in theb two-phase coexistence region of
Fig. 2, a–c. (d) 11.4 mN/m. This stripe phase is characteristic of proximity to a miscibility critical point.

1508 Biophysical Journal Volume 77 September 1999



(Sigma, St. Louis, MO), and TR-DMPE (Molecular Probes, Eugene, OR)
were used without further purification.

Fig. 2, d–f show molecular area measurements for the lipid mixtures
corresponding to Fig. 2,a–c.Aliquots of lipids were added until a specified
surface pressure was reached and the corresponding area per molecule was

then calculated. Fig. 2,d and f show molecular area measurements at a
pressure of 3 dynes/cm, whereas Fig. 2e shows a molecular area measure-
ment for a pressure of 25 dynes/cm. These plots show sharp features at the
same compositions as the cusps in the phase diagrams both above and
below the critical pressures.

FIGURE 2 Phase diagrams showing liquid-liquid miscibility critical points and average molecular area measurements. (a–c) Phase diagrams for mixtures
of DChol (mole fractionx0) and phospholipids (mole fraction 12 x0). (a) The phospholipid is a 2:1 molar mixture of DMPS and DMPC. (b) The
phospholipid is DMPS only. (c) The phospholipid is a 1:1 molar mixture of DMPC and DPPC. In (a–c) the plotted data points represent the transition
pressures that mark the disappearance of two-phase coexistence during monolayer compression, and thus define a phase boundary between a two-phase
coexistence region at low pressures and a one-phase region at higher pressures. Stripe superstructure phases, which represent a proximity to a critical point,
were observed at the transitions marked by filled circles, and not at those marked by the open circles. The two-phase coexistence region corresponding to
low DChol mole fraction is referred to asa, and the two-phase coexistence region corresponding to high DChol mole fraction is referred to asb. (d) Average
molecular area for the lipid mixture of (a) at a pressure of 3 mN/m. (e) Average molecular area for the lipid mixture of (b) at a pressure of 25 mN/m. (f)
Average molecular area for the lipid mixture of (c) at a pressure of 3 mN/m. Typical errors for the above measurements are 3–8%.
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THEORETICAL MODEL

Theoretical work by Corrales and Wheeler (1989), and by
Talanquer (1992), considers a reversible chemical reaction
between the binary components of a liquid mixture to pro-
duce a third liquid component. Accordingly, we consider a
“chemical reaction” between cholesterol (C) and phospho-
lipids (P) to form a complex,

qC1 pP7 CqPp (1)

For later convenienceq and p are taken to be relatively
prime integers. The standard free energy changeDG0 5
2kT ln K0 and the equilibrium constantK0 are related to the
standard chemical potentialsmC

0, mP
0, and mCq

0
Pp

by the
equation

DG0 5 mCq

0
Pp 2 qmC

0 2 pmP
0 (2)

A regular solution model for the free energy of this mixture
is

G 5 NkT~x ln x 1 y ln y 1 z ln z!

1 NkTr~ayz1 bxz1 cxy! 1 N~xmC
0 1 ymP

0 1 zmCqPp

0 )
(3)

Here x, y, and z are the mole fractions of cholesterol (or
DChol), phospholipid, and complex (CqPp), respectively,
anda, b, andc are energy parameters representing a mean
field “repulsion” between the several molecular pairs.N is
the equilibrium number of molecules in the sample. To
simplify the notation, in the following the lettersx, y, z in
the subscripts stand for cholesterol, phospholipid, and com-
plex, respectively. Since we are concerned with experiments
carried out at room temperature, the repulsion energies are
given in units of a room temperature energy,kTr. These
parameters depend linearly on the pressure,

a 5 2 1 a9~p 2 pyz!

b 5 2 1 b9~p 2 pxz! (4)

c 5 2 1 c9~p 2 pxy)

Here pxy, pyz, andpxz are the critical pressures of hypo-
thetical nonreacting binary mixtures of cholesterol and
phospholipids, phospholipids and complex, and cholesterol
and complex, respectively. The terms in Eq. 4 give rise to a
pressure dependence of the free energyG in Eq. 3.

Previous work related a parameter similar toc9 to the
experimentally observed nonideality of mixing of mixtures
of cholesterol and phospholipids (Hagen and McConnell,
1996; Lee et al., 1994). That is, when the molecular areaAxy

of a mixture of cholesterol and phospholipids is assumed to
deviate from ideality according to the equation

Axy 5 xAx
0 1 yAy

0 1 2Dxyxy (5)

it follows that

c9 5 Dxy (6)

In subsequent numerical calculationsa9, b9 andc9 have been
limited to be of the order of magnitude of observed devia-
tions from area additivity.

A pressure dependence of the free energyG also arises
from the pressure dependence of the chemical potentials and
the dependence of the equilibrium constant on these chem-
ical potentials. For example,

mx
0~p! 5 mx

0~p0! 1 Ax
0~p 2 p0! (7)

In the calculations the free energyG is minimized with
respect to the reaction progress parameterg, defined in the
equation,

g 5 ~Nz!/@Nx 1 Ny 1 ~p 1 q!Nz]. (8)

Here,Nx, Ny, andNz are the equilibrium number of mole-
cules of cholesterol, phospholipid, and complex. The mole
fractions of the three components can be expressed in terms
of this reaction progress variable and the initial mole frac-
tions of cholesterol and phospholipid:

z5 gz

y 5 ~y0 2 pg!z

x 5 ~x0 2 qg!z
(9)

z 5 @1 1 ~1 2 p 2 q!g#21

Here, x0 and y0 are the mole fractions of cholesterol and
phospholipid in the sample before reaction. The above equa-
tions can be combined to obtain the following expression
for the free energy,

G

N0kTr
5 t@~x0 2 qg! ln~~x0 2 qg!z! 1 ~y0 2 pg! ln~~y0

2 pg)z) 1 g ln~gz!]

1 z@a~y0 2 pg!g 1 b~x0 2 qg!g

1 c~x0 2 qg!~y0 2 pg!]

2 g t ln K0 1 gDAp/kTr (10)

In writing this equation we have set the reference pressure
equal to zero,p0 5 0, let K0 represent the equilibrium
constant at zero pressure,t 5 T/Tr, N0 5 Nx 1 Ny 1 (p 1
q)Nz, and set the area change on reaction equal toDA 5
Az

0 2 qAx
0 2 pAy

0. In addition, terms are dropped that do not
depend ong, such asx0mx

0(p0) 1 y0my
0(p0) and (x0Ax

0 1
y0Ay

0)(p 2 p0). These terms are also omitted in the subse-
quent calculations of the free energy and phase diagrams, as
they do not have any qualitatively significant effects.

From Eq. 10 it will be seen that the free energy can be
expressed as a function of three variables,G 5 G(x0, p, g),
along with a number of parameters. The calculated phase
diagrams were constructed from this free energy function by
first minimizing G with respect tog for given values of
compositionx0 and pressurep. The values ofg so obtained,
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gmin, then yield a free energy functionG(x0, p, gmin) from
which the phase diagrams are determined by the method of
double tangent construction. Fig. 3 shows typical free en-
ergy functionsG(x0, p, gmin) used in the construction of the
phase diagrams. Fig. 3a gives rise to two two-phase co-
existence regions for lipid compositions between the two
sets of tangent points, while Fig. 3,b andc give rise to a
single two- and three-phase coexistence region, respec-
tively. In some cases (not shown) the plots ofG(x0, p, g)
show two minima as a function ofg. A switch in the relative
depth of the two minima gives rise to a first-order phase

transition in which the degree of complex formation
changes discontinuously. When the discontinuous change in
degree of complex formation occurs at a single point in the
phase diagram without phase separation, this composition
point is called anareatrope(Corrales and Wheeler, 1989).

Illustrative calculated phase diagrams, where the phase
boundaries are determined using the method of double
tangent construction, are given in Fig. 4. Fig. 4a gives a
phase diagram corresponding to the case where there is no
complex formation,K0 5 0, and where the critical pressure
is pxy 5 3.3 dynes/cm. Two phase boundaries are given,
illustrating how the value ofc9 affects the shape of these
curves. The value ofc9 also determines the rate of change of
the critical temperature with pressure,Tc/p 5 1/2(Trc9).
Fig. 4,b andc illustrate the effect of complex formation on
these diagrams for various values of the parameters. The
critical pressurespxz, pyz have been set equal to typically
observed critical pressures. The phase diagrams are rela-
tively insensitive to changes in the invisible critical pressure
pxy when this pressure is in the range 2–5 dynes/cm. The
values ofa9, b9 affect the shape of the curves with two upper
miscibility critical points in much the same way asc9 affects
the curve with one upper miscibility critical point in Fig. 4
a. It will be seen that as the equilibrium constant for
complex formation is varied from small (K0 5 0) in Fig. 4
a to large (K0 5 2) in Fig. 4c, there is a systematic change
in the depth of the cusp. For an intermediate equilibrium
constant (K0 5 0.5) the complex is stable above a certain
pressure (1.07 mN/m) and less stable below that pressure.
This condition of three phase coexistence is illustrated in the
free energy curve in Fig. 3c.

Fig. 5 shows plots of the mole fraction of complex,z, as
a function of pressure and composition. It will be seen that
even at pressures above the critical pressures there is a
strongly cooperative dependence of the degree of complex
formation on sample composition. The sharp dependence of
zon composition led us to expect relatively sharp features in
area versus composition plots, even at pressures above the
critical pressures. Plots of areas made with calculated com-
positions and assumed molecular areas are shown in Fig. 6
for various pressures both above and below the critical
pressures. The molecular area experiments in Fig. 2, which
were carried out as a test of the model, yielded curves with
sharp features at the cusp compositions as predicted.

DISCUSSION

The present study has shown that a thermodynamic model
describing a cooperative “chemical reaction” between cho-
lesterol and phospholipids accounts for the observation of
two upper miscibility critical points in some mixtures of
these lipids in monolayers at the air-water interface. No
effort has been made to obtain a precise fit of the observed
phase diagrams with the model parameters. We are most
concerned with the physical significance of the model, its
possible generalization, and the breadth of its applicability
to phospholipid-cholesterol mixtures.

FIGURE 3 Calculated free-energy profiles as a function of the initial
mole fraction of cholesterol (Chol),x0, using Eq. 10. The parameters used
in (a–c) are t 5 1, p 5 2, q 5 1, a9 5 20.33 m/mN,b9 5 20.5 m/mN,
c9 5 20.33m/mN, pxy 5 3.3 mN/m,pxz 5 6 mN/m,pyz 5 3.3 mN/m, and
DA 5 240 Å2. (a) p 5 0.2 mN/m, andK0 5 2. Lipid compositions
between the two sets of tangent points exhibit two-phase coexistence. (b)
p 5 0.2 mN/m andK0 5 0.5. In this case, there is only one two-phase
coexistence region. (c) p 5 1.07 mN/m, andK0 5 0.5. In this case, the
tangent line construction reveals a three-phase coexistence region.
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One of the important results is the finding that the cal-
culated concentration of the complex is strongly peaked,
even in the homogeneous phase, as illustrated in Fig. 5. This
complex concentration versus composition profile is to be
contrasted with that expected for an ideal reaction, illus-

trated in Fig. 7a. By way of comparison, Fig. 7b shows the
calculated complex concentration versus composition pro-
file appropriate to an oligomerization reaction,

nqC1 npP7 CnqPnp (11)

The apparent cooperativity of the complex formation reac-
tion in Fig. 5a is comparable to that of an oligomerization
with n ' 10.

The theoretical results in Fig. 5 led us to carry out the
molecular area measurements shown on the right-hand side
of Fig. 2. These measurements show sharp features at the
same compositions as the cusps in the phase diagrams. As
far as we know these sharp features in molecular area versus
composition plots have not been reported previously. The
calculated areas also show sharp features at these composi-
tions. These results are reassuring with respect to the valid-
ity of the model, particularly the evidence for cooperative
complex formation, even above the critical pressures.

The cooperative complex formation shown in Fig. 5 is
driven by the repulsion terms (immiscibility parameters) in
Eq. 3. The complexes are obviously physically close to one
another when present as a separate phase. The model says
nothing about the physical proximity of the complexes
above the critical points in the homogeneous phase at var-
ious membrane compositions, but one would expect an
improved model to show an enhanced proximity. To em-
phasize the point that the complex is not simply an isolated
group ofp 1 q molecules, but is rather a group of molecules
strongly affected by the (mean-field) environment, we ex-
press the reaction of complex formation as follows,

qC1 pP7 ^CqPp& (12)

The symbol̂ CqPp& is thus used to represent thecondensed
complex.

This putative physical proximity of complexes can be
enhanced by assuming ad hoc that the complexes are higher
oligomers, such asCnqPnp. This picture yields an even
stronger cooperativity of complex formation using the same
immiscibility parameters. Fig. 8 illustrates the effect of this
assumption on the complex concentration profile. It will be
seen that the transition region can be made arbitrarily sharp,
going from complex in a phospholipid-rich liquid to com-
plex in a cholesterol-rich liquid. The calculated average
molecular area versus composition for this condensed oli-
gomeric complex model (shown in Fig. 9) exhibits sharp
features that are similar to the experimental results in Fig. 2.
This version of the mean field thermodynamic model in-
cludes the superlattice model if it is assumed that the mul-
timeric complexesCnqPnp have ordered structures of the
types proposed previously (Virtanen et al., 1995; Tang et
al., 1995). In line with the above discussion, this oligomer-
ized product is written in terms of the reaction,

nqC1 npP7 ^CnqPnp& (13)

An illustrative phase diagram with upper critical points is
given in Fig. 10. It will be seen that the effect of the

FIGURE 4 Calculated phase diagrams as a function of the initial mole
fraction of cholesterol (Chol),x0, for a binary reactive mixture of Chol and
phospholipids for different values of the equilibrium constantK0. The
calculations in (a–c) use values oft 5 1, p 5 2, q 5 1, a9 5 20.33 m/mN,
b9 5 20.5 m/mN,c9 5 20.33 m/mN,pxy 5 3.3 mN/m,pxz 5 6 mN/m,
pyz 5 3.3 mN/m, andDA 5 240 Å2. (a) No reaction,K0 5 0. The effect
of c9 on the shape of the phase diagram is shown. The gray line depicts the
phase diagram whenc9 5 20.33 m/mN, and the black line depicts the
phase diagram whenc9 5 21 m/mN. (b) K0 5 0.5. (c) K0 5 2.
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oligomerization is to narrow the two-phase regions, and the
region of the cusp.

There is a long history of proposals for complex stoichio-
metries in lipid monolayers and bilayers (Engelman and
Rothman, 1972; Gershfeld, 1978; Albrecht et al., 1981;
Presti et al., 1982; Mu¨ller-Landau and Cadenhead, 1979).
Some of the earlier models have placed these molecules on
lattice sites (Engelman and Rothman, 1972; Presti et al.,
1982). More recently, several investigators have carried out
studies of the fluorescence of various probes in phospho-
lipid-cholesterol bilayer mixtures and have reported a num-
ber of kinks, maxima, and minima in fluorescence proper-
ties as a function of cholesterol concentration at putative

stoichiometric compositions (Virtanen et al., 1995; Wang et
al., 1998; Tang et al., 1995; Parassassi et al., 1995). These
stoichiometries correspond, for example, toq/p > 1/4, 2/7,
1/3, 1/2, 2/3, 1/1. The various features have been attributed
to the presence of superlattices. These superlattices are
thought of as structures in which there are repulsions be-
tween cholesterol molecules (Wang et al., 1998; Somerharju
et al., 1985; Sugar et al., 1994). (Some of this earlier work
(Somerharju et al., 1985) dealt with the distribution of
pyrene-labeled acyl chains of lipids, and the principle was
subsequently applied to cholesterol distributions. Lateral
ordering of lipids in DMPC-cardiolipin mixtures has also
been proposed (Berclaz and McConnell, 1981)). As a con-

FIGURE 5 Complex concentration profiles as a function of the initial mole fraction of cholesterol (Chol),x0, at various pressures for the system which
yields the phase diagram of Fig. 4c. The profiles are calculated for the most part using Eq. 9, except in the two-phase coexistence regions where the lever
rule is invoked to obtain the amount of complex. (a) p 5 7 mN/m; (b) p 5 5 mN/m; (c) p 5 2 mN/m.
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sequence, cholesterol molecules are imagined to be posi-
tioned remotely from one another on presumed lattice sites.
The experimental results obtained by these more recent
investigators are generally compatible with the thermody-
namic model presented here in the sense that the model
predicts sharp changes in certain membrane properties as
composition is changed. For example, in passing from one
two-phase region to another, the interdomain line tension is
expected to change abruptly. Probes that partition at the
interface between domains should then show significant
changes in properties at these compositions. Probes that do
not partition into the condensed complex phase would also

undergo an abrupt change of environment when composi-
tion is changed so as to pass from thea two-phase region to
the b two-phase region. Even in the homogeneous phase
strong variations in complex, phospholipid, and free cho-
lesterol concentrations such as those illustrated in Figs. 5
and 8 might give rise to the observed changes in fluores-
cence properties, particularly those measurements that de-
pend on partitioning of the probe into the membrane. In
some experiments, these rather abrupt changes in composi-
tion might easily be mistaken for a liquid-liquid phase
boundary. Experimentally we cannot rule out the possibility
that multiple complexes are formed in the monolayers, and
only some are revealed by the upper miscibility critical
points. In some respects atheoretical superlattice model
that invokes cholesterol-cholesterol repulsions might not
appear consistent with our experimental results and the
corresponding thermodynamic model. For example in thea
liquid-liquid two phase regions, the cholesterol molecules
do not stay as far apart as possible, but rather concentrate in
the condensed complex liquid phase, and above the critical
pressures the complexes are completely miscible with the
other components. However, above the critical pressures,
the thermodynamic model can give results very suggestive
of the data used in support of the superlattice model. It will
be seen in Fig. 8e that almost spikelike variations in

FIGURE 6 Calculations of average molecular areas as a function of the
initial mole fraction of cholesterol (Chol),x0, at various pressures for the
system yielding the phase diagram of Fig. 4c. The average molecular area
is obtained by differentiating Eq. 3, the free energy function, with respect
to p. Equation 9 gives the mole fractions of each of the components. In
these calculations,Ax

0 5 40 Å2/molecule,Ay
0 5 75 Å2/molecule, and all

other values are the same as for Fig. 4c. (a) p 5 2 mN/m; (b) p 5 5
mN/m; (c) p 5 7 mN/m.

FIGURE 7 Complex concentration profiles as a function of the initial
mole fraction of cholesterol (Chol),x0, for an ideal reactionnqC1 npP7
CnqPnp with equilibrium constantK 5 2. (a) Degree of complex formation
whenn 5 1, q 5 1, p 5 2. (b) Degree of complex formation whenn 5 10,
q 5 1, p 5 2.
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condensed complex concentration can be achieved with
even modest oligomerization. One need only assume the
formation of a number of such complexes with different
stoichiometries so as to achieve a series of spikelike con-
densed complex concentration profiles, which could easily
mimic the reported data from fluorescence probes, and
observations on phospholipase action (Liu and Chong,
1999).

The calculations used here employ a mean field model to
describe several intermolecular interactions. Corrales and
Wheeler have obtained substantially similar phase diagrams
using a decorated lattice model with nearest-neighbor inter-
actions, so the mean-field approximation in itself is not
required to produce immiscibilities (Corrales and Wheeler,
1989). Nearest-neighbor anisotropic intermolecular forces
have also been used to calculate pairs of upper miscibility

FIGURE 8 Concentrations of cholesterol, phospholipids, and complex as a function of the initial mole fraction of cholesterol (Chol),x0, for the system
with the same parameters as for Fig. 4c. This calculation considers multimeric complexes,^CnqPnp&, where the stoichiometries in Eq. 1 arenq andnp,
instead ofq andp. The profiles are calculated for the one-phase region at a pressure of 7 mN/m. The effect of increasingn is seen as one goes from (a)
and (b) to (c) and (d) and finally to (e) and (f). In (b), (d), and (f) the dashed line represents the mole fraction of phospholipid,y, and the solid line represents
the mole fraction of cholesterol,x. (a) Degree of complex formation whenn 5 1. (b) Cholesterol and phospholipid mole fractions whenn 5 1. (c) Degree
of complex formation whenn 5 2. (d) Cholesterol and phospholipid mole fractions whenn 5 2. (e) Degree of complex formation whenn 5 3. (f)
Cholesterol and phospholipid mole fractions whenn 5 3.
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critical points, but the calculated phase diagrams are dis-
tinctly different from those reported here (Hueda et al.,
1997). Huang and Feigenson (1999) have recently used
Monte Carlo simulations with multibody interactions to
simulate phospholipid-cholesterol mixtures. It is possible
that such lattice-based calculations may also yield pairs of
upper miscibility critical points. However, such multibody
interactions may simulate complex formation. An interest-

ing point relevant to the mean field picture concerns the use
of the “average phospholipid” in the model calculations for
mixtures of phospholipids. This approximation implies that
the phase diagram curves are binodal curves, which in turn
implies that the critical points must be at the peaks of these
curves. In all experiments thus far this has been found to be
the case.

As noted in the Introduction, the observation of two upper
miscibility critical points in monolayer membranes has led
us to apply this thermodynamic model to cholesterol-phos-
pholipid mixtures. The model is quite general, and appears
to be consistent with many earlier experimental observa-
tions and some, but possibly not all, aspects of earlier
theoretical models. The model is strongly supported by the
measurements of average molecular area versus composi-
tion that show sharp features at the stoichiometric compo-
sitions. When this mean-field thermodynamic model is ex-
trapolated to lipid bilayers and biological membranes, it is
reasonable to conclude thatcondensed complexesare re-
sponsible for the “condensing effect” of cholesterol and the
“liquid condensed phase.” It is also plausible that the con-
densed complexes are involved in “detergent-resistant
membrane rafts” isolated from biological membranes
(Xavier et al., 1998; Viola et al., 1999; Sheets et al., 1999;
Brown and Rose, 1992; Brown and London, 1998; Simons
and Ikonen, 1997). Even though the quantitative correspon-
dence between physical chemical properties of lipid mono-
layers and bilayers is not complete, a number of these
properties are sufficiently similar that these extrapolations
appear to be safe.

The ease with which pressure changes can be made in
monolayers provides a convenient means for dissecting
selective intermolecular forces. At the lower pressures, mol-
ecules and groups of molecules tend to separate, except for
the most stable groupings. The various immiscibilities
found at lower pressures disappear at the higher pressures,
but the thermodynamic model predicts that these complexes

FIGURE 9 Calculations of average molecular areas as a function of the
initial mole fraction of cholesterol (Chol),x0, for the systems in Fig. 8 that
take into account the formation of multimeric complexes,^CnqPnp&. The
areas are calculated for the one phase region at a pressure of 7 mN/m. The
average molecular area is obtained by differentiating Eq. 3, the free energy
function, with respect top. Equation 9 yields the mole fractions of each of
the components. Values of 40 and 75 Å2/molecule are used forAx

0 andAy
0,

respectively. Other values used are the same as for Fig. 4c. (a) n 5 1 and
DA 5 240 Å2; mole fractions of the three components are shown in Fig.
8, a and b. (b) n 5 2 andDA 5 2120 Å2; mole fractions of the three
components are shown in Fig. 8,c andd. (c) n 5 3 andDA 5 2240 Å2;
mole fractions of the three components are shown in Fig. 8,e and f.

FIGURE 10 Calculated phase diagram for a binary reaction mixture of
cholesterol and phospholipids with the same parameters as the phase
diagram in Fig. 4c, except that this calculation considers multimeric
complexes where the stoichiometries in Eq. 1 arenq andnp, instead ofq
andp. For this particular phase diagram,n 5 3.

1516 Biophysical Journal Volume 77 September 1999



remain at the higher pressures in the absence of phase
separations. Irrespective of whether there are or are not
liquid-liquid immiscibilities in cholesterol-phospholipid bi-
layers, the model leads to the expectation of reciprocal
changes in the concentration of free phospholipid, and free
cholesterol, on passing through the stoichiometric compo-
sition (Fig. 8). There is an even steeper increase in the
cholesterol chemicalactivity on increasing cholesterol con-
centration above the stoichiometric composition (activity 5
em/kT). Thus, for example, the partition of cholesterol from
the membrane into water should change significantly at this
point. In cell membranes, this abrupt change in membrane
free cholesterol activity might serve as a signal for total
cholesterol concentration regulation by means of a mem-
brane-bound “cholesterol sensor” that forms a transcription
factor in cholesterol biosynthesis (Brown and Goldstein,
1999).
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studies, and Michael Brown for a preprint of Brown and Goldstein (1999).
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