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ABSTRACT: Despite extensive studies for nearly three
decades, lateral distribution of molecules in cholesterol/
phospholipid bilayers remains elusive. Here we present a
statistical mechanical model of cholesterol/phospholipid
mixtures that is able to rationalize almost every critical mole
fraction (X_,) value previously reported for sterol superlattice
formation as well as the observed biphasic changes in
membrane properties at X,. This model is able to explain
how cholesterol superlattices and cholesterol/phospholipid
condensed complexes are interrelated. It gives a more detailed
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characterization of the LG region (a broader region than the liquid disordered—liquid ordered mixed-phase region), which is
considered to be a sludgelike mixture of fluid phase and aggregates of rigid clusters. A rigid cluster is formed by a cholesterol
molecule and phospholipid molecules that are condensed to the cholesterol. Rigid clusters of similar size tend to form aggregates,
in which cholesterol molecules are regularly distributed into superlattices. According to this model, the extent and type of sterol
superlattices, thus the lateral distribution of the entire membrane, should vary with cholesterol mole fraction in a delicate,
predictable, and nonmonotonic manner, which should have profound functional implications.

B INTRODUCTION

The effect of sterol content on cholesterol/phospholipid
mixtures has been studied extensively, especially in the range
20—50 mol %, which is the cholesterol content typically found
in mammalian cell plasma membranes. During the last
two decades, a number of experiments have shown that
spectroscopic properties of membrane probes and catalytic
activities of membrane-associated enzymes as well as some
other membrane-related events exhibit biphasic changes with
sterol content at specific mole fractions (X, ) in fluid sterol/
phospholipid mixtures (and reviewed in refs 1—4). Here
“sterols” refers to cholesterol, ergosterol, dehydroergosterol
(DHE) and other sterols with similar structures and
“phospholipids” refers to diacyl phospholipids. The X
values were found to be at or very close to the critical sterol
mole fractions (X_,) theoretically predicted for the formation of
hexagonal or centered rectangular superlattices in the plane of
the membrane.”™” In the range of 19—53 mol % cholesterol,
there are six theoretical X, values, i.e., 20.0, 22.2, 25.0, 33.3,
40.0, and 50.0 mol %. Although sometimes another critical
mole fraction has been observed at 28.6 mol %,® the excellent
correlation between X, ., and X, has been used as evidence for
sterol superlattice formation in fluid sterol/phospholipid
mixtures®® (reviewed in refs 3 and 4). It has been proposed
that sterol molecules tend to be maximally separated into
regularly distributed superlattices in order to minimize the
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exposure of the hydrophobic region of the sterol molecules to

)9,10

water (the umbrella effect and to reduce the deformation

to the matrix lipid lattice caused by the rigid and bulky steroid
ring.s_7

The sterol superlattice model® proposes that not the entire
membrane surface is covered by superlattices. At any given
sterol mole fraction, regularly distributed superlattices always
coexist with irregularly distributed areas; however, the extent of
sterol superlattice reaches a local maximum at X_.. This concept
was first realized in the study of superlattices in 1-palmitoyl-2-
(10-pyrenyl)decanoyl-sn-glycerol-3-phosphatidylcholine  (Pyr-
PC)/L-a-dimyristoylphosphatidylcholine (DMPC) mixtures. It
was found that the excimer (E)-to-monomer (M) intensity
ratio of pyrene fluorescence drops abruptly at critical Pyr-PC
mole fractions predicted for maximal superlattice formation due
to maximal separation of pyrene-labeled acyl chains but does
not go to zero due to the coexistence of regular and irregular
regions."’ The coexistence of regular and irregular regions
was subsequently revealed by Monte Carlo simulations."
Furthermore, on the basis of the data of nystatin partitioning
into membranes, the area covered by sterol superlattices (A,.,)
was calculated to be ~71-89% at X, and A, dropped
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abruptly when the sterol mole fractions were slightly (e.g,
~1 mol %) deviated from X_.">"*

Sterol/phospholipid mixtures have also been described in
terms of the formation of condensed complexes between sterol
(C) and phospholipid (P) (reviewed in ref 15). This model
considers the reaction: nqgC + npP < C,;P,,, where n is the
cooperativity parameter, and p and g are relative prime
numbers. The relative stoichiometry q/(p + q) (e.g, 33.3 mol %
sterol) can be determined from the position of the sharp cusp
in the phase diagram.”™"7 The critical sterol mole fractions
theoretically predicted for maximal superlattice formation (X_,)
coincide with the relative stoichiometries q/(p + q) due to C—P
complex formation. The condensed complex model has other
features similar to those proposed in the sterol superlattice
model. Both models contend that stability is greater and
molecular order is higher at critical sterol mole fractions.'”>°
The amount of condensed complex is a maximum at the rela-
tive stoichiometry (e.g, 33.3 mol % sterol), at which mem-
branes have special properties.'>”'” Because of these
similarities, it has been speculated that condensed complexes
and superlattices may share the same physical origin and may
just occur at different times.”"

While direct visualization of sterol superlattices and
condensed complexes are not feasible at present, much of our
understanding of these structures can be obtained from com-
puter simulations and modeling calculations. Monte Carlo
simulations have been used to generate sterol superlattices at
several X, values and revealed the underlying driving forces
without the assumption of complex formation.”**** Molec-
ular dynamics (MD) simulations are able to simulate two-
component systems™* with fixed lateral distribution. After giv-
ing a relatively long simulation time (>200 ns), lateral
distribution of cholesterol in the superlattice bilayers was
found to be more stable than that in the random bilayer.”*
However, it is not certain whether the time used for MD
simulation was long enough to capture the time scale of the
lateral diffusion of the molecules and to give an account of the
realistic lateral distribution of the molecules in the cholesterol/
phospholipid mixtures. In a multicomponent membrane with
inhomogeneous lateral distribution the relaxation times for
different components to sample conformations and orienta-
tions relative to each other are orders of magnitude longer than
the nanosecond time scale sampled by MD.*’

In this work we develop a statistical mechanical model of
cholesterol/phospholipid bilayers that is able to rationalize
almost every X, value and the observed biphasic changes in
membrane properties (such as Areg) at X_,.. This model indicates
that cholesterol superlattices and cholesterol/phospholipid
condensed complexes are interrelated. The occurrence of
condensed complexes and sterol superlattices as delineated in
this model provides new insight into the molecular details of
the LG, region (liquid—gel region) in the phase diagram of
cholesterol/phospholipid mixtures.

B MODEL

On the Condensmg Effect of Cholesterol. Molecular dynam-
ical simulations®® pointed out the condensing effect of cholesterol on
phospholipid molecules in two-component cholesterol/phospholipid
bilayers, ie., the cross-sectional area of the phospholipid molecules
decreases with increasing proportion of the cholesterol molecules. The
simulations determined the total membrane area divided by the
number of DPPC (r-a-dipalmitoylphosphatidylcholine) molecules
(A/Npppc), versus N,/ Npppc = X,/(1 — X,), where X_ is the cholesterol
mole fraction and N, is the number of cholesterol (see blue dots in
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Figure la). On the basis of this finding we assumed the following
exponential relationship for the cross-sectional area of a phospholipid
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Figure 1. Condensing effect of cholesterol. (a) The total membrane
surface area, A divided by the number of DPPC molecules, Npppc
versus the number of cholesterol molecules, N, divided by the
number of DPPC molecules. Blue dots: from molecular dynamics
calculations.** Red line: calculated from eq 2 (see text) by using
parameter values 7 = S A and A, = 34 A%. The membrane surface area,
A is given in A% (b) Red and blue curves are the radius, r and cross-
sectional area, Ay (= ), respectively, of a rigid cluster as a function of
the number of hydrocarbon chains condensed to a cholesterol,
M(=2N). These curves were calculated from eq 2 (see text) by using
parameter values 7 = 5 A and A, = 34 A% r and A, are given in A and
A% respectively.

molecule, Ap(r) situated at a distance r from the center of the
cholesterol molecule:

Ap(r) = Af + (af — AP - 70/ D
where r, is the radius of the cholesterol molecule, A§ and A}i are the
cross-sectional area of the phospholipid molecule in gel and fluid
phase, respectively, and 7 is a factor characterizing the strength of the
condensation (see values of these parameters and refs in Table 1).
According to this expression, the cross-sectional area of the
phospholipid molecule increases from A§ to Af as the distance from
the center of the cholesterol molecule mcreases from r, to co. The
number of phospholipid molecules surrounding the cholesterol within
a radius r can be calculated from the following integral:

ro2r'm
N(r) =
/’c Ap(r') @)

Note that eq 2 assumes centrosymmetrical distribution of
phospholipid molecules around the cholesterol molecule, an
assumption that is not so good at small N. Let us imagine one layer

’
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Table 1. List of Parameters of the Cholesterol/Phospholipid
Model

comments
symbol name value and refs
z coordination number in 4
triangular lattice
A§ cross-sectional area of DMPC 40 A? 27
in gel phase
Aﬁ cross-sectional area of DMPC 64 A’ 27
in fluid phase
A, cross-sectional area of 34 A? fitted (Figure la)
cholesterol
r.=[A,/ radius of cholesterol’s cross 329 A
7[]1/ 2 section
T condensation factor SA fitted (Figure la)
AHpype  DMPC transition enthalpy 6000 cal/mol %’
ASpypc DMPC transition entropy 20.4 cal/ 7
(mol-K)
e u—u interaction per unit length —160.5 cal/ fitted (Figure 3)
(mol-A)
€us u—s interaction per unit length —207 cal/ fitted (Figure 3)
(mol-A)
el s—s interaction per unit length —303.53 cal/ fitted (Figure 3)
at M>2 (mol-A)
4 —10952.48 fitted (Figure 3)
A/mol
T absolute temperature 310 K

of a bilayer that is built from similar units each containing one
cholesterol and N(r) DPPC molecules. For this system N,,i/ Npppc =
1/N(r) and A/Npppc = r*a/N(r). Thus by using our simple model of
condensation we can calculate the 7/N(r) versus 1/N(r)curve (red
curve in Figure la). This red curve is similar to the blue curve
(obtained from MD simulations) at the following fitted parameter
values: 7 = 5 A and cholesterol cross-sectional area A, = r’z = 34 A% Tt
is important to note that the fitted cross-sectional area of the
cholesterol molecule, A, is close to the value obtained from cholesterol
crystal data A = 38 A2%6 By using the fitted 7 and A, values and eq 2
one can calculate the N(r) function. Figure 1b (red curve) shows the
inverse of the 2-N(r) function.

Modeling Cholesterol/Phospholipid Mixture: Qualitative
Description. We intend to model cholesterol/phospholipid mixtures
close to the critical mole fractions. Our fluorescence/enzyme activity
experimental data show that at each critical mole fraction a densely
and a loosely packed phase coexist in the bilayer."*'* In general an
inhomogeneous system that is in thermal equilibrium with its
surrounding is in a configuration that minimizes its free energy. This
configuration is an optimal balance between low energy/low entropy
and high entropy/high energy phases. As an analogue case one may
mention the gel—fluid mixed-phase region of DMPC/DSPC bilayers.””

In our model the high entropy/high energy phase contains
cholesterol and phospholipid molecules where the phospholipid
molecules are in fluid state and both cholesterol and phospholipid
molecules are able to diffuse laterally (similar to liquid disordered
phase®®). The low energy/low entropy phase, is rePresented by
relatively rigid clusters (similar to condensed complexes ). At critical
mole fraction X each rigid cluster is formed by M/2(= [1 — XX]/x2!
phospholipid molecules that are condensed to a central cholesterol
molecule. Within a cluster of strongly interacting components, the
lateral diffusion of the molecules is negligible. However the rigid
clusters are able to diffuse laterally in the loose phase and tend to
aggregate with clusters of similar size. Within the aggregate of rigid
clusters, the cholesterol molecules are regularly distributed, ie., a
‘superlattice’ of cholesterol is formed.

The definition of the rigid cluster is a simplification of the real
situation in the following two aspects: (1) At the first critical mole
fraction the rigid cluster contains M = 1 acyl chain, at the second
critical mole fraction the rigid cluster contains M = 2 acyl chains,
etc. The relationship between M and the respective critical mole
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fraction is:

M _ 1
1+ (M/2) 3)

ca =
Thus, at X, = 0.2, M is equal to 8, so it should be the eighth critical
mole fraction.

In reality, a rigid cluster at the Mth critical mole fraction, XX may
also contain more than or less than M/2 phospholipid molecules;
however, M/2 is the most probable number. (2) If M is an odd
number, M/2 refers to a noninteger number of phospholipid
molecules. For example, M = 9 refers to a cluster containing 4.5
phospholipid molecules or 9 acyl chains. This is impossible since in
this study always two hydrocarbon chains belong to one phospholipid
molecule. In reality, at the ninth critical mole fraction, rigid clusters of
two sizes, containing 4 and S phospholipid molecules are present at
about the same concentration. However, as we will see, our model is
able to handle only rigid clusters of one size. Thus, every time when
M is an odd number, the rigid clusters of two sizes are substituted
by rigid clusters of one size, each containing the average of M — 1 and
M + 1 phospholipid molecules. The validity of this substitution is
discussed in Supporting Information (part 1).

Modeling Cholesterol/Phospholipid Mixture: Statistical
Mechanical Description. Defining the Lattice. Let us use the
following notations: n is the number of cholesterol molecules, m is the
number of hydrocarbon chains, Ny, = n + m/2 is the total number of
molecules, M is the number of hydrocarbon chains within a rigid
cluster, X, = n/N,, is the cholesterol mole fraction, N, is the number of
rigid clusters (= the number of cholesterol molecules in rigid clusters),
X: = N,/N, is the mole fraction of cholesterol molecules situated in
rigid clusters.

We develop a lattice model of the cholesterol/phospholipid two-
component bilayer. A layer of the bilayer is represented by a lattice
where each lattice unit is a square (see Figure 2). The surface area
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Figure 2. Lattice model of phospholipid/cholesterol membrane. A
layer of the membrane is represented by units of squares (black lines).
The surface area of a unit is equal with the surface area of a rigid
cluster, Ay (see Figure 1b). A unit represents either a rigid cluster
(green unit with black dot at the center) or part of the fluid phase
(white unit with randomly distributed black dot). Black dot:
cholesterol. Green square: phospholipid molecules condensed to the
central cholesterol.

belonging to a lattice unit, Ay is equal to the cross section of a rigid
cluster formed by a cholesterol and M hydrocarbon chains con-
densed to the cholesterol. Figure 1b (blue curve) shows the calculated
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cross-sectional area of the rigid cluster, Ay, as a function of the number
of hydrocarbon chains condensed to the cholesterol, M.

There are two types of lattice units: N, of them represent the rigid
clusters (in Figure 2 these are represented by green units with one
black dot at the center), while the remaining N, lattice units represent
the fluid phase of the system (in Figure 2 these are represented by
white units with randomly distributed black dots). Note that in the
lattice model rigid clusters are represented by squares, rather than
circles, in order to get tight packing within the aggregates. Thus, N, is
equal with the surface area of the fluid phase divided by the surface
area of a lattice unit (A,,):

(n — NJA, + (@)A{

AMm

XA, + (1 -X, - Xﬁ%)AI{:

N,

u

(Xc -

= Niot
Am (4)
Free Energy of the Lattice. The free energy of the lattice has

several energy and entropy terms. The internal energies of the s and u
state lattice units E, and E,, are:

M M
E = (ec + sft,?)Ns = Ntot(ec + S;’T)X‘f

m—NSI\/I)
2

M
= Niot| £.(X, = X? +s”(1—X —XS—)]
tot[ c( c c) p c c2 (6)

where € and ¢, are the intramolecular energy of a cholesterol and the

intramolecular energy of a phospholipid molecule in the fluid phase,
respectively. €, is the average intramolecular energy of a phospholipid
molecule in a rigid cluster. The interaction energy between the lattice
units, E; is calculated by assuming periodic boundary conditions

(second equality in eq 7; see Supporting Information part 2):

©)

E,=¢(—-N,) + 8;(

Ei 8uuNu + 8usN + 8ssts

z
E[suuNu + £gN;] + wN

< NN
—&yy N, + &N | + zw——"—">—
2[uu u 551V I N

S
x4x3

z u s
= N;,,—[e,, X + e, X)] + Ngpzw———
tot2 uu*c s+ tot Xcu Xcs

(7)
where N,,, N, and N, are the number of nearest neighbor lattice units
existing in u—u, s—s, and u—s states, respectively. €, &, and &, are the
interaction energies between nearest neighbor lattice units existing in
u—u, s—s, and u—s states, respectively, w = ,, — (&, + €,)/2 is the
cooperativity energy; z = 4 is the coordination number of the lattice,
and X! = N,/N. In the third equality the number of u—s nearest
neighbor lattice units, N, is agprommated by zN,N/(N, + N,)
[Bragg—Williams approximation®

The lattice entropy contains four terms: (1) and (2) the internal
entropy of the u and s state lattice units S, and S,, respectively, (3) the
mixing entropy of the molecules within the fluid phase S and (4) the
mixing entropy of the u and s state lattice units Sgi

units*

s M s M
S = (GC + 0 )N Ntot(cc +0,— S )Xé

m — NM
Su=o(n— Ny + GZ(TS)

M
= Ntot[(sc(Xc - X))+ GZ(I -X, - XCS?)]

(8)

©)
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where 0, and o, are the intramolecular entropy of a cholesterol and the
intramolecular entropy of a phospholipid molecule in the fluid phase,
respectively. o, is the average intramolecular entropy of a phospholipid
molecule in a rigid cluster. The mixing entropy of the n — N,
cholesterol molecules and the ((m — NM)/(2)) phospholipid

molecules in the fluid phase is:
m — NM

2
n- N,

| TN

mix
Su

1-X5(1 4+ M/2
~ Nyotk(X, — X7) ln[%]

c (4

+ Nigtk(1 — X, — XM /2)

| 1= X1+ M/2)
1= x - xM/2 (10)

where k = 1.987cal/(mol'K) is the Boltzmann constant, and in the
second equality Stirling’s approximation was utilized. Note that both
cholesterol and phospholipid molecules belong to each u state lattice
unit, and thus, each u state lattice unit has mixing entropy. S is the
sum of the mixing entropies of the u state lattice units. On the other
hand, the mixing entropy of the molecules belonging to an s state
lattice unit is zero because the cholesterol is assumed to be located
exactly at the center of the rigid cluster, and thus the number of
microstates within a rigid cluster is 1.

The s and u state lattice units can be arranged along the lattice on
N; + N,
[

state lattice units is:

Ny + Ny
N,

S

) different ways, and thus, the mixing entropy of the s and u

Sumts =k ln(
N; + N,

N, + N,
U + kN, In| = 4
N N,

x5+ x!
= Ntot{kxj h{%] + kx¢
X,
X+ X

ln(—cs = Z4)}
X! (11)

where in the second equality Stirling’s approximation was again
utilized. By means of eqs 5—11 the free energy, F, of the lattice is:

(12)

~ kN; In(

F=FE, +E +E; — T(S, + S, + S 4 g™

umts

where T is the absolute temperature.

On the Energy and Entropy Parameters of the Model. Our
model will be applied to DMPC/cholesterol mixtures. In spite of the
fact that the values of 7 and A, have been determined above for
DPPC/cholesterol mixtures, we will use the same parameter values for
DMPC/cholesterol mixtures. Because of the close similarity of DMPC
and DPPC molecules, it is expected that an MD simulation of DMPC/
cholesterol mixture would produce a similar curve to the one
presented in Figure la and the value of the respective 7 parameter
would be similar too. DMPC’s adjusted cross-sectional area is 7%
smaller than DPPC’s adjusted cross-sectional area®® and thus one can
expect a slight downward shift of the blue curve in Figure la. MD
simulated electron density profiles®** hint that cholesterol-DMPC
interaction is similar to cholesterol-DPPC interaction because the
DMPC and DPPC hydrocarbon chains are equal and longer than the
length of the cholesterol, respectively. Thus we expect that the shape
of the blue curve in Figure la will not change.>® Since a lattice unit
represents several molecules, the parameters associated with it depend
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on the actual number of the molecules and their physical and
geometrical properties.

Let us consider first the intramolecular energy difference: ¢, — ¢;.
In an s state lattice unit the condensing effect of the cholesterol brings
the nearby phospholipid molecules close to the gel state. Thus if the
rigid cluster contains only one DMPC molecule, i.e,, M = 2 the energy
difference is
S u
p~
where AHpypc is the gel-to-fluid transition enthalpy of DMPC
bilayers.”” In the case of M > 2 the average state of the
phospholipid molecules in the rigid cluster is between the fluid
and gel state. This average state can be characterized by the
decrease of the cross-sectional area of the phospholipid
molecules as a consequence of the condensing effect of the
cholesterol. Thus we assume that

e ~ — AHpppe = — 10723 keal

Maf
. JA4p — (A — A)

r

e — g AH,
P DMPC M, f g
2 ( LP ‘ lp ) (13)

One can assume a similar equation for the intramolecular entropy
difference:

M
s TA}J: - (AM - Ac)

u
p~ %

c — ASpmpc
M( Af — AS )
P (14)
where ASpypc is the gel-to-fluid transition entropy of DMPC bilayers.

Similarly, the interaction energy between nearest neighbor lattice
units depends on the geometrical and physical properties of the
interacting units. Since the size of a unit (either u or s state) is defined
by the size of a rigid cluster, the interaction free energies should be
proportional to the circumference or the radius of a rigid cluster, r(M).
Thus

€y = ey (M) (15)
Eus = eusr(M) (16)
€ = es(z +y L L r(M)

Ap(r) AIJ: (17)

where proportionality factors e, and e, (the u—u and u—s interaction
energies per unit length) are constant. However, in the case of s—s
interaction the interaction energy per unit length changes with the
peripheral density of the phospholipid molecules in the rigid clusters.
In eq 17 the peripheral density is proportional to 1/A,(r)and y is the
proportionality constant. With decreasing M this density increases, and
the interaction per unit length increases, too. Note that the
proportionality factors e,, and e, are considered to be constant
because the fluid phase is loosely packed and the short-range van der
Waals interactions between u—u and u—s units are slightly affected by
the cholesterol content of the fluid phase. On the other hand the
peripheral density of the rigid clusters depends on the cholesterol
content of the rigid phase and has significant effect on the interaction
of the closely packed s units.
Table 1 lists the constants utilized by this model.

B RESULTS

The free energy function in eq 12 can be used when the
membrane is close to the critical cholesterol mole fractions, X,
~ XM where the fundamental assumption of our model is most
applicable, i.e, the system contains one type of rigid cluster each
containing M/2 phospholipid molecules condensed to one

cholesterol molecule. At any given cholesterol mole fraction, X,,
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M

which is close to a critical mole fraction X, one can find the
average number of the s state lattice units, (N;) = N, (X.*). For
large N, the position of the minimum of the free energy
function well approximates the average (maximum term
method®*). By using this average and eq 4 one can calculate
the average number of u state lattice units (N,). Finally, at given
X, and M, the proportion of the densely packed area (i.e., the
area covered by the s state lattice units) of the cholesterol/

phospholipid bilayer is:

(N

TN + (N,) (18)

The proportion of the densely packed area has been
measured at different cholesterol mole fractions in cholesterol/
DMPC and cholesterol/1-palmitoyl-2-oleoyl-sn-3-phospho-
choline (POPC) mixtures.'>"* Figure 3 shows the measured
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Figure 3. Proportion of regularly packed membrane area. Regular area
fraction, A, is plotted against the cholesterol mole fraction, X.. (x):
measured local maxima of the regular area fraction;" (green lines): the
curve of regular area fractions calculated by eq 18; (dashed line):
cholesterol precipitates from the bilayer above this mole fraction (as
noted in the text, this is true only for PCs). The values of the model
parameters are listed in Table 1.

Aeg Values at six critical mole fractions (x) and calculated Areg
vs X, curves at several critical mole fractions (green lines). We
emphasize the following points: (1) the calculated A, (green
curves) yields a biphasic change with X, showing a local
maximum at X, similar to the A, curves determined from
nystatin measurements'>'* and (2) the local maximum points
of the calculated curves (green curves) match with the local
maxima (X) of the A,, curves determined from nystatin
fluorescence.'>**

The critical mole fraction, X is listed in Table 2 at
different M values that were used in our calculations. We
also listed the cooperativity energy of the aggregation of the
rigid clusters w (defined at eq 7) for each M value. These
cooperativity parameters were calculated from our model by
using eqs 15—17 and the model parameters in Table 1 and
Figure 1b.

So far we calculated the properties of the coexisting densely
and a loosely packed phase at 310 K, where the majority of the
fluorescence/enzyme activity measurements of the biphasic
changes were performed."> However, by using the same model
one can calculate the system’s properties at different temper-
atures as well. The average enthalpy per phosholipid molecule

reg

dx.doi.org/10.1021/ja2092322 | J. Am. Chem.Soc. 2012, 134, 1164—-1171



Journal of the American Chemical Society

Table 2. Cluster Characteristics

M xM w (cal/mol)® ref’
1 0.666 268.2

2 0.5 280.1 13

3 0.4 289.6 13

4 0.333 297.8 13

S 0.286 30S.3 8

6 0.25 3124 13

7 0.222 319.2 13

8 0.2 3259 13

9 0.182 3324 8 detected dip at X,, = 0.175
10 0.166 3389 2

11 0.154 345.4 19

12 0.143 351.8 19

“Cooperativity energy defined by w = ¢,, — (&, + £,)/2. “The listed
references refer to ergosterol/DMPC and cholesterol/DMPC
mixtures. A complete list of critical concentrations measured on
different cholesterol/phospholipid mixtures can be found at ref 2.

can be calculated from the following equation:

H  AH M
/D) = Ny | N = O
Al — (A — A)/(M/2)
Al — a8
AHpppc

M
1-X — (XHY—
X L= (X0

Al = (Ay — A)/(M/2)

Al — a8 (19)
where the third term in the square bracket is the average
number of gel state phospholipid molecules. By means of eq 19
one can calculate the temperature, Tygonz; Where 95% of the
phospholipids are in fluid state, i.e. the temperature at which
(H)/((m/2)) = 0.9SAHpypc. Above Toguapy the coexisting
densely and a loosely packed phase (called LG; region) turns
into fluid phase. In Figure 4 these temperatures are shown at
critical cholesterol mole fractions, X2 (blue squares).
Representative data points from FRAP and ESR experiments
are shown with error bars.** Detected phase boundary is
marked by dotted line.

B DISCUSSION

Liquid Disordered—Liquid Ordered Mixed Phase or
LG, Region. As a result of a subtle difference in the
interpretation of the experimental data two rather different
phase diagrams of cholesterol/phospholipid mixtures have been
proposed. The first and more frequently cited phase diagram of
cholesterol/phospholipid mixtures (see Fi§ure 6a in ref 36) was
proposed by Ipsen and his co-workers.”® A phase diagram,
typical for eutectic mixtures, has been constructed on the basis
of DSC, NMR, EPR, and micromechanical studies. Near the
transition temperature of the phospholipid component the
following phases were identified: liquid-crystalline phase,
referred to as liquid disordered (Id phase), at low cholesterol
mole fractions (X, < 0.08); at high cholesterol mole fractions
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Figure 4. Calculated and measured phase boundaries. Close to the
critical cholesterol mole fractions one can calculate the temperature,
Tosearr Where 95% of the phospholipids are in fluid state, ie. the
temperature where (H)/((m/2)) = 0.95SAHpypc (see eq 19). Above
Tosap the LG; phase turns into fluid phase. These calculated
temperatures are shown at the critical mole fractions, XX (blue
squares). Representative experimental data points are shown with
error bars (black dots from>). Detected phase boundary is marked by
dotted line.

(X, = 025) the phase was referred to as liquid ordered
(lo phase), whereas these two phases coexist at intermediate
cholesterol mole fractions. The nomenclature of lo phase was
coined to describe lipids with ordered and extended acyl chains
but which still exhibit the fast lateral diffusion and high rota-
tional mobility that is characteristic of a liquid.

The second and less frequently cited phase diagram (see
Figure 6b in ref 36) is based on DSC,>” NMR,® and FRAP***°
data. According to this phase diagram, near the transition
temperature of the phospholipid component, the system is in
fluid phase up to about X, = 0.08, and then as the cholesterol
mole fraction increases (from 0.08 to 0.6), the fluid phase
gradually converts to lo phase. Thus, in contrast to the first type
of phase diagram there is no phase boundary at X, = 0.25. Also,
micromechanical studies*' showed that at 0.5 > X, > 0.125 the
mixture behaved as a liquid with no surface shear rigidity but
with greatly reduced membrane area compressibility, and no
sharp change in the micromechanical properties was found at
X, = 0.25. In the literature this gradually changing 6phase has no
generally accepted name. It was called lo phase,”® LG; region,
i.e. liquid-gel type phase,*® and L,, + L,z mixed phase.*” On the
basis of our fluorescence/enzyme activity data we prefer to use
the second type of the phase diagram and call the above-
discussed phase LG; region. However, a specific behavior
detected close to X, = 0.25 should be mentioned here: the local
maxima of the A,,, curves have a minimal value at X =0222
(see Figure 3).

Critical Mole Fractions in LG, Region. When developing
the above-mentioned two types of phase diagrams the
fluorescence/enzyme activity data from cholesterol/phospho-
lipid (or cholesterol analogue/phospholipid) mixtures were not
examined using small sterol mole fraction increments. It was in
1994 when the first fluorescence data on dehydroergosterol/
DMPC mixtures with small sterol mole fraction increments
(~0.3 mol %) were published.’ Since then, fluorescence
properties, such as intensity, anisotropy, quenching rate
constant, and lifetime, measured at many different sterol
mole fractions in a variety of sterol/phospholipid mixtures
showed maxima (or minima) at certain critical mole fractions,
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X,’s (reviewed in ref 1). This phenomenon was also observed
when using infrared spectroscopy and nonfluorescence-based
enzyme assays (reviewed in ref 2).

In the light of the model described in this paper one can give
a more detailed characterization of the LG; region that is able to
rationalize the biphasic changes in fluorescence and enzymatic
activity at X, as well. Thus, the LG; region is considered to be a
mixture of fluid phase and rigid clusters. A rigid cluster is
formed by a cholesterol molecule and phospholipid molecules
that are condensed to the cholesterol. The composition of a
rigid cluster, xM agrees with a measured critical mole fraction,
X, ie. X, =~ XM = (1 + M/2)™" where M is the number of acyl
chains condensed to the cholesterol molecule. The shape of an
isolated rigid cluster is assumed to be cylindrical, while the
radius of the cylinder depends on the number of condensed
acyl chains, M (see eq 2 and Figure 1b). Rigid clusters of similar
size tend to aggregate. Within each aggregate of closely packed
rigid clusters the cholesterol molecules are regularly distributed
(see Figure 2). This is similar to superlattice theories of critical
mole fractions. However, in contrast to superlattice theories, in
our model the acyl chains surrounding a cholesterol molecule
do not sit on separate lattice points, but rather a whole rigid
cluster belongs to a lattice point. As a consequence of these
differences, our model is able to predict more critical
concentrations than Virtanen’s superlattice theory” in which
the guest molecules are assumed to follow hexagonal order. For
example X, = 0.333 is equal to X! in our model, while
Virtanen’s superlattice theory is unable to predict this critical
concentration. However, it should be mentioned that, in the
extended superlattice theory® where a cholesterol molecule is
allowed to occupy two hexagonal lattice points when the
cholesterol cross-sectional area is larger than the cross-sectional
area of one phopholipid acyl chain, X, = 0.333 can be
predicted. However, none of the superlattice theories is able to
predict the critical mole fraction observed at 28.6 mol %,® while
this is the fifth critical mole fraction, X, according to our
model.

Characterization of the LG, Region. Since the cooper-
ativity energy of aggregation of rigid clusters, w, is smaller than
the thermal energy unit, kT (see Table 2), there are numerous
aggregates with a broad size distribution.*” The aggregates are
not percolated, ie. there is no stable aggregate with size
comparable with that of the bilayer surface area.

The above characterization of the LG; region is consistent
with all the available experimental results (DSC, NMR, FRAP,
micromechanics, fluorescence spectroscopy). Namely, the
presence of condensed phospholipid molecules increases the
acyl chain order, the rigid clusters decrease the membrane
lateral compressibility, and finally because of the microscopic
size of the aggregates of the rigid clusters the membrane
remains mechanically fluidlike. The fluidlike membrane with
numerous aggregates of the rigid clusters reminds us of the
spongy lumps of drift ice called sludge, and one may call the
LG, region as a ‘sludge phase’ of phospholipid/cholesterol
mixtures.

Comparing the Model with Experimental Results. The
model predicts critical mole fractions at any positive integer of
M by eq 3. The first critical concentration, and consequently a
maximum of A, is expected to be measured at XL = 0.666°
(see Figure 3). However, this should be a half-maximum
because the cholesterol starts to precipitate from the
phosphatidylcholine lipid matrix above this critical mole
fraction. It is important to note that the solubility limit
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depends on the lipid, e.g. for PEs, the solubility limit is 0.50.*

In this case the maximum at X is not measurable at all, while
only the half-maximum is measurable at X = 0.5. Thus, the
actual solubility limit marks the upper limit of the applicability
of our model. All critical mole fractions listed in Table 2 were
found experimentally, although X! = 0.166° and X = 0.286°
were detected only rarely.”

With increasing M the predicted critical mole fractions
become closer to each other and their reliable detection
becomes increasingly difficult. Also, the condensing effect of
the cholesterol should be weaker on phospholipid molecules
that are farther away. Once the condensing effect is comparable
with the thermal energy unit, we reach the upper bound of the
size of a rigid cluster, and the respective cholesterol mole
fraction marks the lower limit of the applicability of our model.
The limit mole fraction of the applicability increases with
increasing temperature. At T = 318 K the limit mole fraction is
0.1666 where the calculated phase boundary starts deviating
from the detected phase boundary (see Figure 4). This limit
mole fraction should be lower at T = 308 K where critical mole
fraction was detected even at 0.08.>** The model was unable to
predict the critical mole fractions occasionally detected at 0.265
and 0.46.>* However, the dips/peaks at 0.265 and 0.46 were
observed only in rare cases which may reflect their instability.

The model works close to each critical mole fraction where
the existence of one type of rigid cluster is assumed. We plan to
eliminate this limitation of the model in the future.

In spite of the fact that our model is a massive simplification
of the real system, it is able to explain and reproduce most of its
detected features. It is also encouraging that the values of the
model parameters (listed in Table 1) are within a physically
meaningful range. Finally, it is important to mention that the
model provides the same results (Figures 3 and 4) at different
coordination numbers, z, as long as the values of the following
products remain the same: ze, ze,, and ze,,.

Comparison with the Theory of Condensed Com-
plexes. The model of condensed complexes of cholesterol
and phospholipids developed by Radakrishnan and McCon-
nell' is closest to the model presented in this work. Both
models consider the same three components: (1) phospholipid,
(2) cholesterol (these components form the fluid phase), and
(3) condensed complex (that we call rigid cluster). Rigid
clusters represent a subset of condensed complexes, where g =
1. The model of condensed complexes applies the regular
solution theory, while our model uses the rather similar lattice
theory. The fundamental difference is that, on the basis of
experimental and molecular dynamics simulations, in our model
the excluded area interactions between the s and u units are
explicitly taken into account, while in the condensed complexes
model the components are considered as points and their
interactions are represented by three fitted model parameters:
a5 Q3 and a,;. These model parameters depend on the
composition of the condensed complex and should be fitted
again when the composition of the condensed complex is
changing. On the other hand the parameters in our model are
the same for any composition of the rigid clusters.

B CONCLUSIONS

The statistical mechanical model described above indicates that
phospholipid/cholesterol condensed complexes and sterol
superlattices are interrelated. The condensed complexes (rigid
clusters) are the “precursors” of sterol superlattices (aggregates
of rigid clusters), which occur at a later time. A rigid cluster is
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formed by a cholesterol molecule and phospholipid molecules
that are condensed to the cholesterol. Rigid clusters of similar
size tend to form closely packed aggregates, in which
cholesterol molecules are regularly distributed into super-
lattices. Our model rationalizes almost every critical sterol mole
fraction for superlattice formation and shows that a biphasic
change in membrane properties such as A,,, at the critical mole
fractions is plausible from the statistical thermodynamics point
of view. Using this model, the LG region of the phase diagram
can be considered as a mixture of fluid phase and superlattices
(aggregates of rigid clusters). The extent and type of superlattices
should vary with cholesterol mole fraction in a predictable,
nonmonotonic manner. Consequently, membrane properties
(e.g, phase diagram and membrane packing) and functions (e.g,
solute permeability and surface enzyme activities) should change
with cholesterol content in the same manner.
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