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A theoretical analysis of the effects of intrinsic molecules on the lateral density fluctuations in lipid bilayer membranes
is carried out by means of computer simulations on a microscopic interaction model of the gel-to-fluid chain-melting

phase transition. The il
(Cruzeiro-H: L. and Mouri

average cluster size, the lateral compressibility, and the

equilibrium structures of gel and fluid domains, which in previous work
0.G. (1988) Biochim. Biophys. Acta 944, 63—72) were shown to characterize the
transition tegmnolpnrellyld membranes, are here shown to be enh d by intrinsi leculs
Cholesterol is found to increase the interfacial area and to

suc!las
The interf:

in the interf:
area are calculated as

| area, the
of and

cholesterol concentration. It is shown that the enhancement by cholesterol of the lateral density fluctuations and the

lipid-domain interfacial area is most pronounced away from the transition temy ‘The implicati
are discussed in relation to passive ion permeability and funcion of interfacially active

Iniroduction

It is well-known experimentally [1] as well as theoret-
ically [2] that molecules which are intri lly incorpo-
rated in lipid bilayer membranes have a significant
effect on the macroscopic phase equilibria and the
lateral organization of the mixed system. This is particu-
larly true of integral proteins, which almost invariably
lead to massive phase separation [3]. In the case of
cholesterol, the effects are more subtle in that only a
very narrow phase separation region is observed up to
about 10 mol%, beyond which massive phase separation
sets in [4-7]. In contrast to the macroscopic phase
equilibria, much less is known quantitatively about the
actual microscopic lateral distribution of intrinsic mole-
cules in lipid membrane phases. This lack of informa-
tion is particularly striking with regard to the lateral
molecular distribution in transition regions where lipid
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membranes are known to be significantly influenced by
strong lateral density fluctuations, leading to equi-
librium inhomogeneous domain structures in the mem-
brane [8-13]. This is a very difficult problem to ap-
proach experimentally and, in most cases, the lateral
distribution has to be inferred indirectly from measure-
ments of bulk physical properties. Theoretically this is
not an easy problem either, since it is hard to analyze
theoretical models in terms of heterogeneous states and
thermal density fluctuations.

In this paper we describe the resulis of a theoretical
study of the effects of small intrinsic molecules on lipid
membrane fluctuations and interfacial properties. We
shall pay particular attention to hydrophobically smooth
intrinsic such as ch . The study in-
volves imulati on a mi pic model
which accounts for the lipid-lipid as well as lipid—in-
trinsic molecule interactions. The work is a natural
extension of our recent study of the temperature varia-
tion of the lipid-domain interfacial area in pure lipid
bilayers and its ion to passive ion
permeability [14). Computer simulations not only allow
macroscopic thermodynamic properties, such as phase
equilibria, lateral compressibility, specific heat and
membrane area, to be calculated, but also give direct
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access to the microstructure of the membrane system
[15]. Hence, information about clusters, interfaces and
lateral distribution of the intrinsic molecules can readily
be calculated. This is particularly advantageous regard-
ing the interpretation of indirect experimental measure-
ments of membrane organization and its relationship to
membrane function.

Model of phase transition and interactions between iipids
and intrinsic molecules

As the underlying microscopic model of the pure
lipid membrane gel-to-fluid phase transition we have
adopted the ten-state model of Pink and collaborators
[16]. This model takes full account of the acyl-chain
conformational statistics as well as the van der Waals
interactions between the various conformers. The model
has been useful in analyzing bulk thermody ic and
spectroscopic data for pnre llpld bllayers [17 18] as well
as for prot and
{4,18-21]. This paper describes the first use of the

model to g ly study the infl of intrinsic
molecul&s, snch as small proteins and cholesterol on the
and lateral i

In the ten-state model [16], it is the conformational
acyl-chain states and their that are responsibl
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quently, the total H
bilayer becomes

iltonian of the chol I-lipid
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In Eqn. 1, J, is the strength of the van der Waals
interactions. .%,; and %, are lhc occupatlon vanables
(=0, 1) of lipid and chol P 1y,
and IT is an internal lateral pressure which assures
bilayer stability. The cholesterol concentration is given
as xc = (L) /2= (L)

The model, Eqn. 1, of the mixed system contains
only one new parameter, I, relative to the pure lipid
bilayer model. I is determined by the requirement that
the phase di bles that of phosphatidylcho-
line/ cholesterol mixtures for x¢ up to about 10%, i.e.,
with a very narrow coexistence region and a modest

for the gel-to-fluid phase ition, which is pred:

freezing-point di [45]. A simple mean-field

nantly a chain-melting transition [22]. The model incor-
porates ten oonformanor.al states, of which one is the
fully ordered all-# ion and one is a highly
excited fluid state, which is characteristic of the high-
temperature thermodynamic fiuid phase (f). The eight

states cor d to intermediate chain con-
formati which with lhe 1! state are
h istic of the th d ! phase di

I suggests I = 0.45 to be a suitable choice. It
should be noted, however, that Eqn. 1 is not a realistic
model of lipid/ cholesterol mixtures beyond 8-10 mol%,
where phase separation sets in between either gel or
fluid lipid phases and a peculiar phase of high-
cholesterol content which is fluid but at the same time
has lipid chains of high conformational order [4,5]. In a
more realistic model, these peculiar properties of the
are ascribed to a subtle balance between

gel phase (g). Each of the ten states, n, is described by
a cross-sectional area, A4,,, an internal energy, E,,,
and an internal degeneracy, D,,. The values of the
various model parameters are the same as those used in
our previous study of the lipid-domain interfacial area
in the ten-state model of pure DPPC bilayers [14].

We shall here model the mteracuons between the
]lpld lecules and the intri les (for conveni-
ence hereafter called chol 1) in the simplest possi-
ble setting by assuming that cholesterol is a stiff, hydro-
phobically smooth molecule with no internal degrees ol‘
freed The molecule is assi| a cross

the limited solubility of cholesterol in the solid gel
phase and its preference of ordered acyl chains {4]. This
subtlety is neglected in the present work.

We have used Monte Carlo computer simulation
techniques [15] to determine numerically the statistical
mechanical and thermodynamic properties of the model
in Eqn. 1 with an annealed dilution of cholesterol. The
simulations are carried out on triangular lattices of
different sizes subject to periodic boundary conditions.
The results p d below are ined mainly for a
lattice of 1002 sites. Finite-size analyses show that

area, Ac=32 A? [23]. In the spmt of the form of
lipid-lipid interaction, which is given in terms of
shape-dependent nematic chain-order parameters,
I,(A,,), cholesterol is assigned a shape factor, I,
which, however, is constant. I is related to the van der
Waals i t the hydrophobic part of the
hol 1 mol and the cor ding part of a
lipid chain or another cholesterol molecule. Consc-

Y of this size represent the thermodynamic limit
as far as the properties considered in this paper are
concerned. Lipid and cholesterol molecules occupy two
and one lattice sites, respectively. Equilibrium for the
present model is provided by a combination of Glauber
and Kawasak: dynanucs [15] The Glauber dynamlcs
refer to singk
conserving the cholesterol concentration, refer to pair
exchange of lipid chains and cholesterol molecules.
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Phase diagram, membrane area and lateral compressibil-
ity

The phase diagram derived from a mean-field calcu-
lation for I =0.45 is shown as an inset in Fig. 1. It is
seen that the coexistence region is very narrow and
there is a modest freezing-point depression. The di-
agram is terminated by a critical end- point at xc =048.
The phase diagram has been din by
computer simulation for x-=0, 0.04, 008 012, 0.25
and 0.50. The two higher concentrations are included in
the study for the suke of completeness. We do not
expect that the results for these concentrations are
relevant in the case of cholesterol-containing mem-
branes.

The average cross-sectional area, A, per molecule of
the rmxture is shown in Fig. 1. It is noted that the

is broad ‘hythe of chol 1
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Fig. 2. Cross-sectional area, 4, , per lipid molecule versus temperature
for different cholesterol concentrations, xc.

In a temperature region below lhe transition there is,
h , a more p d rel hip b A
and x¢. A more clear picture of the effect 0

the chol 1 content i It should be em-
phasized that the effect of cholesterol on A, seen in
Frg. 2 |s a ﬂgmﬁcant result, since the simple

on the lipid is ob d by suppressing the
mere dilution effect on A. For that purpose, we have in
Fig. 2 plotted the cross-sectional area per lipid mole-
cule, A,_—(A xCAC)/ 1a- xc) which clearly shows
the p effect of chol

below the transition and a similar systematic con-
densation effect above the transmon This behaviour is
also reflected in the iables which show
that below the transition, cholesteml has a disordering
effect on the acyl chains and above the transition, the
acyl chains become more conformationally ordered as

lipid in Eqn. 1 is nonspecific
and operates only on the level of hydrophobic contact
interactions.

The isothermal lateral compressibility,

() =(2) = o)A~ @
which in the imul is readily Iculated
via the fl h layed in Fig. 3. x(T')

is a direct bulk measure of the lateral density fluctua-
tions. The pronounced peak in x(7) signals the chain-
meltmg tmnsmon, which in the pure system is strongly

fl d by th I fh [11]. The peak height
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Fig. 1. Cross-sectional area, A, per molecule of the mxxlule ploued 235305 3% 53 T TR
versus for different
inset shows the phase diagram as calculated by mean-field 1h=ory The TH
gel and fluid phases are denoted by g and f and the i Fig. 3. & ic plot of the i lateral
region by (g + f). The heavy dot denotes a critical end-point in the x(T), Eqn. 2, versus temperature for different cholesterol concentra-
phase diagram. tions, Xc.



is reduced as xc is i d. Ci ly, the com-
pressibility function broadens, which implies that,
J; the fl i are supp d near the phase
by the p of chol there is an

h of the fl away from the transi-

tion! This is a remarkable effect. The same effect is
observed for another fluctuation quantity, the specific
heat.

Since we observe no signs of a phase separation
within the resolution limits of the imulati
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As the temperature approaches the tr p
ture, cluster fc t more d and the
lateral or of the b b very
heterogeneous.

It is clear from Fig. 4 that the presence of cholesterol
induces larger and more ramified clusters. Furthermore,
cholesterol also seems to lead to clustering of the clus-
ters themselves and the resulting superclusters appear to
be ‘glued’ together by locally elevated levels of

we can associate the peak position of x(T) with the
transition point. It is then seen that the lati

hol l. The supercl ing effect more
pronounced as x¢ is increased. Even more striking is

results for the transition temperature are in close agree-
ment with the mean-field phase diagram of Fig. 1. We
have not attempted to locate the critical end-point by
the simulations. However, our results are consistent
with the critical point being somewhere in between
x¢=0.25 and 0.50.

H 2 b and cluster sizes

The mi pic ph which pany the
strong lateral density fluctuations near the phase transi-
tion are illustrated in Fig. 4, which gives a series of

pshots of the mi fi ion at T=312 K for
different chol 1 In ag with our
previous results for the pure system {10,11,14), it is
observed that the lateral density fluctuations near the
phase transition lead to an instantaneous heterogeneous
membrane structure where different domains can be
discerned. Below the transition, clusters of the fluid
phase are formed in the equilibrium gel phase; above
the transition, clusters of the gel phase are formed in
the equilibrium fluid phase. These clusters (or domains)
are not static entities but fluctuate in space and time.

T:313K

T=315K

the ki observation from Fig. 4 that the

hol 1 molecules have a y to cluster them-
selves and moreover to accumulate at the interface
b the lipid clusters and the backg d phase.
Hence the overall cholesterol distribution in the plane
of the membrane is at any given time not random. We
shall quantify this statement in the next section.

The lateral distribution of clusters is described by an
equilibrium cluster-size distribution function, nf(T, x¢)
(11], a =g, f, which we have calculated. n{ denotes the
number of a-clusters with / lipid molecules. For con-

i we have excluded the chol | molecules in
the cluster-size measure. The average cluster size, /, is
then obtained as

KT xc)= ¥ (T, xc)/ L n§(T.nc) ()]
e 121,

where a=f in the gel phase and a=g in the fluid
phase. In the summations of Eqn. 3 we have introduced
2 lower cut-off in cluster size, /., to exclude very small
‘clusters’ [11]. In Fig. 5 we present the results for (T,
x¢)- The figure shows that the sharp peak in / for the
pure system [14] loses its intensity in the centre as xc is
increased. The position of the centre remains close to

N =100? lattice sites and hence (1~ x)N/(2— x) and xN/(2— x) lipid and cholesterol molecules, respectively. The fluid clusters at 7=313 K
appear as grey regions on the black background of the gel phase. At 7 =315 K, the gel clusters appear as black regions on the grey background of
the fluid phase. The cholesterol molecules are denoted by blank sites.
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Fig. 5. Average dus!er slz: KT. x,;) Eqn. 3, as a function of
and ch xc- I denotes the number
of lipid molecules in the average-sized cluster. The lower cut-off in
this figure is chosen 1o be 1 =3 lattice sites, ie., three acyl chains.
As discussed in Ref. 14 the effect of increasing /. is to narrow the
peakin I.

cial area and the lateral ity of the b
are |Ilustraled quahtauvcly in Fig. 6. Thls figure shows
as a function of chol and p
ture how dramatically cholesterol induces larger and
more ramxﬁed clusters on both s;des of the transition.
Chol I's peculiar effect of i clusters of clus-
ters is also evident from Fig. 6, an effect which clearly is
enhanced as x¢ is increased. A careful inspection of the
shapshms in Fig. 6 also reveals the tendency for

1o late in the lipid-d ip interfaces.
These h li will be quanti-
fied in the following.

This pariitioning of the membrane is most conveni-
ently described quantitatively by the relative amounts
of the meinbrane area in the three regions, specifically
the fractional areas, ay,, a. and a; of the bulk, the
clusters and the interface. Fig. 7 shows the fractional
interfacial area, a;, as a function of temperature for
different cholesterol concentrations *. We observe that
a; has a pronounced maximum slightly above the phase
transition **. Furth as xc is i d, there is
a monotonic increase in a; for all temperatures. This
ﬁndmg of an increase in lhe interfacial area as cholestrol

the ition for all i As I d

close to the ition, there is a i i

of I away from the transition. This is a rather remarka-

ble result which, in analogy with the results for the

]alefa! compmsswl]ny and the specific heat, suggest that
the fl ions and the cluster-

formation phenomena in the wings of the transition.

However, closer inspection of Fig. 5 shows that such an

enhancement takes place only up to a certain chok

duced in the lipid bilayer system is the main

result of the present paper. Similar to the fractional
interfacial area, also the fractional cluster area, a. in
Flg. 7, exhibits 2 maximom near the tranﬂucm and a.
for all temp as x¢ is d Con-
comitantly with the maxima in a; and a, the fractional
bulk area, ay, in Fig. 7, hasaoompensaﬁngminimum
near the transmm The quantities ay,, a., and a; are

concentration somewhere above xc=025. At xc=
0.50, the average cluster size has come down again. This
is anolher indication that the critical end-pomt, cf. Fig.
l,isin b these two

Interfacial area and lateral distribution of cholesterol

In order to provide a quanmame characterization of
the b lateral org ion we have divided the
membrane area into three : the bulk, the clust
and the interface between the clusters and the bulk.
Ambiguities in the measure of the interfacial area are

ided by defining the interface as the set of lattice
points in the model which confines the clusters. This
definition conforms with that used in Ref. 14 for the
first interfacial layer. A second interfacial layer may
similarly be defined by those lattice points which con-
stitute the confinement of the cluster plus the first
interfacial layer. The interfacial area is then simply
taken as the sum of the areas of the lipid acyl chains
and cholesterol molecules which occupy the lattice sites
of the first interfacial layer.

The conspicuors effects of cholesterol on the interfa-

ity.
The fractional interfacial area in Fig. 7 has contribu-
tions from lipid as well as cholesterol molecules. These
two contributions, a;; and a;c, are presented separately
in Figs. 8 and 9. These figures show that, at the transi-
tion for low cholesterol concentrations, there is hardly
any change in a@; when cholesterol is introduced,
whereas a;; increases steadily with xc at temperatures
away from the transition. In contrast, a;c increases with
x¢ at all temperatures.
Tlns is a notewmhy set of results which show that
the lipid-domain interfacial area
and that the lipid part of th:s increase is most dramatic
away from the transition region. This is clearly demon-

for lations of the passive ion permaabxl—

* For the interfacial measures we have in the cluster definition
adopted a . wer cut-off of /. =14 chains corresponding to seven
lipid molecules in. for example, a hexagon. This somewhat arbi-
trary choice conforms with the choice of Ref. 14 and facilitates
comparison with previous results.

** There is no reason to expect that a; should peak right at the
transition, since there is not a g+ f symmelry in the ten-state
model and the g and f cluster distribution functions do not
become identical as the transition is approached from either side
1,14}



Fig. 6. Snapshots of microconfigurations typical of a variety of

i x¢. and
solid network) and the cholesterol distribution (O) are shown.

strated in Fig. 10, which shows the excess fractional
interfacial area
af"(xc) = a(xc)—anlxc=0) 4)

which simply measures the change due to cholesterol in
the lipid part of the interfacial area relative to the pure
system. The characteristic dip in a{f** in the transition
region will have important consequences for membrane

pt which p d via lipid molecules at inter-
faces. We shall return to this in the next section when
we discuss the influence of cholesterol on passive ion
diffusion across membranes.

it is obvious from the results presented in this sec-
tion, see Figs. 7-10, that the membrane heterogeneity is
altered when cholesterol is introduced into the system.
At any given time, the cholesterol molecules are not
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Fig. 7. Fractional bulk area, a,, fractional cluster area, 4., and
fractional interfacial area, a;, as a function of temperature for differ-
ent cholesterol concentrations, xc-.

domlv dictrib

d in the b but there is a
clear y for ch to it in the
interfacial region. This tendency is substantiated in Fig.
11, which gives the results for the ratio between the
cholesterol concentration in the interface and the
cholesterol concentration in the bulk. The level of
cholesterol in the interfaces is more than twice that of
cholesterol in the bulk. Fig. 11 also shows that there is a
slight decrease of this ratio as xc is increased and that
the ratio also seems to decrease slightly with tempera-
ture.

Finally, we have analyzed the second interfacial layer
and found that the properties of this layer are the same

L T 1 T T
0.2 ]
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0.1 e
O o : ; T T T
300 305 3i0 315 320 235

330
T[]
Fig. 8. Lipid part, a;; . of the fractional interfacial area, a;, cf. Fig. 7.
as a function of for different i

xc.
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Fig. 9. Cholesterol part. a;c. of the fractional interfacial area. a;. cf.
Fig. 7, as a function of for different chol 1 con-
centrations, xc.
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Fig. 10. Excess fractional interfacial area. af™* in Eqn. 4, of the
lipid part of the interface as function of temperature and cholesterol
concentration. xc.
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variation of the fractional interfacial area, cf. Fig. 7 at
x¢ =0. This analysis was built on a kind of minimal
model for ion permeability, which assumed that the
fractional areas, a,, a. and a; are associated with
different regional probabilities of transfer, py,, p,, and
Pi» Pi>> Py, p.. The probabilities of transfer are as-
sumed to be independent of temperature so the temper-
ature-dependence remains solely with the fractional
areas. Here we shall generalize this model to apply to
membranes with intrinsic molecules, such as chol

by writing the probability, P(T, x¢), of an ion crossing
the b as

300 305 310 315 330 325 330

TIK|
Fg. 11. Ratio, a;c /a,, between the dlolesmol concentration in the
and the in the bulk for different

global cholesterol concentrations, xc.

as in the bulk. Specifically, the local cholesterol con-
centration is down to that characteristic of the bulk
phase. Hence, we conclude that the special interfacial
properties are sharply localized to basically a single
molecular layer.

It should be pointed out that the heterogeneous and

PT. x¢) =ap(T. xc)pp + au(T. xc)pe+ aul T xc)pi
+aclT. xc)pie ©)

In Eqn. 6 we have introduced a special regional prob-
ability of transfer, p., associated with cholesterol in
the interface. For simplicity we shall assume that p,c =
Py, below the phase transition. Hence, there are no new
parameters to be determined relative to the model for
pure lipid bilayers. The values of p,. p., and p; are
taken to be the same as those used for the pure system
14}

To facilitate a direct comparisox between the theoret-

highly non-random distribution of chol

in this section only exists on a time scale corresponding
to the lifetime, 7, of the average cluster. If the mem-
brane system is observed on time-scales which are much
longer than 7, the membrane organization will appear
as homogeneous.

Membrane phenomena at lipid-domain interfaces: pas-
sive ion permeability

There are a number of examples of membrane phe-
nomena which are believed to take place in association
with lipid-bilayer density fluctuations and the forma-
tion of lipid-domain interfacial regions. Among these
phenomena are passive permeation of for example, ions
and molecules [14,24-28] and activity of certain mem-
brane-bound enzymes [29), such as phospholipase
[30-32}. These functional exhibit a variati
with temperature which clcsely resembles that of the
average cluster size, Eqn. 3, or the specific heat [8,14]. It
is obvious that interf: tive intrinsic molecules, such
as the one studied in the present work, which change
the interfacial area, must influence the membrane phe-
nomena controlled by density fluctuations and which
take place in the interfacial region.

The passive permeability of small ions, such as Na*,
is a phenomenon which has been related to the interfa-
cial area [14,24,2527]. In a recent analysis [14] we
showed that the experimental finding of a sharp peak in
the Na* permeability at the phase transition of pure
lipid bilayers can be rationalized via the temperuture

ical predicti for the passive ion .ermeability, we
calculate the quantity 14}

R'(T. xc) = A(T. x¢) " V*TV2P(T, xc) ®)

which we shall refer to as the reduced permeability. R’
is proportional to the logarithm of the fraction of ions
which would be retained in a liposome, cf. Ref. 14.
Since the full expression for the permeability involves
some unknown constants, which usually are avoided in
the comparison with experiments by taking the ratio of
permeability at some temperature relative to that of
some fixed temperature {14,24], we are unable to com-
pare the theoretical results for different values of x via

330
T[]
Fig. 12. Reduced permeability, R’ (T) Eqn. 6. of Na* ions in lipo-
somes as a function of ion, Xc-
R'(T)is given in arl'mrary units.
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R’ and, at the same time, perform a comparison with
experimental results. Since there are no available data

ol .

area per lipid Ay, can be obtained indirectly
from 2H-NMR experiments which measure the ﬁrst

for ion permeability in t with low
content, we present our data in terms of R’, Eqn. 6, and
refer to Ref. 14 for a comparison with the experimental
results in the case of a pure lipid membrane.

In Fig. 12 are given the theoretical data for the
reduced ion permeability R'(T, xc). We note that R’
has a sharp peak near the transition temperature. The
centre intensity does not change very much wnth Xc»
whereas the intensity away from the t i

M, of the quadmpolar splmlng [5.6]. Ml

be related app 1y to the

{35] and hence to the membrane area, assuming the
membrane volume to be constant. The experimental

data for M, vs. temperature and x¢ are in qualitative

d with the th 1 data of Fig. 2, even at

high concentrations.
The lateral lsothermal compressibility, x(7T), has
been b hnics for DMPC/

as xc is raised. This behaviour simply reflects the
variation of the lipid part of the fractional interfacial
area in Fig. 8. Hence, we conclude that cholesterol
enhances the passive ion permeability away from the
transition, but leaves it almost unchanged at the transi-
tion.

Comparison with experiments

prld/cholesteml mixtures are some of the most

ly studied sy in the p 1 chemistry of

model membranes (for a recent revww see for example
Ref. 33). It is remarkable thal only recently has a
been ding the phase

equilibria in such systems [5-6] and the interpretation
of the phase equilibria in terms of molecular properties
41 R ding the actual ization and lateral micro-
scopic di: ion of chol 1 in t the
situation is less clear. Most workers have d

Yy
cholesterol membranes [34] and it was found that x(7T)
decreases with x for high concentrations, in agreement
with Fig. 3. The subtie effects found theoretically at low
concentrations are oulsmle the resolution limits of the
present type of compressibility It should
be noted that our model sludy in no instance shows an

of the p ility at the ition as
X is increased. This is mumately related to our basic
about the chol lecules being mo-

bile (annealed dilution) in the membrane. A previous
phenomenologlcal study by Jihnig [36], who assumed
that the intri are
dilution), led to an enhancement of x(T ) as xc¢ is
increased, in contradiction to experimental findings [34).
It is experimentally very dlfﬁmxlt to assess directly
the p of I B and
clustet-formauon P The main evid for
cluster formation in membranes near their phase transi-
tion theref derives from indirect measurements

'y

on the regime of high-cholesterol contents (10-50 mol%)
and there are very little data available in the region of
the phase diagram (up to 10 mol%) where the phase
separation effects are marginal in the case of DPPC. In
this section we shall discuss our findings in this work in
relation to a variety of experimental results. It should be
emphasnzed agam that the model underlymg our results

{8.13,37]. Specifically, Freire and Biltonen [8] have used
calorimetric data to determine the cluster-distribution
function wn.hout assummg a pamcular model of the

chain-mel g this
to lipid-cholesterol membranes. beanng in mind the
specific-heat as a function of c

tion for small x [6,38,39], we suggest that our finding
of larger clusters away from the transition temperature,
d: with the i | broad-
ening of the specific heat for x¢ < 10 mol%. For com-

is only exy dtobeaq ly realistic model of
hol Hipid b for chok )| cf. Fig. 5,isin
tions up to about 10 mol%. Still, some of the results for
higher may be litativel for
the i ion of The model Icul:

tions were carried out fox a set of model parameters
pertinent to DPPC bilayers. However, we expect that
the conclusions drawn will apply to phosphatidylcholi

pl it should be noted that a theoretical descrip-
tion of the broad, second component of the specific
heat observed experimentally at higher values of x¢
requires a model which takes account of both chain-
conf 1 as well as crystalline degrees of freedom

membranes in general.

Chol I's well-known effect below the
transition and condensing effect above the transition
[33] are closely reproduced by Fig. 2. It should be noted
that these effects may not be visible in the total mem-
brane area, Fig. 1, due to the mere dilution effect. The
total area, A, can be obtained by micromechanic mea-
surements [34} which do not, however, lead to an ab-
solute determination of the area. The results in Fig. 1
are in good with recent of
relative areas of DMPC/ cholesterol bilayers [34]. The

(Ipsen, J.H., Mouritsen, O.G. and Zuckermann, M.J,,
unpublished data).

We are not aware of any experimental data for
pass:ve ion permeability i in the low-concentration reg-
ime. For high-chol the experi-
mental show [24], in with Fig.
12, that the permeability is lowered in the presence of
50 mol% cholesterol. As pointed out in our earlier work
[14], the occurrence of interfacial regions in membranes
may also sti per of other lecul
species. The experimental finding of a lowered water




+

per ion in large of
chol&sterol 28,41} is in accordance with our results
Similarly, our qualitative results for high
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4, 6 and 7) are, as pointed out in our earlier work
[10,14), stabilized by the intermediate lipid-chain con-

are in line with general expectations of cholesterol being
a main molecular species to assure high mechanical
coherence and low leakiness [34,35).

It was recently reported that small amounts of
cholesterol enhance the mobllny of certain spin-labels
in b {42). The enh d mobility was related
to chol&steml's abdxty lo slabxhze defect lines [43]. Our
finding of an i 1 area in the p

formations which are d to the interface *. Hy-
drophobically smooth intrinsi lecules, such as
cholesterol, which have no special preference (at low
concentrations) to any of the two lipid phases are also
attractes to this interface. We therefore find it remarka-
ble that the cholesterol level is about twice as high in
the interfacial region as in the bulk (cf. Fig. 11). At the
same time, cholesterol induces a larger and more rami-
fied interface (cf. Fig. 6).

of cholesterol gives further support to this interp
tion. Moreover, it is interesting to note that a similar
stabilization and ramification of interfacial regions due
to cholesterol has been observed directly in lipid mono-
layers by means of epifluorescence microscopy [44].
Expenmem.al studies of the kinetic propemes of

The physical reason for chol I’s d ic effects
on lipid-membrane interfacial properties is that
cholesterol lowers the interfacial tension for the mixed
system. This may also provide an explanation of the
subtle temperature-dependence of these effects, cf. Figs.
8-11, which show that the relative effect of cholesterol

lipid bilay in the
region have been interpreted in terms of cluster forma-
tion [37,38]. It was then found that cholesterol at 7.5
mol% the b P leading to
cluster formation at the transition, but with a tendency
to enhance these processes away from the transition

[37]. This is in with our p cf. Fig.
5. At higher-chol i ions, the kinetics as-
sociated with the cooperative cluster-formation
p are strongly suppressed [37].

Some d with mem-

branes are believed to be controlled by interfacial prop-
erties. A particularly striking example is that of pan-
creatic phospholipase for which it is known that hydrol-
ysts only occurs in the transition region {30]. The rate of
jon varies gly with and it
changes two orders of magnitude within 1°C of the
phase transition [31] Tlus observation has been linked
to the lipid: ions and the fa
of a particular interfacial which supports
the active conformation of the enzyme. In the presence
of cholate, which has a stiucture very similar to that of
cholesterol, it was found [32] that small amounts of
cholate strongly increase the rate of activation away
from the phase transition. This is consistent with the
that cholate i the interfacial area.

Conclusions

The lipid-memt and in-
terfacial properties described i in this paper were denved
from first principl i

at low ations is largest away from the transition
temperature and that the effect at the very transition is
very small. Considering that the lipid chain-melting
transition is strongly influenced by lateral density
fluctuations of a type which gives rise to pseudo-critical
phenomena [11], which in turn lower the interfacial
tension, one would expect that, close to the pseudo-crit-
ical point, mmnsnc molecules would have littlc effect on
the b B y, in with our
findi Obviously, this expl: is only approp

at low concentrations, where the strong lateral density
fluctuations remain independent of cholesterol content,
cf. Fig. 3.

The various results presented in this paper suggest
that there are a number of interesting mterfacnal proper-
ties and fl induced in lipid mem-
branes by small amounts of cholesterol, and that it may
be worthwhile extending the experimental carefully
studied concentration regime, of, for example, passive
ion permeability, to include concentrations below 10
mol%, where the effects due to lateral phase separation
are negligible.
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