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Intrinsic molecules in lipid membranes change the lipid-domain 
interfacial area: cholesterol at domain interfaces 
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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 inhomogeneous equilibrium structures of gel and fluid domains, which in previous work 
(Cruzeiro-Hansson, L. and Monritsen, O.G. (1988) Biochim. Biophys. Acta 944, 63-72) were shown to characterize the 
transition region of pure lipid membranes, are here shown to be enhanced by intrinsic molecules such as cholesterol. 
Cholesterol is found to increase the interracial area and to accumulate in the interfaces. The interfacial area, the 
average duster size, the lateral compressibility, and the membrane area are ,~adculated as functions of temperature and 
cholesterol concentration. It is shown that the enhancement by cholesterol of the lateral density fluctuations and the 
lipid-domain interracial area is most pronounced away from the transition temperature. The implications of the results 
a r e  discussed in relation to passive ion permeability and function of interfacially active enzymes such as phosphulipase. 

lnb'oducfion 

It is well-known experimentally [1] as well as theoret- 
ically [2] that molecules which are intrinsically 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 inhomogeneons 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 results 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 molecules, such as cholesterol. The study in- 
volves computer simulations on a microscopic 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 relation to passive transmembrane 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 microstrncture 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 ol 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 aeyl-chain 
conforrnational statistics as well as the van der Waals 
interactions between the various conformers. The model 
has been useful in analyzing bulk thermodynamic and 
spectroscopic data for pure lipid bilayers [17,18] as well 
as for protein- and cholesterol-containing bilayers 
[4,18-211. This paper describes the first use of the 
model to quantitatively study the influence of intrinsic 
molecules, such as small proteins and cholesterol, on the 
membrane fluctuations and lateral organization. 

In the ten-state model [16], it is the conformational 
aeyl-chain states and their statistics that are responsible 
for the gel-to-fluid phase transition, which is predomi- 
nantly a chain-melting transition [22]..The model incor- 
porates ten conformationai states, of which one is the 
fully ordered ail-trans conformation and one is a highly 
excited fluid state, which is characteristic of the high- 
temperature thermodynamic fluid phase ( f ) .  The eight 
remaining states correspond to intermediate chain con- 
formations, which together with the all-trans slate are 
characteristic of the thermodynamic low-temperature 
gel phase (g). Each of the ten states, n, is described by 
a cross-sectional area, ALn, an internal energy, ELn, 
and an internal degeneracy, Dt.~. The values of the 
various model parameters are the same as those used in 
our previous study of the lipid-domain interracial area 
in the ten-state model of pure DPPC bilayers [14]. 

We shall here model the interactions between the 
lipid molecules and the intrinsic molecules (for conveni- 
ence hereafter called cholesterol) in the simplest possi- 
ble setting by assuming that cholesterol is a stiff, hydro- 
phobically smooth molecule with no internal degrees of 
freedom. The molecule is assigned a cross-sectional 
area, Ac = 32 ,gJ 123]. In the spirit of the form of 
lipid-lipid interaction, which is given in terms of 
shape-dependent nematic chain-order parameters, 
ILn(Atn), cholesterol is assigned a shape factor, I c, 
which, however, is constant. I c is related to the van der 
Waals interaction between the hydrophobic part of the 
cholesterol molecule and the corresponding part of a 
lipid chain or another cholesterol molecule. Conse- 
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quently, the total Hamiltonian of the cholesterol-lipid 
bilayer becomes 
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in Eqn. 1, Jo is the strength of the van der Waals 
interactions. ~ , .  and Zac~ are the occupation variables 
( = 0, 1) of lipid and cholesterol molecules, respectively, 
and H is an internal lateral pressure which assures 
bilayer stability. The cholesterol concentration is given 
as x c = (&°c,)/(2 - (.£ac,)). 

The model, Eqn. 1, of the mixed system contains 
only one new parameter, 1 c, relative to the pure lipid 
bilayer model, lc  is determined by the requirement that 
the phase diagram resembles that of phosphatidylcho- 
line/cholesterol mixtures for x c up to about 10%, i.e., 
with a very narrow coexistence region and a modest 
freezing-point depression [4,5]. A simple mean-field 
calculation suggests lc  = 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 
phase diagram are ascribed to a subtle balance between 
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 sim/dation 
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 presented below are obtained mainly for a 
lattice of 1002 sites. Finite-size analyses show that 
systems 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 Kawasaki dynamics [15]. The Glauber dynamics 
refer to single-chain excitations. Kawasaki dynamics, 
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- 
i ty 

The phase diagram derived f rom a mean-field calcu- 
lation for I c = 0.45 is shown as an inset in Fig. 1. I t  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 x c = 0.48. 
The phase diagram has been scanned in temperature by 
computer  s imulat ion for x c = 0, 0.04, 0.08, 0.12, 0.25 
and 0.50. The two higher concentrations are included in 
the study for the s',ake 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 mixture is shown in Fig. 1. I t  is noted that  the 
transition is broadened by the presence of cholesterol 
and at  most  temperatures A decreases as x c increases. 
In a temperature region below the transit ion there is, 
however, a more ocmplicated relationship between A 
and x c. A more clear picture of the effect of cholesterol 
on the l ipid membrane is obtained by suppressing the 
mere di lut ion effect on A. For  that  purpose, we have in 
Fig. 2 plotted the cross-sectional area per  l ipid mole- 
cule, A L = ( A - x c  A c  ) /  ( 1 -  Xc), which clearly shows 
the expected systematic expansion effect of cholesterol 
below the transition and a similar  systematic con- 
densation effect above the transition. This behaviour is 
also reflected in the microscopic variables which show 
that  below the transition, cholesterol has  a disordering 
effect on the acyl chains and above the transition, the 
acyl chains become more conformationally ordered as 
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Fig. l. Cross-sectional area, A, per molecule of the mixture plotted 
versus temperature for different cholesterol concentrations, x c. The 
inset shows the phase diagram as calculated by mean-field theory. The 
gel and fluid phases are denoted by g and f and the coexistence 
region by (g +f) .  The heavy dot denotes a critical end-point in the 

phase diagram. 

. . . .  ' ' ' 6 

o . o s  

s.' y X c  

5 0  

a S  

I 

. . . .  ; ,  4, 3:o ,;4 4, ,;= 3', '~iKI 
Fig. Z Cross-sectional area, AL. per lipid molecule versus temperature 

for different cholesterol concentrations, x c. 

the cholesterol content  increases. I t  should be em- 
phasized that  the effect of cholesterol on A L seen in 
Fig. 2 is a significant  result, since the s imple 
l ip id-choles terol  interaction in Eqn. 1 is nonspecific 
and operates only  on the level of hydrophobic contact  
interactions. 

The isothermal lateral compressibility, 

x(T)= -( ~ ) = (kBT)-n((A2)-(A} 2) (2) 

which in the computer  s imulat ions is readily calculated 
via the f luctuation theorem, is displayed in Fig. 3. x ( T )  
is a direct bulk  measure of the lateral density fluctua- 
tions. The pronounced peak in x ( T )  signals the chain- 
melt ing transition, which in the pure system is strongly 
influenced by thermal  fluctuations [11]. The pezdc height 
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Fig. 3. Semi-logarithmic plot of the isothermal lateral compressibility, 
x(T), F.qn. 2, versus temperature for different cholesterol concentra- 

tions, Xc. 



is reduced as x c is increased. Concomitantly,  the com- 
pressibility function broadens, which implies that,  
whereas the fluctuations are suppressed near the phase 
transition by the presence of cholesterol, there ~s an 
enhancement of the fluctuations 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 l imits of the computer  simulation, 
we can associate the peak position of x ( T )  with the 
transition point. I t  is then seen that  the simulation 
results for the transition temperature are in close agree- 
ment with the mean-field phase diagram of Fig. 1. We 
have not a t tempted to locate the critical end-point  by 
the simulations. However, our  results are consistent 
with the critical point  being somewhere in between 
x c = 0.25 and 0.50. 

Heterogeneous membrane structure and dus te r  s i z e s  

The microscopic phenomena which accompany the 
strong lateral density fluctuations near the phase transi- 
tion are i l lustrated in Fig. 4, which gives a series of 
snapshots of the microconfiguration at  T =  312 K for 
different cholesterol contents. In agreement 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 :he fluid 
phase are formed in the equil ibrium gel phase; above 
the transition, clusters of the gel phase are formed in 
the equil ibrium fluid phase. These clusters (or domains)  
are not  static entities but  fluctuate in space and time. 
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As the temperature approaches the transition tempera- 
ture, cluster formation becomes more dominant  and the 
lateral organization of the membrane becomes 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 superchisters appear  to 
be 'glued'  together by locally elevated levels of 
cholesterol. The superchistering effect becomes more 
pronounced as x c is increased. Even more striking is 
the quali tat ive observation from Fig. 4 that  the 
cholesterol molecules have a tendency to cluster them- 
selves and moreover to accumulate at  the interface 
between the l ipid clusters and the background 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 distr ibution of clusters is described by an 
equil ibrium cluster-size distr ibution function, n~(T, Xc) 
[11], a = g, f ,  which we have calculated, n~ denotes the 
number  of a-clusters with l lipid molecules. For  con- 
venience we have excluded the cholesterol molecules in 
the cluster-size measure. The average cluster size, I, is 
then obtained as 

l iT ,  x c) = ~ InTtT, x c ) /  ~ nTtT, nc) t3) 
i~ i~  i~ i~  

where a = f  in the gel phase and a = g  in the fluid 
phase. In the summations  of Eqn. 3 we have introduced 

!ower c~.~_*_-off in cluster  size, I < ,  to exclude very small 
"clusters" [11]. In Fig. 5 we present the results for I(T, 
Xc). The figure shows that  the sharp peak in i for the 
pure system [14] loses its intensity in the centre as x c is 
increased. The posit ion of the centre remains close to 
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Fig,. 4. Snapshots of microconfigurations typical for T= 313 and 315 K for a series of cholesterol concentrations, x c. The system contains 
JV = 1002 lattice sites and hence (1 -- x)N/(2 - x) and xN/(2 -- x) lipid and cholesterol molecules, respectively. The fluid clusters at T -  313 K 
appear as grey regions on the black baekgrouad of the gel phase. At T = 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. Avenge cluster size. i(T. x c)  Eqn. 3. us a function of 
temperature and cholesterol concentration, x c. J denotes the number 
of lipid moiectdes in the average-sized cluster. The lower ent-off in 
this figure is chosen to be I ~ = 3 lattice sites, i.e.. three acyl chains. 
As discussed in ReL 14 the effect of increasing I < is to narrow the 
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the  t ransi t ion for  all  concent ra t ions .  As J decreases  
close to  the t ransi t ion,  there is a concomi t an t  increase 
o f  i away  f rom the  t ransi t ion.  This  is a r a the r  r emarka -  
ble result  which,  in ana logy  wi th  the results for  the  
lateral  compressibi l i ty  a n d  the specific heat ,  suggest  tha t  
cholesterol  enhances  the  f luctuat ions  a n d  the  cluster-  
fo rmat ion  p h e n o m e n a  in the wings  o f  the t ransi t ion.  
However ,  c loser  inspect ion o f  Fig.  5 shows tha t  such  a n  
enhancemen t  takes place on ly  u p  to  a cer ta in  cholesterol  
concen t ra t ion  somewhere  above  X c = 0 . 2 5 .  A t  X c =  
0.50, the average cluster  size has  come  d o w n  again .  This  
is ano the r  indica t ion  tha t  the cri t ical  end-poin t ,  cf. Fig.  
1, is in between these two concentra t ions .  

Interracial  a rea  and  lateral  distn2mtion of  cholesterol  

In o rder  to  provide  a quant i ta t ive  charac ter iza t ion  o f  
the  m e m b r a n e  lateral  organiza t ion  we have  divided the  
m e m b r a n e  a rea  in to  three regions:  the bulk ,  the  clusters,  
a n d  the interface between the clusters a n d  the bulk.  
Ambigui t ies  in the  measure  o f  the  inteffacia l  a rea  a re  
avoided  b y  de fming  the  interface as the set o f  latt ice 
po in t s  in the  model  which  confine., the clusters.  This  
defini t ion con fo rms  with tha t  used in Ref. 14 for  the  
first  interfacial  layer. A second interracial  layer  m a y  
similarly b e  def ined b y  those lattice poin ts  which  con-  
s t i tute the conf inement  o f  the cluster  p lus  the first 
interracial  layer. The  interracial  a rea  is then s imply 
t aken  as the  sum of  the meas  o f  the lipid acyl  cha ins  
a n d  cholesterol molecules which  occupy  the lat t ice sites 
o f  the first interfacial  layer. 

The  conspicuous  effects of  cholesterol  on  the interfa-  

cial a rea  a n 0  the lateral  heterogenei ty  o f  the  m e m b r a n e  
a re  i l lustrated qual i ta t ively in Fig. 6. This  f igure shows 
as a func t ion  o f  cholesterol  concen t ra t ion  a n d  tempera-  
tu re  how dramat i ca l ly  cholesterol  induces la rger  a n d  
more  ramif ied  clusters  o n  bo th  sides o f  the t ransi t ion.  
Cholesterol ' s  pecul ia r  effect  o f  induc ing  clusters o f  clus- 
ters is a lso  evident  f r om Fig.  6, a n  effect  which  clearly is 
enhanced  as  x c is increased.  A careful  inspect ion o f  the 
shapshots  in Fig.  6 a lso  reveals the  tendency  for  
cholesterol  to  accumula t e  in the  l ip id-domaiu  interfaces.  
These  s o m e w h a t  qual i ta t ive  s ta tements  will be  quan t i -  
fied in  the  fol lowing.  

Th i s  pa r t i t ion ing  o f  the  m e m b r a n e  is mos t  conveni-  
ent ly  descr ibed  quant i ta t ive ly  b y  the  relative a m o u n t s  
o f  the  m e m b r a n e  a rea  in the  three regions,  specifically 
the  f rac t ional  a reas ,  ab ,  a c a n d  a t o f  the  bulk ,  the  
clusters a n d  the  interface.  Fig.  7 shows the f ract ional  
interracial  areR, a i ,  as  a func t ion  o f  t empera tu re  for  
different  cholesterol  concen t ra t ions  *. W e  observe  tha t  
a i has  a p r o n o u n c e d  m a x i m u m  slightly above  the phase  
t rans i t ion  **.  Fur the rmore ,  as  Xc is increased,  there is 
a m o n o t o n i c  increase  in a t for  all temperatures .  This  
f m d i n g  o f  a n  increase  in the  i n t e r f ada l  a rea  as cho lesuo l  
is in t roduced  in  the  l ipid bi layer  sys tem is the  ma in  
result  o f  the  presen t  paper .  Similar  to  the f ract ional  
in terfacia l  a rea ,  a lso  the  f ract ional  c luster  area ,  a c in 
Fig.  7, exhibi ts  a m a x i m u m  near  the t ransi t ion a n d  a c 
increases  for  all  t empera tures  as  x c is increased.  Con -  
comi tan t ly  wi th  the  m a x i m a  in  a i a n d  a c the f rac t ional  
bu lk  a rea ,  a b in Fig.  7, has  a compensa t ing  m i n i m u m  
nea r  the  t ransi t ion.  The  quant i t ies  ab ,  ac ,  a n d  a t a re  
impor t an t  for  ca lcula t ions  o f  the  passive ion permeabi l -  
ity. 

The  f rac t ional  interfaO.al a rea  in Fig.  7 has  con t r ibu-  
t ions  f rom l ipid as  well as  cholesterol  molecules. These  
two  c~.ntributions, a l l  a n d  a i c ,  a re  presented  separa te ly  
in Figs. 8 a n d  9. These  t igures  show that ,  a t  the t ransi-  
t ion for  low cholesterol  concent ra t ions ,  there is ha rd ly  
a n y  change  in  OiL when  cholesterol  is in t roduced ,  
whereas  a l l  increases  s teadily wi th  x c a t  t empera tures  
away  f rom the  t ransi t ion.  In  cont ras t ,  a ~  increases wi th  
x c a t  all  t empera tures .  

Th i s  is a no t ewor thy  set o f  results which  show tha t  
cholesterol  increases  the f ip id-domain  interracial  a rea  
a n d  t ha t  the  l ipid p a r t  o f  this  increase is mos t  d r a m a t i c  
a w a y  f rom the t rans i t ion  region.  This  is clearly demon-  

• For the interracial measures we have in the cluster definition 
adopted a ~v~ver cut-off of 14 =14 chains corresponding to seven 
lipid molecules in. for example, a hexagon. This somewhat arbi- 
trary choice conforms with the choice of ReL 14 and facifitates 
comparison with previous results. 

** There is no ~ to expect that a i should peak tight at the 
transition, since there is not a g*-,f  symmetry in the ten-state 
model and the g and f cluster distribution functions do not 
become identical us the transition is approached from either side 
111,141. 
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Fig. 6. Snapshots of m i c ~ f i g u r a t i o n s  typical of a variety of cholesterol concentrations, x c ,  and temperature. Only the interracial regions (the 
solid network) and the cholesterol distribution (o )  are shown. 

strated in Fig. 10, which shows the excess fractional 
interracial area 

a~LceSS(Xc) = aiL(XC)-- aiL(X c = 0) (4) 

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

phenomena which proceed 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 bu l k  area. ab, fractional cluster area. a c, and 
fractional interracial area, al, as a function of temperature for differ- 

cat cholesterol concentrations, x c. 

r andomly  dis t r ibuted in the membrane ,  bu t  there is a 
c lear  t endency  for  cholesterol to accumula te  in the 
interfacial  region. This  tendency  is subs tan t ia ted  in Fig. 
11, which gives the results for  the ra t io  between the 
cholesterol concen t ra t ion  in the interface a n d  the 
cholesterol  concen t ra t ion  in the bulk.  The  level o f  
cholesterol  in the interfaces is more  than  twice tha t  o f  
cholesterol  in the bulk.  Fig. 11 also shows tha t  there is a 
slight decrease o f  this ra t io  as x c is increased a n d  tha t  
the ra t io  also seems to decrease slightly with tempera-  
ture. 

Finally,  we have  analyzed the second interracial  layer  
a n d  found tha t  the propert ies  o f  this layer  are  the same 
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Fig. 8. Lip/d part. aiL. of the fractional interracial area, al, cf. Fig. 7. 
as a function of temperature for different cholesterol concentrations, 
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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 interracial 
properties are sharply localized to basically a single 
molecular layer. 

It should be pointed out that the heterogeneous and 
highly non-random distribution of cholesterol described 
in this section only exists on a time scale corresponding 
to the lifetime, r, of the average duster. If the mem- 
brane system is observed on time-scales which are much 
longer than x, the membrane organization will appear 
as homogeneous. 

Membrane phenomena at lipid-domain interfaces: pas- 
sive i o n  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 processes exlfibit a variation 
with temperature which closely resembles that of the 
average cluster size, Eqn. 3, or the specific heat [8,14]. It 
is obvious that interface-active intrinsic molecules, such 
as the one studied in the present work, which change 
the interracial area, must influence the membrane phe- 
nomena controlled by density fluctuations and which 
take place in the interracial region. 

The passive permeabifity of small ions, such as Na +, 
is a phenomenon which has been related to the interra- 
cial area [14,24,25,27]. 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 temperature 

173 

variation of the fractional interracial area, cf. Fig. 7 at 
xc-= 0. This analysis was built on a kind of minimal 
model for ion permeability, which assumed that the 
fractional areas, at,, ac and a i are associated with 
different regional probabilities of transfer, Pb, Pc, and 
Pi, Pl >>Ph, Pc- 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 cholesterol, 
by writing the probability, P(T,  Xc) ,  of an ion crossing 
the membrane as 

P(T, xc. ) = ab(T, xc )Pb + ac(T. Xc)p~ +OiL(T , xc)Pi 

+ a,c(T, xc')Pic (5) 

In Eqn. 6 we have introduced a special regional prob- 
ability of transfer, Pic, associated with cholesterol in 
the interface. For simplicity we shall assume that Pl¢= 
Ph below the phase transition. Hence, there are no new 
parameters to be determined relative to the model for 
pure lipid bilayers. The values of Pb, Pc, and Pi are 
taken to be the same as those used for the pure system 
[141. 

To facilitate a direct comparison, between the theoret- 
ical predictions for the passive ion ~ermeability, we 
calculate the quantity [14] 

R'(T, xc ) = A(T, xc)-t/ZTI/2P(T, xc) (6) 

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 
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Fig. 12. Reduced permeability, R'(T) Eqn. 6, of Na ÷ ions in lipo- 
somes as a function of temperature and cholesterol concentration, x c. 

R'(T) is given in arbitrary units. 
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R" and, at the same time, perform a comparison with 
experimental results. Since there are no available data 
for ion permeabifity in membranes with low cholesterol 
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 with x o 
whereas the intensity away from the transition increases 
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 

Lipid/cholesterol mixtures are some of the most 
intensively studied systems in the physical chemistry of 
model membranes (for a recent review, see for example 
Ref. 33). It is remarkable that only recently has a 
common consensus been reached regarding the phase 
equilibria in such systems [5-6] and the interpretation 
of the phase equilibria in terms of molecular properties 
[4]. Regarding the actual organization and lateral micro- 
scopic distribution of cholesterol in membranes, the 
situation is less clear. Most workers have concentrated 
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 
cmphasized again that the model underlying our results 
is only ext, ected to be a quantitatively realistic model of 
cholesterol-lipid membranes for cholesterol concentra- 
tions up to about 10 tool%. Still, some of the results for 
higher concentrations may be qualitatively relevant for 
the interpretation of experiments. The model calcula- 
tions were carried out for a set of model parameters 
pertinent to DPPC bilaycrs. However, we expect that 
the conclusions drawn will apply to phosphatidylcholine 
membranes in general. 

Cholesterol's well-known expansion 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 agreement with recent measurements of 
relative areas of DMPC/cholesterol bilayers [34]. The 

area per lipid molecule, AL, can be obtained indirectly 
from 2H-NMR experiments which measure the first 
moment, M1 of the quadrupolar splitting [5,6]. Mj can 
be related approximately to the membrane thickness 
[35] and hence to the membrane area, assuming the 
membrane volume to be constant. The experimental 
data for M t vs. temperature and x c are in qualitative 
accordance with the theoretical data of Fig. 2, even at 
high concentrations. 

The lateral isothermal compressibifity, x(T),  has 
been measured by micromechnics for D M P C /  
cholesterol membranes [34] and it was found that x (T)  
decreases with x c for high concentrations, in agreement 
with Fig. 3. The subtle effects found theoretically at low 
concentrations are outside the resolution fimits of the 
present type of compressibility measurements. It should 
be noted that our model study in no instance shows an 
enhancement of the compressibility at the transition as 
x c is increased. This is intimately related to our basic 
assumption about the cholesterol molecules being mo- 
bile (annealed dilution) in the membrane. A previous 
phenomenologieal study by J~ihnig [36], who assumed 
that the intrinsic molecules are stationary (quenched 
dilution), led to an enhancement of X(Tm) as xc  is 
increased, in contradiction to experimental findings [34]. 

It is experimentally very difficult to assess directly 
the presence of heterogeneous membrane structures and 
cluster-formation phenomena. The main evidence for 
cluster formation in membranes near their phase transi- 
tion therefore derives from indirect measurements 
[8,13,37]. Specifically, Freire and Biltonen [8] have used 
calorimetric data to determine the clnster-distribution 
function without assuming a particular model of the 
chain-melting transition. Extrapolating this relationship 
to lipid-cholesterol membranes, bearing in mind the 
specific-heat measurements as a function of concentra- 
tion for small x c [6,38,39], we suggest that our finding 
of larger clusters away from the transition temperature, 
cL Fig. 5, is in accordance with the experimental broad- 
erring of the specific heat for x c < 10 mol~. For com- 
pleteness, 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 cha~n- 
conformational as well as crystalline degrees of freedom 
(Ipsen, J.H., Mouritsen, 0.(3. and Zuckermann, M.J., 
unpublished data). 

We are not aware of any experimental data for 
passive ion permeability in the low-concentration reg- 
ime. For high-cholesterol concentrations, the experi- 
mental measurements show [24], in agreement with Fig. 
12, that the permeability is lowered in the presence of 
50 moi~ cholesterol. As pointed out in our earlier work 
[14], the occurrence of interracial regions in membranes 
may also stimulate permeation of other molecular 
species. The experimental finding of a lowered water 



permeation in membranes containing large amounts of 
cholesterol [28,41] is in accordance with our results. 
Similarly, our qualitative results for high concentrations 
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 mobility of certain spin-labels 
in membranes [42]. The enhanced mobility was related 
to cholesterol's ability to stabilize defect tines [43]. Our 
finding of an increased interracial area in the presence 
of cholesterol gives further support to this interpreta- 
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]. 

Experimental studies of the kinetic properties of 
cholesterol-containing lipid bilayers in the transition 
region have been interpreted in terms of cluster forma- 
tion [37,38]+ It was then found that cholesterol at 7.5 
mol~ suppresses the membrane processes leading to 
cluster formation at the transition, but with a tendency 
to enhance these processes away from the transition 
[37]. This is in agreement with our predictions, cf. Fig. 
5. At higher-cbolesterol concentrations, the kinetics as- 
sociated with the cooperative cluster-formation 
processes are strongly suppressed [37]. 

Some enzymatic processes associated with mem- 
branes are believed to be controlled by interracial prop- 
erties. A particularly striking example is that of pan- 
creatic phospholipase for which it is known that hydrol- 
ysis only occurs in the transition region [30]. The rate of 
activation varies strongly with temperature and it 
changes two orders of magnitude within I ° C  of the 
phase transition [31]. This observation has been linked 
to the lipid-membrane fluctuations and the formation 
of a particular interfacial environment which supports 
the active conformation of the e~,,gyme. In the presence 
of cholate, which has a s.tructure 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 
interpretation that cholate increases the interracial area. 

Conclusions 

The lipid-membrane heterogeneous structure and in- 
terfacial properties described in this paper were derived 
from first principles using a microscopic interaction 
model and a numerical computer simulation method. 
Similarly, the heterogeneous and highly non-random 
distribution discovered for intrinsic molecules such as 
cholesterol are not due to any initial assumption but a 
mere consequence of the cooperativity and lateral den- 
sity fluctuations in the membrane model. The lipid-do- 
main interfaces formed in the transition region (cf. Figs. 
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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- 
formations which are attracted to the interface *. Hy- 
drophobicaliy smooth intrinsic molecules, such as 
cholesterol, which have no special preference (at low 
concentrations) to any of the two lipid phases are also 
attract~ tc this interface. We therefore find it remarka- 
ble that the cholesterol level is about twice as high in 
the interracial region as in the bulk (cf. Fig. 11). At the 
same time, cholesterol induces a larger and more rami- 
fied interface (cf. Fig. 6). 

The physical reason for cholesterors dramatic 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 
at low concentrations 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, intrinsic molecules would have little effect on 
the membrane heterogeneity, in accordance with our 
findings. Obviously, this explanation is only appropriate 
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 interracial proper- 
ties and fluctuation phenomena 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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