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THE EFFECT OF DENSITY FLUCTUATIONS ON THE PASSIVE
ION PERMEABILITY OF LIPID BILAYERS
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The influence of lateral density fluctuations in lipid membranes on passive ion permeability is studied. In an approximate
model of the lipid bilayer, the bilayer permeability is accounted for by the existence of defects in the interfacial areas of
clusters. The number of these defects depends on the state of neighbouring acyl chains. The ten-state Pink model is used.
The analysis of snapshots of characteristic microscopic configurations obtained from Monte Carlo simulations of this
model reveals that permeability properties of interfacial areas of cluster are heterogeneous and depend on the individ-
ual clusters. The results of these studies are compared with those from the Cruzeiro-ITansson model.

INTRODUCTION

The permeability of biomembranes is principally
mediated by specific protein gates and pores
which selectively direct the flux of matter across
the membranes (Eisenman & Dani. 1987). How-
ever, the pure lipid bilayer is also not imperme-
able (o ions.

Passive transbilayer permeability for alkali
metal ions Na~ (Papahadjopoulos. Jacobson, Nir
& Tsac. 1973). K', Rb’, Ca’ (Gcorgallas. MacAr-
thur, Ma. Nguven, Palmer, Singer & Tse, 1987)
and such different molecules as TEMPO
(2,2.6.6.~tetra-  methylpiperidinyl-1-oxy)choline
(Marsh. Watts & Knowles. 1976), ANS
(8-anilino-1-napthalinesulfonate)(Kanchisa &
Tsong. 1978) and water (Carruthers & Melchior,
1983: Blok. van Deenen & de Gier. 1977) exhibits
a rapid increase in the phase-transition region.
Investigations of this anomaly provide insight into
the structure and function of the lipid components
of biological membranes. In this conncction, some
attempts to- explain this phenomenon based on
many theoretical models of lipid membranes were
made.

According to Nagle and Scott (Nagle & Scott.
1978). the anomalous peak is due to the enhanced
lateral density fluctuations associated with high
lateral compressibility which take place as the
lipid bilayer is close to a critical point. These
fluctuations open cavities which small ions can
enter. Doniach (Doniach, 1978) also estimated the
permeability using a simple Eyring form based on
the concept of the critical fluctuations.

One of the first attempts to explain the anoma-
lous behaviour of the lipid bilayer during the
gel-to-fluid phase transition was given by Papa-
hadjopoulos et al. (Papahadjopoulos, Jacobson.,
Nir & Isac, 1973). They suggested that the en-
hancement in the permeability could be attributed
to the formation of domains in bilayers, with the
enhanced diffusion occurring at the domain
boundaries. Still Nagle and Scott (Nagle &
Scott,1978) argued from the Gibbs phase rule that
such an explanation could not be correct because
the width of the transition is much smaller than
the width of the sodium permeability peak.

The concept of domains is maintained at present
in very successfully, extensively developed models
of lipid membrane systems (Cruzeiro-Hansson,
Ipsen & Mouritsen, 1989: Jfrgensen, Ipsen,
Mouritsen, Bennett & Zuckermann, 1991a; Jor-
gensen, Ipsen. Mouritsen, Bennett & Zuckermann
1991b) which arc based on the ten-state Pink
model. This concept plays a very important part in
considerations on permeability in pure and modi-
fied lipid bilayers. In this case, domain formation
is a dynamic process and domains fluctuate in size
and position in relation to lateral density fluctua-
tions and lateral bilayer compressibility. Below the
phase transition temperature. clusters of fluid
phase are surrounded by acyl chains in a gel state,
and above the phase transition temperature clus-
ters of a gel phase in the fluid matrix are formed.
It is believed that the heterogencous microscopic
picture of the pure lipid bilayver does not corre-
spond to two-phasc coexistence in a thermody-
namic sense, and clasters are not macroscopic
entities (Cruzeiro -Hansson & Mouritsen, 1988).
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The interfacial regions between the clusters and — (1989) these areas are responsible for the transbi-
the background matrix play a particularly impor-  layer permeability.
tant role. The total area of this interface reaches The purpose of this paper is to investigate an
maximum at the phase transition temperature. effect of lateral density fluctuations on the passive
According to Cruzeiro-Hansson & Mouritsen ion permeability in the interfacial areas of lipid
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Fig. 1 Snapshots of microconfigurations of the lipid membrane. (a): 309 K (below the phase transition temperature), (b): 314 K (at the
phase transition temperature), (¢): 319 K (above the phase transition temperature). The system consists of 10000 chains on a triangular
lattice. The single-chain states are represented as follows: O: all-trans and intermediate states, M: fluid state; holes are denoted by an
empty lattice site. Figs 1b and 1¢ on next pages.
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Fig. 2. The temperature dependence ot a total number ol
holes (V) localized in the interfacial areas.

permeability with microscopic lateral fluctuations
we would like to find chains which undergo strong
lateral fluctuations. For such an analysis we con-
sider acyl chains in intermediate states.

There are strong fluctuations if on one side of
such an acyl chain, acyl chains (at least one) occur
in the all-trans state, and on the other side in the
fluid state. In such cases there arise defects (for
convenience hereafter called holes) which are a
microscopic effect of mismatch in a molecular
packing between ordered and fluid lipid.

In our analysis we assume that the lipid bilayer
with 10000 acyl chains after 1000 Monte Carlo
steps per site achieves a state of thermodynamic
equilibrium in a common way and then following
the above described procedure we are looking for
the holes.

RESULTS

Figs la, 1b and lc show the microscopic mem-
brane pictures of DPPC at 309 K, 314 K (the
phase transition temperature of DPPC) and 319 K,
respectively. It can be seen (Fig. la) that the lipid
bilayer undergoes strong lateral density fluctua-
tions which is manifested in cluster formation
when approaching the phase transition tempera-
ture.

At every temperature studied the holes are local-
ized very often within the interfacial areas which
are not homogeneous entities.

It is well known (Cruzeiro-Hansson & Mourit-
sen, 1988) that in the interfacial areas acyl chains
are distributed in different states. In our approxi-
mate model we study another kind of heterogene-
ity of these areas related to different permeability
properties which are the result of the state of
neighbouring acyl chains.

We carried out computer simulations for the
temperatures in a range from 298 K to 321 K.

The greatest fluctuations was expected, take
place in the vicinity of the phase transition tem-
perature.

It is worth noting that the holes are most pref-
crably distributed in the interfacial areas at each
temperature studied.

Fig.2 shows the curve of the temperature de-
pendence of a total number of holes localized in
the interfacial areas. The shape of the total num-
ber of holes vs. the temperature curve reveals a
maximum at the phase transition temperature.

DISCUSSION

In the structure of the lipid bilayer, the domain
interfacial area is believed to be responsible for
passive ion permeability (Mouritsen & Jorgensen
1992; Cruzeiro-Hansson & Mouritsen, 1988;
Marsh, Watts & Knowles, 1976). According to
Cruzeiro-Hansson & Mouritsen (1988) an in-
crease in the total interfacial area in the phase
transition region is correlated with an increase in
the passive ion permeability of the lipid bilayer.
On the contrary, the bulk and cluster regions of
the membrane are associated with very low re-
gional permeabilities.

Direct experimental observations of clusters in a
lipid membrane are very difficult because of very
short relaxation time of the fluctuations. However,
such observations have been carried out latelly by
fluorescence lifetime heterogeneity measurements
(Ruggiero & Hudson, 1989).

In an approximate model of the lipid bilayer
which we adopt here, we account for the bilayer
permeability by the existence of defects (holes) in
the interfacial areas of clusters. The number of
these holes depends on the state of neighbouring
acyl chains.

These defects are an effect of mismatch in mo-
lecular packing between the ordered and fluid
lipids. We can see that the most preferable site for
holes are the interfacial areas in Fig. 1. These
observations support the idea of a great signifi-
cance of these regions for passive ion permeabil-
ity. However, our results show that the interfacial
areas are not homogenous entities and their differ-
ent regions have various probabilities of the ions
transfer.

Comparison of the temperature dependence of
the total number of holes distributed in the inter-
facial areas obtained in this work (Fig. 2) with the
experimental results of diffusion rates of Na"
through DPPC vesicles (Papahadjopoulos, Jacob-
son, Nir & Isac, 1973) also supports the idea that
holes in the interfacial areas play an important
part in permeability properties.
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It should be noted here that the influence of the
interfacial areas in the Cruzeiro-Hansson model
(Cruzeiro-Hansson & Mouritsen, 1988) on passive
ion permeability depends only on their total size.
The results described above suggest that in more
precise considerations, microscopic contributions
to the passive ion permeability of individual lattice
sites from the inside of the interfacial areas should
be analyzed. These contributions depend on the
state of order of neighbouring acyl chains.
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