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STUDIES ON THE LACK OF COOPERATIVITY IN THE MELTING OF LIPID BILAYERS
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The gel-to-fluid first-order melting transition of lipid bilayers is simulated by the use of a microscopic
interaction model which includes a variable number of lipid-chain conformational states. The results suggest
that the experimental observation of ‘continuous melting’ in pure wet lipid bilayers, rather than being
ascribed to the presence of impurities, may be explained as a result of kinetically caused metastability of

intermediate lipid-chain conformations.

Introduction

Since the pioneering work by Chapman and
co-workers [1] it has remained a puzzle why the
endothermic gel-to-fluid first-order phase transi-
tion of pure one-component uncharged lipid bi-
layers appears as a broadened ‘continuous’ melt-
ing process in every experimental investigation
(see, e.g., Refs. 2 and 3 for recent reviews on lipid
bilayer phase transitions). It is now experimentally
well established that this main transition is indeed
of first-order, being a consequence of lipid chain
melting which causes a dramatic change in the
lipid bilayer thickness, leaving the total volume
almost constant [4,5]. Theoretical calculations on a
variety of microscopic as well as phenomenologi-
cal models lend support to this conclusion (see,
e.g., Refs. 6 and 7 for recent reviews on theories of
lipid bilayer phase transitions).

In some experiments, the first-order nature is
inferred from the presence of hysteresis [8-10]. In
order experiments, a completely reversible behav-
ior is found and the first-order nature is assessed
by a simple Van ’t Hoff analysis [11-14]. Most
frequently, the ‘continuous’ nature of the transi-
tion has been explained in terms of ‘lack of perfect
cooperativity’ [2,11,15], the degree of cooperativity
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being diminished by the presence of site defects or
small amounts of impurities. The recent finding of
a ‘continuous’ transition in large single phos-
phatidylcholine vesicles [12] rules out that the
broadening is caused by interlayer couplings.
Obviously, it is of interest to determine the
origin of the rounding of the first-order transition.
It is important to stress at this point that for a
pure one-component system in thermal equi-
librium, Gibbs’s phase rule forbids rounding of a
transition and coexistence of phases over a finite
temperature range. Such phenomena are, there-
fore, strictly non-equilibrium effects. The question
we seek to answer here is whether there exists an
intrinsic molecular property of the pure lipid bi-
layer which may be responsible for the observed
‘continuous’ melting. If this is in fact the case, one
need not look for more complicated explanations
(e.g., in terms of impurities or experimental inade-
quacies) of the broadened transition. In this paper,
I report on a numerical simulation of the phase
transition in a theoretical microscopic interaction
model for a genuinely pure one-component lipid
bilayer. The results demonstrate that in the vicin-
ity of the first-order transition the diversity of
lipid-chain conformations accounted for in the
model leads to extremely slow-relaxing, non-equi-
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librium distributions of large clusters of the oppo-
site phase. The macroscopic consequence of this
phenomenon is a complete smearing of the transi-
tion as well as a strong enhancement of the lateral
density fluctuations and the compressibility of the
bilayer.

Model calculation

The model on which the results are based is a
g-state Pink model [7] which assumes the lipid
molecules to be positioned on a triangular lattice.
Each lipid chain can be in any one of ¢ distinct
conformational states and each state is char-
acterized by an internal energy, a cross-sectional
area, and a degeneracy. The ¢ states incorporate a
ground (all-rrans) state, a highly fluid (‘melted’)
state, and ¢ — 2 intermediate gel-like excited states
(e.g., with kink and jog defects). The hydrocarbon
chains interact via anisotropic Van der Waals
forces and the polar-head-group attraction is mod-
elled by an internal lateral pressure. For ¢ = 2 and
g = 10, the Pink model has proven to contain the
essential physics for describing a great variety of
experimental measurements on phosphatidylcho-
line bilayers, notably the thermodynamic and
structural properties in the main transition region
[7,16]. Strong arguments can be presented for the
phase transition of the g-state model to be of
first-order. This is most easily demonstrated within
the mean-field solution scheme, which assumes the
equilibrium state of the system to be without spa-
tial fluctuations. The mean-field theory predicts
for the g-state model a first-order transition associ-
ated with pronounced discontinuities in various
thermodynamic properties at the transition tem-
perature, T, i.e., no smeared transition. However,
the appearance of the first-order transition may
well be different within a more accurate solution
scheme, such as numerical simulation [16], which
allows for spatial fluctuations. In, this work, I have
used a Monte Carlo importance sampling proce-
dure [16] to simulate the statistics of g-state Pink
models. From these statistics, all thermodynamic
properties are readily derived as functions of tem-
perature. Furthermore, in a numerical Monte Carlo
simulation the microscopic states of the system are
available and detailed insight on the molecular
level can be obtained. A Monte Carlo simulation

may be considered an experiment on a well-de-
fined system carried out under completely con-
trolled conditions.

I have examined the phase transition in ¢-state
models with 2 < ¢ < 10. The parameters of the
g =10 state model are those pertinent for di-
palmitoylphosphatidylcholine [7,16]. In order to
allow an investigation of the influence of the value
of g on the phase transition no attempt was made
to fit to experiment the model parameters of the
other models. Rather, these models are derived
from the ¢ =10 state model by deleting an ap-
propriate number of intermediate states, keeping
constant the total number of states (i.e., the sum of
the degeneracies).

Results

In Fig. 1 are given the results for the average
cross-sectional area per chain, 4(T), as a function
of reduced temperature for various values of g.
Results from increasing as well as descreasing
temperature series are shown. The temperature has
been changed in very small steps in order to
facilitate the relaxation towards thermal equi-
librium. In these calculations a system with 3600
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Fig. 1. Average cross-sectional area per chain as a function of
reduced temperature, /T, for g-state Pink models. 7, is the
equilibrium melting temperature. O, Data obtained from Monte
Carlo calculations. In the case of ¢ = 3 the subscript refers to
kink (k) and jog (j) intermediate chain conformational states.
The dashed loops specify for the ¢ = 6 and ¢ = 10 state models
the range over which metastable states have been detected.
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immediately below, at, and immediately above the equilibrium melting temperature, T,,,. The system consists of 3600 lipid chains on a
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tion region. The slow relaxation is also indicated
by the fluctuation quantities, such as lateral com-
pressibility and heat capacity, which are found to
have pronounced peaks at T,,. The peak intensities
increase with the value of g, implying a softening
of the system and increase of the density fluctua-
tions.

By analysis of the microscopic chain configura-
tions, we may gain insight into the microscopic
phenomena which accompany the strong spatial
density fluctuations in the transition region. An
example of such configurations is given in Fig. 2
for the g = 6 state model. The figure demonstrates
very clearly the formation of large clusters of
correlated chains (fluid or gel-like) and the in-
crease of cluster size when approaching T from
both sides. For T < T,, — 0.3°C the system is pre-
dominantly gel-like and the metastable fluid phase
is present as a number of isolated clusters consist-
ing of 100 chains or less. Conversely, for T> T, +
0.3°C the bilayer is fluid, with gel-like clusters
floating around as isolated domains with 100
chains or less. For [T — T, | < 0.3°C huge clusters
are formed encompassing 500 chains or more; the
phase of the system is not well-defined and in the
course of the time-development of the chain con-
figurations the fluid and gel phases alternate in
dominance, as exemplified in Fig. 2. Thus, the two
phases effectively coexist over a finite range of
temperatures. This is not the true thermodynamic
equilibrium situation for the system, and the result
therefore emphasizes the extremely slow relaxation
towards equilibrium. Increase of ¢ leads to forma-
tion of larger clusters subjected to stronger
fluctuations in size, i.e., the system softens. The
relaxation towards equilibrium is slowed down by
the intermediate chain conformational states which
are found to have a tendency to appear on the
surface of the clusters, forming a very ‘soft’ do-
main wall which coats the clusters. The softening
of these walls decreases the ratio between cluster
surface energy and bulk energy. This in turn leads
to a screening of the interaction between the clus-
ters and effectively slows down the tendency of the
clusters to fuse and to form a bulk phase. From
Fig. 1 it is clear that kink and jog defects are not
sufficient, alone (g =3, and g=3;) or together
(g = 4), to produce soft domain walls.

Recasting these observations in phrases used

for describing the kinetics of phase transitions [17]
three stages of the melting process can be de-
scribed: (i) the nucleation occurs very rapidly,
mediated by intermediate chain states which de-
crease the surface energy of the nucleation centers;
(i1) the growth of the nucleation centers is also fast
and is driven by the internal entropy increase
resulting from ‘melting’ of the individual chains
into the fluid state; and (iii) the coarsening (or the
fusion of clusters) is dramatically slowed down by
the low surface energies. The last step, therefore,
becomes the rate-determining one. In other words,
a large number of intermediate chain configura-
tions facilitate a kinetic stabilization of metastable
cluster distributions. The observable macroscopic
consequence of this phenomenon is a ‘continuous’
melting transition.

Discussion

This finding of a smeared first-order transition
in uncharged lipid bilayers is in excellent agree-
ment with experiments on a variety of phosphati-
dylcholine bilayer {8-12]. The transition may be
reversible or may be associated with hysteresis,
depending on the equilibration time, as is also
demonstrated by alternating current calorimetry of
dimyristoylphosphatidylcholine [8]. The finding of
large, weakly interacting clusters in the transition
region lends some support to the analysis of ex-
perimentally measured fluctuation quantities (e.g.,
specific heat) in terms of cluster distributions
[13,18-20]. The picture of the transition decribed
here conforms qualitatively with the assumptions
of previous phenomenological theories of the melt-
ing process in terms of coexisting domains
[2,18,19,21] (see Ref. 6 for a competent critique of
these theories). However, it is important to note
that by the present approach it has, for the first
time, been shown how the cluster distributions and
their dynamics can be derived from a realistic
microscopic interaction model using first princi-
ples only. By emphasizing the importance in the
transition region of soft domain walls and clusters
as strongly fluctuating dynamic entities, the pre-
sent work implies that the energetics in cluster
theories based on simple two-state Ising models
with hard boundaries [18,19] is probably unrealis-
tic. The strong interplay found between cluster



formation and density fluctuations indicates that
the separation in mean-field-like treatments [22,23]
of ‘boundary-lipid’ and fluctuation contributions
to the lateral compressibility is ambiguous and
most probably incorrect.

The passive permeability of the lipid bilayer to
ions (e.g., K* and Na™) and small molecules (e.g.,
anestetics) is directly related to the density fluctua-
tions [22,23,25]. The present calculations, there-
fore, predict a strong enhancement of the permea-
bility in the transition region, in accordance with
experiments [20]. Moreover, in terms of the cluster
picture it can be aurgued that matter is likely to
permeate through the bilayer in connection with
the soft domain walls, where the packing of the
lipid molecules is less effective. (An interpretation
of the permeability of TEMPOcholine * into di-
myristoylphosphatidylcholine vesicles in terms of
(soft) ‘interfacial’ lipids has been advanced by
Marsh et al. [24]). Reasoning along the same lines,
it may be suggested that other components of lipid
bilayer membranes, such as cholesterol and small
proteins and polypeptides, are likely to be posi-
tioned in the domain walls, which will offer the
softest environment and require the smallest ex-
pense in packing energy. These molecules will pin
the domain walls and slow down the relaxation to
equilibrium even further. If we neglect phase sep-
aration, this will then lead to a further enhance-
ment of the static part of the density fluctuations,
and thus of the compressibility and the passive
permeability, as invariably found by experiments
{20,26]. The potential biological importance of such
phenomena has been discussed in Refs. 2 and 27.

Finally, I want to point out that the models
studied in this paper are also realistic models for
lipid monolayers [7,28]. Therefore, the results de-
scribed here may equally well offer an explanation
of the non-horizontal isotherms found for the
liquid-condensed to liquid-expanded transition in
lipid monolayers [15,29].
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