Biochimica et Biophysica Acta, 1062 (1991} 227-238 227
@ 1991 Elsevier Science Publishers B.V. 0005-2736 /91 /803 50
ADONIS 000527369100120N

BBAMEM 75150

A general model for the interaction of foreign molecules
with lipid membranes: drugs and anaesthetics

Kent Jorgensen '?, John Hjort Ipsen %, Ole G. Mouritsen *, Donald Bennett !
and Martin J. Zuckermann *
" The Royal Danish School of Pharmacy, Copenhagen (Denmark), * Department of Structural Properties of Materials, The Technical

University of Denmark, Lyngby (Denmark) and ! Center for the Physics of Materials, Department of Physics, McGill University.
Montreal (Canada)

(Received 20 August 1990)
Key words: Lipid bilayer; Phase transition; Phase diagram; Moiccular interaction: Drug; Anaesthetic; Density fluctuation; Interface

A general microscopic interaciion model is proposed to describe the changes in the physical properties of phospholipid
bitayer membranes due t¢ foreigin molecules whicly, to different degrees, partition between the membrane phases and the
aqueous environment. The modt is a multi-state lattice model for the main phase transition of lipid bilayers and the
foreign molecules are assumed to intercalate as interstitials in the lattice. By varying the model parameters, the diversity
in the thermodynamic properties oi the model is explored using computer-simulation techniques which faithfully take
account of the thermal fluctuations. The calculations are performed in both the canonical and the grand canonical
ensembles corresponding to the cases where the concentration of foreign molecules in the membrane is either fixed or
varies as the external conditions are changed. A classification of the diverse thermal behaviour, specifically with regard
to the phase diagram, the specific heat, the density fluctuations, and the partition coefficient, is suggested with a view to
rationalizing a large body of experimental measurements of the effects of different foreign molecules on membrane
properties. The range of foreign molecules considered includes compounds as diverse as volatile general anaesthetics
like halothane, cocaine-derived local anaesthetics like procaine, calcium-channel blocking drugs like verapamil,
antidepressants like chlorpromazine, and anti-cancer agents like adriamycin.

L Introduction ics. The molecules in question include compounds with
substantial structural and physico-chemical differences.
It is widely assumed that the biologial activity of these

corapounds arises as a result of binding to active sites in

Considerable effort in biochemical, physiological, and
pharmacological research is devoted to the characteriza-

tion of the transfer of small foreign molecules between
biological membranes and their aqueous environment
[1}. These membrane-associated transfer-processes are
important everywhere in biological systems and they
play a crucial role for the action of commonly used
drugs, such as antibiotics, tranquillizers, and anaesthet-

Abbreviations: DMPC, dimyristoyl phosphatidylcholine: DPPC, di-
palmitoyl phosphatidylcholine; DSC, differential scanning calorime-
try.
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membrane-bound proteins, while the lipid background
is considered to play a more passive role [2). However,
experimental work on artificial lipid bilayers or model
membranes has demonstrated that the structural prop-
erties of these membranes may be strongly affected by
the presence of membrane-associated molecules [3]. This
is most significantly reflected in changes in the main
phase transition characteristics of pure lipid bilayers.
Well known examples are short-chain alcohols [4] and a
range of anaesthetics [5] which generally cause a depres-
sion of the transition temperature without significantly
affectiny the transition enthalpy.

The present study is concerned with the physico-
chemical pioperties of these model membrane systems.
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A simple but general inicroscopic model for the interac-
tion of foreign molecules with phospholipid bilayers is
proposed and analyzed by use of computer-simulation
techniques. The model is an extension of a model previ-
ously advanced by De Verteuil et al. [6] to describe
lipid-anaesthetic mixtures. Despite its simplicity, the
extended model displays a thermal behavior sufficiently
complex to encompass experimental observations for a
surprisingly large class of different foreign molecules.

Small foreign molecules can interact physically with
lipid membranes in two fundamentally different ways:
(i) they can enter the membrane as substitutional impur-
ities taking the place of a lipid molecule (examples
include cholesterol, faity acids, and long-chain alcohols),
and (ii) they can intercalate between the flexible acyl
chain of the lipids as interstitial impurities (examples
include most general and some local anaesthetics as well
as short hydrocarbons). Whether a given foreign com-
pound should be regarded as a substitutionally or inter-
stitially embedded molecule is not necessarily related to
its molecular size but rather to its amphipathic nature
and to its specific interaction with the polar-head group
region of the lipid bilayer. In addition to the distinction
between substitutional and interstitial impurities, fore-
ign molecules should also be distinguished according to
relative solubility in the membrane and agueous phases
as described by a partition coefficient which is often
temperature-dependent. From the point of view of ther-
modynamics, a large partition coefficient would suggest
a description using the canonical ensemble, whereas a
small partition coefficient corresponds to the grand
canonical ensemble. Obviously, for many compounds it
is difficult to make a sharp distinction between the
substitional and interstitial impurity case, i.e., between
the canonical and grand canonical description. How-
ever, in all cases the foreign molecules will influence
physical properties of the lipid bilayer. In particular the
lipid properties at the gel-to-fluid transition (the main
transition) will be strongly affected in a way which
intimately reflects the mode of interaction between the
foreign molecules and the lipid-membrane phases. It is
the hypothesis of the present paper that these different
modes of interaction and the corresponding manifesta-
tions in the lipid membrane properties may provide a
useful way of characterizing a large group of molecular
compounds interacting with membranes,

A specific example of a foreign molecule which has a
dramatic effect on the thermodynamic properties of
lipid membranes is cholesterol [7,8]. Other examples are
steroids which form an extensive class of cholesterof
derivatives. These molecules are generally more hydro-
philic than cholesterol and consequently associated with
a pronounced partitioning between the aqueous phase
and the membrane. For those steroids which have their
multiple hydrocarbon ring structure buried in the hy-
drophobic core of the membrane phase, a complicated

phase behaviour should be expected on the basis of the
structural relationship to cholesterol. The physical ef-
fects of these molecules on the lipid membrane indicate
that they should be considered as substitutional impuri-
ties in the lipid matrix. For such a substitutional mix-
ture the entropy of mixing plays a dominant role for the
phase behaviour, The foreign molecules on which we
focus our attention in this study can be treated as
non-substitutional (interstitial) impurities. This has im-
portant implications for the thermal properties of the
systems due to the absence of an entropy of mixing. A
range of different molecules are candidates for such a
description, e.g., volatile general anaesthetics like en-
flurane, halothane and ether, which are deeply buried in
the hydrophobic membrane core, or molecules which
preferentially bind to the headgroup region of the mem-
brane and only insert a (small) hydrophobic moity into
the hydrocarbon region of the membrane.

A considerable body of literature exists on experi-
mental measurements of the physical effects of foreign
molecules interacting with membranes. We shall make
no attempt to review this literature. Rather we con-
centrate on some selected studies and offer a general
discussion of some of the problems related to the inter-
pretation of the experimental data. In contrast to the
experimental literature, only a few theoretical models
have addressed the interaction of foreign molecules with
membranes. Most of these models are devoted to specific
substitutional impurities, such as cholesterol and certain
integral proteins (for a recent review, see for example
Ref. 9). The case of interstitial impurities has been the
subject of very few theoretical papers [6,10.11] of which
the only one using a truly microscopic interaction model
is that of De Verteuil et al. [6]. This latter model forms
the basis of the present study which is the first to
provide, via a computer-simulation approach, a quanti-
tatively reliable description in the region of the main
transition of phospholipid bilayers.

In a study of the effects of drugs and anaesthetics on
lipid membranes and in particular on biological mem-
branes, an important question comes up as to which
concentration regime of the foreign molecules is the
relevant one. This is an old question which has also
been addressed recently in relation to -olatile anaesthet-
ics [12] where it was pointed out that so-called clinical
concentrations only have little meaning. In the present
work we will be considering fairly high global con-
centrations in the membrane since we want to reveal
very clearly the physical effects on the membrane. Fur-
thermore, we are going to argue that it may not neces-
sarily be the global concentration which is the interest-
ing quantity from the poimt of view of physiological
effects since the dynamic lateral heterogeneity of the
cooperative membrane assembly will lead to regions
with local concentrations which is much higher than the
global concentration.



11. Model and statistical ensembles

We have used the ten-state Pink model [13] to de-
scribe the main transition of saturated diacyl phos-
pholipid bilayers. This model takes into account the
acyl-chain conformational statistics and includes the
dispersive forces between the chains in a detailed
manner. The excluded volume effect is accounted for by
assigning each acyl-chain to a site in a triangular iattice.
The translational degrees of freedom are therefore
ignored in this description. Furthermore, the two mono-
layers of the bilayer membrane are considered as inde-
pendent. The acyl-chain conformations are represented
by ten single-chain states «a, ¢ach described by a cross-
sectional area A,, an internal energy E,, and an inter-
nal degeneracy D,. a =1 corresponds to the all-trans
conformation of the acyl chain which is characteristic of
the gel phase. a =10 represents D), degenerate acyl-
chain conformations which are highly excited due to
gauche rotations. The remaining eight intermediate
states represent low-energy conformations, which are
selected from considerations of optimal packing of the
acyl chains and low conformational energy [13].

As suggested in an earlier mean-field study (6] the
impurities are considered as interstitially intercalated
between the flexible acyl chains of the membrane and
therefore their contribution to the exluded volume ef-
fect can be ignored. Hence, in the lattice model the
impurities are situated in the center of the triangles
formed by three neighbouring lipid acyl chains, cf. Fig.
1. The sites available for the impurities thus form a
honeycomb lattice embedded in the triangular lattice
for the acyl chains. The requirement that the lipid
chains and the interstitial molecules occupy separate
lattices precludes mixing and thereby ensures the ab-
sence of an entropy of mixing. The interstitial molecules
are assumed to interact with their three neighbouring
lipid acy! chains as well as with other interstitial mole-
cules in neighbouring occupied interstitial sites. The full
model Hamiltonian then takes the form

H =Ky + H s+ Haa
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where &, is a lipid chain state occupation variable,
Z.=01 with £,%,, =1, and £ =01 is an intersti-
tial site occupation variable. The interaction energies
are expressed in terms of nematic factors 7, for the
acyl-chain states [14] and interaction constants Jy,.
JEs. and J,,, with indices referring to lipid-lipid,
lipid—foreign molecule, and foreign molecule—forzign

Fig. 1. Schematic representation of the triangular lattice (solid circles)
of lipid acyl chains and the interstitial lattice (solid triangles) available
for the interstitial foreign molecules.

molecule interactions. In the present work we have
tcken Ji, to be independent of the specific acyl-chain
state and to have an cffective dependence on the phase
of the lipid membrane only, ie, JE =Jf,, a=1,
2,...,9; and JW =10 In principle. specific interac-
tions between the lipid chains and the foreign molecules
may be allowed for by other choices of J{,. Since J
(=0.70985 - 10~ P erg) and IT (= 30 dyn/cm) are fixed
at their values for the pure lipid bilayer (DPPC), the
present model is specified by the three parameters JE,
JMd and J,,. For a pure DPPC bilaver model the
main phase transition temperature is T, =314 K. Ik
should be remarked that the interaction parameters of
the model in Eqn. 1 are effective parameters only and
that they may each represent several aspects of the
details in the molecular interactions. Furthermore, they
are relative parameters in the sense that they refer to
some chosen energy scale of the Hamiltonian. Hence
they can be positive or negative depending on whether
the interaction in question is relatively attractive or
repulsive.

In general, the number of interstitial molecules is not
a conserved quantity since some partitioning between
the membrane and the aqueous phase usually takes
place. If the membrane/water partition coefficient X is
not too large and the lipid/water ratio is small, the
impurity concentration in the aqueous phase can be
considered as constant. Under these conditions, which
apply to many experimental systems, a treatment of the
interstitial molecules in the context of the grand canoni-
cal ensemble is appropriate. The effective Hamiltonian
then takes the form

yand "Z‘g’ 3 2)

where p is the chemical potential for ihe interstitial
impurities. This description is appropriate for volatile
general anaesthetics which partition between the mem-
brane phase, the aqueous phase, and the gas phase. In
this case the concentration of general anaesthetics in the
membrane can be controlled by the partial pressure of
anaesthetics in the gas phase via multiple phase equi-
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libria. If the membrane/water partition coefficient is
extremely large, the concentration of interstitial mole-
cules in the membrane is almost constant and a descrip-
tion within the canonical ensemble is more appropriate.
In the most genera! case, for which neither the canoni-
cal nor the grand canonical ensembles are applicable,
the volume of the water is an important parameter and
three-dimensional phase separation phenomena are ex-
pected. However, the description of the full three-di-
mensional membrane-water system can often be re-
duced to that of the membrane alone by varying specific
system parameters, such as pH, thereby restoring the
approximate validity of one of the ensembles.

In this work the concentration of foreign mclecules
in the membrane is given by

A
IC 7 i @)
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x is the natural concentration vatiable in our lattice
representation of the model since there are two intersti-
tial sites for each lipid acyl chain. The conventional
molar concentration, y, may be derived from Eqn. 3 in
the case of a diacyl lipid

2x
Y=1+x 152

It should be noted that, since foreign molecules can
only occupy interstitial sites, the mixture of lipids and
foreign molecules under consideration is not a conven-
tional binary mixture. Indeed, the range of variation for
x is 0 < x < %. The two concentration measures are the
same in the low-concentration lmit.

I11. Model parameters and phase diagrams

The experimental data on the interaction of small
hydrophobic molecules with lipid membranes has in
most cases a character which makes a direct comparison
with results from model calculations cumbersorae. This
makes it difficult to evaluate the validity of the model
and its underlying assumptions. The reason for this is
that only in exceptional cases reliable experimental data
are available on both thermal properties (e.g., specific
heat) and partition coefficients for a wide range of
temperatures and compositions. Therefore, rather than
aiming at describing a particular molecular species, we
have chosen some representative sets of model parame-
ters and then extracted information about general fea-
tures of the model. The results obtained give a basis for
a broad discussion of experimental data as well as
proposals for new experimental investigations.

The fundamental characterization of models of mem-
branes containing foreign molecules is provided by the
related equilibrium phase diagram. Different model

Fig. 2. Schematic representations of two different iypes of phase

diagram for a lipid membrane with foreign molecules. Type I: Sub-

stantial freezing-point depression and a wide coexistence region. Type
11: Some freezing-point depression and a narrow coexistence region.

parameters lead to different phase diagrams. However,
the interaction of most foreign molecules with lipid
membranes gives rise to a depression of the transition
temperature {freezing-point depression). Therefore we
focus on the two generic types of phase diagram shown
schematically in Fig. 2 even though the results would be
equally applicable to systems for which the impurities
elevate the transition temperature. In the case of models
with substitutional impurities, the entropy of mixing
usually leads to a coexistence region as shown in type 1
of Fig. 2. In the case of models with interstitial impuri-
ties, both types of phase diagram shown in Fig. 2 are
possible. However, a wide coexistence region can only
occur if there is a strong attractive interaction between
the interstitial molecules. This in nontheless not a suffi-
cient condition for having a wide coexistence region.
The parameters in Eqn. 1 are selected by exploring
the phase behaviour of the model in the mean-field
approximation [6]. An example of a mean-field phase
diagram is shown in Fig. 3a. In this example, the model
of Eqn. 1 was used in conjunction with the canonical
ensemble corresponding to a fixed concentration of
water-insoluble molecules. The phase behaviour of the
model can therefore be described by an (x,T )-diagram.
Typical experimental paths in this diagram correspond
to vertical thermal scans at a fixed concentration x. As
previously stated, the phase separation is driven exclu-
sively by the interactions in the system since the ent-
ropy of mixing of the two components is zero. Clearly,
ideal solution theory arguments do not apply here. If
the concentration of the foreign molecules is not fixed,
but the system is in contact with a reserveir of foreign
moiecules, the conirol variables of the system are the
temperature T and the chemical potsntial p of the
impurities. This representation is relevant under suita-
ble experimental conditions for partly water-soluble im-
purities. Fig. 3a shows threc paths through the phase
diagram corresponding to three fixed values of u. The
paths are again obtained from a mean-field analysis of
Eqn. 1. The temperature variation of x for fixed u
reflects the dependence of the partition coefficient on
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Fig. 3. (a). Phase diagram {x, 7°) within the mean-field approximation
for the model in Eqn. i with parameters JE = —0.1-10""2 erg,
I8 = 0.5-107 " erg, and Jpya = 0.45:10" P erg. g and f denote the
gel and fluid lipid phases. Three constant chemical potential paths, cf.
Eqn. 2, are shown corresponding to p=~1.35 (1), —0.95 (2), and
—0.75 (3) in units of 10~ "3 erg. (b). The corresponding phase diagram
in the (p, T )-plane is shown with an indication of the constant g-paths

taken in the (x,T)-plane.

the temperature. In a measurement of thermal response
functions, a representation of the phase behaviour in
terms of a (7,pn)-diagram is therefore more appropriate.
In this grand canonical description, the main phase
transition is a transition line, cf. Fig. 3b, because of the
dimensional reduction of the coexistence region when
passing from a representation in terms of thermal densi-
ties to a representation in terms of intensive thermody-
namic variables. The main transition thus remains sharp
as impurities are added to the system. In contrast, in the
canonical ensemble, the transition broadens when cross-
ing the coexistence region.

Mean-field results such as those presented in Fig. 3
allow us to choose sets of model parameters which lead
to phase diagrams of the generic types in Fig. 2. These
parameter sets are then used for the computer simula-
tions reported below.

IV. Computer-simulation techniques

Previous studies of the multi-state models for lipid
membrane phase transitions [9] demonstrated that
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mean-field theory gives a misleading picture of the main
transition due to the suppression of fluctuations with
characteristic length-scales much larger than the inter-
molecular distances. Therefore, computer-simulaticn
techniques are required for a proper comparison of the
physical properties of multi-state models with experi-
mental data. In principle, computer simulation allows
for an accurate determination of thermal expectation
values, taking full account of the thermal density
fluctuations. In addition, it gives access to the micro-
configurations of the system which provide information
about the lateral organization of the membrane compo-
nents. Phenomena like membrane heterogeneity and
lipid-domain formation, which probably are of biologi-
cal relevance, can therefore be characterized for differ-
ent system parameters.

The computer-simulation techniques used in this
work are of the Monte Carlo type [9]. The simulations
are carried out on a triangular lattice of N = L X L sites
for the acyl-chains and a honeycomb lattice of 2N sites
for the interstitiai molecules. The lattices are subject to
toroidal periodic boundary conditions in order to mini-
mize finite-system effects. All the lipid sites are oc-
cupied, while the degree of honeycomb lattice occupa-
tion depends on the molar concentration of foreign
molecules in the membrane. Equilibrium is attained
using Glauber dynamics for the lipids (single-chain
excitations) and Kawasaki exchange dynamics for the
interstitial molecules (lateral diffusion of foreign mole-
cules). For the simulations in the grand canonical en-
semble, the exchange of the foreign molecuies between
the aqueous reservoir of molecules and the membrane is
simulated by Glauber dynamics.

V. Computer-simulaticn resuits

Selected equilibrium results from computer simula-
tions of the model in Eqns. 1 and 2 are described in this
section. The simulations are performed for the same set
of model parameters in both the canonical and the
grand canonical ensembles corresponding to the limits
of a large and a small partition coefficient, respectively.
Furthermore, non-equilibrium effects due to slow kinet-
ics in the transfer of the foreign molecules between the
aqueous phase and the membrane are briefly described.

V.A. Phase behaviour of type I

The major part of the results described below corre-
sponds to a set of model parameters, J& = —6.1-1071
erg, JMd = 05.10" " erg, J,» = 0.45- 107" erg, which
leads to a phase diagram of type I in Fig. 2. Results for
type-11 phase diagrams will be reported only briefly.
The behaviour of the thermodynamic quantities ob-
served in traversing the phase diagram for the canonical
ensemble resembles at first sight that for binary lipid
mixtures [15] and lipid bilayers with substitutional im-
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Fig. 4. Computer simulaticn data (canonical ensembiel for the aver-
age cross-sectional msmbrane area per lipid chain, A(7), shown as a
function of temperature for three different fixed concentrations. x. of
foreign interstitial molecules. O, x=0; 0, x=0.2, +, x =0.33. The
phase diagram is of type I (Fiz. 2) and the model parameters are
JE =01, Jid =05, and Jy, = 0.45 in units of 10~ P erg,

purities |16]. The temperature dependence of the aver-
age cross-sectional area per lipid molecules, A(T). is
shown in Fig. 4 for three fixed concentrations of inter-
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stitial impurities as the temperature is varied through
the transition region. Fig. 4 clearly reflects a phase
diagram similar to that of Fig. 3a and A(T) varies
linearly in the coexistence region between values of
A(T) at the upper and the lower phase boundaries.
Note that the break in A(7) at the phase boundaries
becomes more pronounced for increasing x. The en-
thalpy displavs a similar behaviour. The total enthalpy
change, AH, observed in crossing the transition region
is nearly independent of x, in contrast to the case of
substitional impurities [16] where A H decreases with
increasing x.

The specific heat Cp(T'), which is shown in Fig. 5 for
three concentrations x, is dominated at high concentra-
tions by two peaks corresponding to the phase
boundaries. In the coexistence region Cp(7T) has contri-
butions from the bulk-phase fluctuations and from the
transfer of material between the two phases as the
temperature is varied.

We now turn to the grand-canonical simulation re-
sults for the same model with the same parameters. Fig.
6 shows the cross-sectional area per lipid chain, 4(7),

as a function of temperature for three different vajues
of the chemical potential p. The main transiticn ic
signalled by jumps in A(T) at a temperature T, (p)
which decreases with increasing p. Note that the jump
in A(T,) becomes sharper as u increases. This be-
haviour is in contrast to that seen in the canonical
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Fig. 5. Computer simulation data (canonical ensemble) for the specific

heat per lipid molecule, Cp(T'). shown as a function of temperature

for three different fixed concesmtraticns, x, of foreign interstitial

molecules. ¢, x=0; O, x =0.2; +, x =0.33, The model parameters
are if8 = —0.1, J9 =0.5. and J, , = 0.45 in units of 10~ Ve

26}
|
24} ! .
,;,Cf |
27 e
20 \ 1
260
300 CI———

Fig. 6. Computer simulation data (grand canonical ensemble) for the

average cross-sectional area per lipid chain, A(T), shown as a func-

‘tion of wemperature for three different chemical potentials, p, of the

foreign interstitial molecules. ¢. p=—oco (pure system). +, p=

~1.51, 8, p=-0.94; x, p=—0.75 in units of 10~ erg. The model

parameters are JEY = —0.1, J"‘“" = 0 5, and Jy4 =045 in units of
10-"



ensemble, cf. Fig. 4, and the enthalpy change in the
transition region is almost independent of p. The varia-
tion of A(T) through the transition region reflects the
disordering of the acyl chains since the area is recipro-
cally related to the acyl-chain orientational crder
parameter [17].

In the grand canonical ensemble the concentration of
the foreign interstitial molecules in the membrane
changes abruptly at the transition. This is shown in Fig.
7 for a series of different values of p. A determination
of the asymptotic values of x at the transition using the
two pure-phase branches of the (x.T)-curves provides
in principle the phase boundaries in the (x,T )-phase
diagram. This phase diagram is shown in Fig. 7. ¥nder
appropriate conditions, which are discussed in Section
VI, x(T) is proportional to the membrane-water parii-
tion coefficient.

The lateral density fluctuations in the acyl-chain
order are altered by the presence of the interstitial
foreign molecules in the membrane. This is reflected in
the behaviour of thermal response functions like the
specific heat. Cp(T ) is shown in Fig. 8 for the pure lipid
bilayer system as well as for two finite values ~f » Tha
broad peak at T, for pure DPPC-bilayers reflects the
weak first-order nature of the main transition [18). The
extended wings in Cp(T) around T, for the pure bi-
layer are strongly reduced in the presence of interstitial

330 T T 1 I
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Fig. 7. Computer-simulation data (grand canonical ensemble) for the
temperature dependence of the concentration, x, of foreign interstitial
molecules shown for a series of different fixed chemical potentials .
a, p=—151 O, u=-135 X, u=-10,0, p=-094, 0, p=
—0.75 in units of 10~ erg. The underlying phase diagram is indi-
cated in heavy solid lines. g and f denote the gel and fluid lipid
phases. The model parameters are JE5 = ~0.1, 59 =05, and J,,
= 0.45 in units of 10~ Y erg,
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Fig. 8. Computer simulation data (grand canonical ensemble) for the
temperature dependence of the specific heat per lipid chain, Cp(T'),
for different values of the chemical potential pu of the interstitial
foreign molecules. o, p=—o0 (puie systery), T, p=-094: +,
p=—0.75 tin units of 107 "* erg). The model parameters are J§5 =

—0.1. J¥" = 0.5, and J,, = 0.45 in units of 10 P erg.

molecules. The microscopic phenomena related to the
changes in Cp(T) are illustrated in Fig. 9 where the
average cluster size, Z(T), is shown for values of p
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Fig. 9. Computer simulation data (grand canonical ensemble) for the
temperature dependence of the average cluster size £ (in units of lipid
acyl chains) for differeni values of the chemical potential p of
interstitial foreign molecules. O, p = — oo (pure system), 0, g = —0.94;
4+, p=—075 (in units of 107"*) erg. The model parameters are
JEE = =01, JMd = 0,50, and Ju, = 0.45 in units of 10~ P erg.
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corresponding to Fig. 8. The clusters in question are
domains of gel-like lipids in a fluid bulk phase or
domains of fluid-like lipids in a gel bulk phase. The
cluster-formation phenomena are clear microscopic
manifestations of the lateral density fluctuations which
become long range at the weak first-order (pseudo-criti-
cal) main transition [18,19.20). Fig. ¢ shows ihat the
average domain size is dramatically reduced away from
T.(n) as p is increased.

The computer-simulation results presented so far
correspond to thermodynamic equilibrium. Under some
experimental circumstances thermodynamic equilibrium
may not be reached because the exchange kinetics for
the transfer of foreign molecules between the membrane
and the aqueous phase is too slow to keep up with the
applied changes in the chemical potential. In that case
one may observe non-equilibrium effects which inter-
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Fig. 10. Computer simulation data (grand canonical ensemble) for a
membrane system under non-equilibrium conditions (+) caused by a
slow exchange of foreign molecules between the membrane and the
aqueous phase. (a) Specific heat Cp(T") per lipid molecule. (b) Con-
centration x of foreign molecules in the membrane. Data are also
shown for the corresponding equilibrium situation () at a chemical
potential p= —~094-10"" erg. For comparison the equilibrium
specific heat for the pure system is also shown (0). The model
parameters are JE = —0.1, J{¥4 =050, and J,, =0.45 in units of
10~ Perg.

polate between the canonical and grand canonical en-
sembles. An example of such an effect is demonstrated
in Fig. 10 in which the specific heat, Cp(T'), and the
concentration of interstitia! molecules in the membrane,
x, is shown under non-equilibrium condiditions. These
non-equilibrium conditions are piovided by initializing
the sysiem in a slate below the phase transition (at 290
K), keeping p fixed, and then heating at a rate which is
too fast for the system to equilibriate at any given
temperature, i.e., the membrane lags behind in its up-
take of foreign molecules from the agqueous phase. It is
seen that the non-equilibrium specific heat in Fig. 10a
has an appearance which is intermediate between the
equilibrium specific heat functions in the grand canoni-
cal ensemble (Fig. 8) and in the canonical ensemble
(Fig. 5). Under such non-equilibrium conditions, the
properties of the system will be very dependent on the
particular thermal treatment.

V.B. Phase behaviour of type I

The results presented in Figs. 2-10 for both the
canonical and grand canonical ensembles were based on
a single choice of model parameters which lead to a
phase diagram with substantial freezing-point depres-
sion and a wide coexistence region. The various results
have demonstrated that, even though the interactions of
the foreign interstitial molecules are governed by a
particular Hamiltonian, these interactions give rise to
different behaviours for the experimentally accessible
thermodynamic quantities depending on the experimen-
tal conditions, i.e., whether canonical or grand canoni-
cal emsemble conditions apply and whether the system
is subject to a non-equilibrium condition due to slow
exchange of the foreign molecules between the mem-
brane and the aqueous phase. In Fig. 11 we show a
comparison between data obtained in the grand canoni-
cal and the canonical ensembles for a different choice of
model parameters which lead to a phase diagram of
type II (cf. Fig. 2) with some freezing-point depression
but only a narrow coexistence region. Compared with
the previous set of model parameters, only JE is
changed, i.e., J& = —0.05- 10~ 1 erg, corresponding to
a weaker relative repulsion between the gel-like lipid
acyl-chain conformations and the foreign molecules.
Also for this set of model parameters the transition
enthalpy is almost independent of u and x. The daa
show that for this type of phase diagram the thermal
scans in the specific heat are not sufficiently strong
indicators of the underlying ensemble, ie. from
specific-heat data alone it is not possible to discern
whether the membrane exchanges foreign molecules with
the aqueous phase. That it indeed does so is seen in the

‘insert of Fig, 11b which shows that the concentration in

the membrane (and hence in many cases the partition
coefficient) changes dramatically in going through the
transition.
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Fig. 11. Comparison betweea computer-simulation data for the specific heat Cp(T') (+) obtained in the canonical and grand canonical ensemble

for a set of model parameters JEI = —0.05, J¥ = 0.50. and J,, =045 in units of 107" erg. {a): canonieal, x =0.2. (b): grand canonical,

p=--094-10" " erg. A comparison with Cp(T'j for the pure membrane (o) is provided. The inset shows x(7T') for fixed g with the heavy sokid
lines indicating the phase boundaries. g and f denote the gel and fluid lipid phases.

Finally, it should be mentioned that the degree of
freezing point depressivn for a phase diagram with a
narrow coexistence region (type II) does not signifi-
cantly influence the results and that the specific heat is

quite similar to that of the pure lipid bilayer by analogy
with Fig. 11.

VI. Interpretation of experimental data

VI.A. Choice of ensemble

As pointed out in Section 11, the interpretation of the
experimentally observed effects of foreign molecules on
membrane properties depends critically on being able to
identify the underlying statistical ensemble. In this sub-
section we address the question of the proper choice of
ensemble in relation to a number of specific experi-
ments. Membrans components and membrane additives
like drugs display a wide range of solubilities. In a
general description of these systems, the membrane, the
aqueous environment and (for components like volatile
general anaesthetics) the gaseous phase must all be
taken into account. The various phases require different
treatments:

(i) The gaseous phase. This phase plays an important
role for smal! volatile membrane components. Ideal gas
theory can usually be applied and the chemical poten-
tial for a substance « is then expressed as

pE = y¥5(T)+ RT In P,, {5)

where P, is the partial pressure of the substance. The
standard chemical poteniial u&5(7T") is only weakly tem-
perature dependent in the temperature range of interest.

(ii}) The aqueous phase. The theoretical description of
the solution of polar or non-polar compounds in water
is a difficult and largely unresolved problem. For very
small concentrations, the chemical potential of the com-
ponent a is

R =p8TH)+ RT nc,, (6)

where ¢, is the concentration of the component « in the
aqueous phase. However, highly non-ideal mixing be-
haviour is expected for polar solvents like water. Eqn. 6
can be improved by the addition of virial expansion
terms based on a microscopic interaction model for the
aqueous solution. Since reliable models do not exist for
polar liquids, another approach must be taken. If the
aqueous mixture is miscible, there is a unique mono-
tonic relationship between p3? and ¢, with
op(c,,T)/dc, > 0. Therefore, in this case, u3? char-
acterizes the overall concentration of component a in
the aqueous phase.

(iii) The membrane. The chemical potential p3*™ of
component « in the membrane is modelled by the
Hamiltonian in Eqn. 1.

Under equilibrium conditions the relation pf* = u?
= un*™(x,,T) is fulfilled. p¥* is irrelevant for the
description of membranes with non-volatile com-
pounds. On the other hand, for volatile compounds, the
gaseous phase serves as a reservoir for the membrane
with respect to component a with the chemical poten-
tial controlled by the temperature and the partial pres-
sure, P, Similarly for strongly water-soluble com-
pounds, the solubility of component a in the aqueous
phase relative to the membrane can simply be para-
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meterized by a chemical potential. An equivalent mea-
sure is the membrane/water partition coefficient which
will be considered later in this section.

We now consider two main groups of membrane
soluble components, volatile and non-volatile com-
pounds.

VI.A.1. Volatile compounds

This group of molecules includes several general
anaesthetics like halothane and ether. The concentra-
tion of general anaesthetics in the membrane is usually
controlled by a partial pressure. The equilibrium be-
tween the gaseous phase, the aqueous phases, and the
membrane assumes equality of the chemical potentials
of the components. In this description, the gaseous
phase simply constitutes a reservoir for the membrane
of anaesthetic molecules a controtled by P, or u&*. The
grand canonical approach is therefore appropriate. The
solubility of the species « in water plays no role in this
description, but it is of course important for the de-
termination of the membrane/water partition coeffi-
cient.

According to the discussion in Section III we expect
the main transition to occur at a well-defined tempera-
ture and to be signalled by a single peak in the specific
heat. This is indeed observed in DSC-measurements for
varying partial pressure of halothane [5,21]. The peak in
Cp at the transition temperature is broadened as P, is
increased. One possible explanation for this may be
slow exchange kinetics for the transfer of halothane
between water, the membrane, and the gaseous phase
when compared with the characteristic time of measure-
ment. The non-equilibrium conditions therefore give
rise to a smearing of the transition as demonstrated in
the model calculations depicted in Fig. 10. Another
explanation for the broadening of the transition could
be a hidden conserved gaseous volume in the experi-
ment. Finally, the broadening may indicate strongly
enhanced fluctuations as the halothane is added.

VI1.A.2. Non-volatile compounds

Partly soluble membrane components can be char-
acterized by a membrane/aqueous-buffer partition
coefficient

e Ny
Ny m
a a o«

where NjY and N™™ are the total numbers of mole-
cules of species a respectively in the aqueous phase and
in the membrane. V9 and V™™ are the corresponding
volumes. The description outlined in Section VI.A.1 for
the partitioning of volatile general anaesthetics in the
membrane can be extended to non-volatile compounds
when one of the following conditions is met

NTM e NJ9or K < P4 /1 mem (8)

and the aqueous mixture is miscible. Under these condi-
tions the concentration of foreign molecules in the
aqueous phase is only weakly affected by changes in the
concentration in the membrane, e.g., at the main transi-
tion.

The above conditions are typically fulfiilsd in experi-
mental systems involving certain local anaesthetics like
procaine ( K ppe = 50 at pH = 7.5) [22] and a range of
drugs like the anticancer agent adriamycin ( K pppe- = 40
at pH=7.4) [23]. For these systems, the second in-
equality of Eqn. 8 is obeyed for a sufficiently dilute
membrane solution. The partition coefficient K varies
with temperature, solution concentration, pH, and lipid
composition. The quoted values of K indicate therefore
only the order of magnitude of the partition coefficient
in a pH-neutral solution. When neither of the condi-
tions in Eqn. 8 are strictly fulfilled, traces of three-di-
mensional phase separation will appear, leading to a
broadening of the phase transition. This is likely to
happen in a great variety of experimental systems
[23,24]. Alternative explanations for broadening of the
transition are considered below.

If
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the exchange of solutes between the membrane and the
aqueous phase plays a minor role and cooperative phe-
nonema take place in the membrane under the condi-
tions of almost fixed concentration of impurities, i.e., a
canonical ensemble description is appropriate. This does
not prevent three-dimensional phase separation from
occurring after a sufficiently long equilibration time in
the real vesicle system. However. the average thermal
properties can still be described by the two-dimensional
canonical-ensemble treatment. A large class of poorly
water-soluble drugs belongs to this category, including
antidepressants like chlorpromazine (K pppe = 3400 at
pH =70 and T=50°C) [25] and the calcium-channel
antagonist nimodipine (K pppc = 128000 at pH = 7.4)
[26].

In most experimental situations, neither of the condi-
tions given in Eqns. 8 and 9 is strictly met and the
interaction of the foreign molecules with both the mem-
brane and the aqueous phases must definitely be taken
into account. However, for a given drug, K can often be
modified substantially by changing ionic strength or pH
[27,28] which makes it possible to approach one of the
limits Eqn. 8 or Eqn. 9 thereby permitting a clean study
of the interactions of the foreign molecules with the
membrane. Alternatively, the water solubility of the
foreign molecules may be altered by appropriate sub-
stitution or addition of suitable molecular residues. For
example, Bae et al. [26] have studied the interaction of a
whole series of adriamycin derivatives with DPPC bi-
layer membranes using DSC experiments. For this series



of compounds, the whoie spectrum of K-values from
Eqn. 8 to Eqn. 9 is represented. The observed DSC
scans for !is series have the characienstics of the
model calcul. tions in Section V ranging trom the

canonical to the grand-canonica! description, cf. Figs. 5
and 8.

VI.E. Choice of microscopic model

As pointed out in Section I, a proper interpretation,
in terms of a microscopic interaction model, of an
experiment on the physical effects of foreign molecules
interacting with membranes, has to resolve the question
as to whether the foreign molecules predominantly act
as substitutionz! or interstitial impurities in the bilayer
membrane. The most striking difference between these
two types of impurity action is that substitutional im-
purities will in general reduce the changes in thermal
densities at the transition (e.g., as the enthalpy) whereas
interstitial impurities will leave these changes almost
unaffected.

It is important to realize that the size of the foreign
molecule is not the only quantity which determines
whether a foreign molecule acts as a substitutional or an
interstitial impurity. As an example we consider the
series of calcium-channel antagonists, diltiazen.
verapamil, nimodipine, and nisoldipine. The effects of
this serics on the thermotropic behaviour of DMPC
membranes have recently been studied by DSC experi-
ments [26]. These four drugs of comparable sizes are
moreover comparable to the size of a lipid molecule.
However, the interaction of diltiazem and verapamil
with the membranes hardly affects the 4 H of the transi-
tion, whereas the addition of nimodipine and nisoldi-
pine gives rise to a pronounced decrease in A H. X-ray
and neutron-scattering studies [26] suggest that the two
pairs of compounds differ in their position within in the
membrane. While diftiazem and verapamil are buried
deeply in the hydrocarbon core of the membrane,
nimodipine and nisoldipine are located closer to the
polar membrane/water interface. Hence, the latter two
compounds strongly affect the packing of the lipid
chains and consequently influence the cooperativity of
the chain-melting transition. These membrane compo-
nents must therefore be considered as substitutional
impurities. Diltiazem and verapamil, on the other hand,
intercalate nicely between lipid acyl chains and act as
interstitial impurities if the concentration in the mem-
brane is not too large.

Another group of membrane active compounds which
also can be described as interstitial impurities includes
headgroup-active agents like procaine and morphine
which interact only weakly with the lipid hydrocarbon
chains. AH is almost independent of concentration for
these two compounds [24,29]. For cocaine and morphine
derivatives, the change in A H depends on the size of the
hydrophobic moity buried in the membrane. A more

237

detailed description of these cases, as well as the inter-
action of small polar molecules like certain alcohols
with the niembrane, requires a theoretical treatment
which is outside the scope of the present paper.

VIi. Conclusions

In tkis paper we have presented a discussion of the
key elements required for a description of the interac-
tion between foreign molecules and lipid bilayer mem-
branes on the basis of a simple but general microscopic
interaction model. The interactions manifest themselves
macroscopically in changes in the physical and thermo-
dynamic properties of the pure bilayers as various
amounts of foreign molecules enter the membrane. In
particular, the characteristics of the main gel-to-fluid
bilayer phase transition are dramatically changed in the
mixed system. For a characterization of the thermody-
namic behaviour of the system we have pointed out that
the phase diagram and the variation of response func-
tions (e.g.. the specific heat) as well as the
membrane/water partition coefficients seen in crossing
the phase diagram are important indicators of the
molecular interactions.

The basic hypothesis of this paper is that a proper
description of the interaction of foreign molecules with
lipid membranes is dependent oa the following consid-
erations: (i) whether or not the foreign molecules act as
substitutional or interstitial impurities, and (ii) whether
or not the concentration of the foreign molecules in the
membrane is effectively constant or not {canonical or
grand canonical ensemble). In case (i), the case of
interstitial impurities usually implies that the transition
enthalpy A H does not vary with concentration, whereas
A H decreases in the case of substitutional impurities. In
case (ii), a knowledge of the thermal variation of the
partition coefficient is essential for determining the
appropriate ensemble. As shown by our model calcula-
tions, information concerning just the specific-heat pro-
files across the phase diagram is not sufficient to settle
the question about the ensemble. Also, under certain
experimental conditions neither the canonical nor grand
canonical ensemble descriptions are fully appropriate.
For example, the transfer of molecules between the
membrane and the aqueous phase may be slow on the
experimental time scale with the result that the system
is subject to a non-equilibrium condition which places it
in between the two ensembles. In such cases it is im-
portant to tune the experimental system parameters to
bring the system into one or-the other ensemble. In the
case of the canonical ensemble, the temperature-com-
position phase diagram can readily be determined. For
the grand canonical ensembile, this diagram can only be
determined when the temperature variation of the parti-
tion coefficient is also known. These are important
considerations when studying the interaction between a
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given drug and a membrane, €.g. when the drug mole-
cule has a small hydrophilic or charged group which
makes it (partly) soluble in water. In that case the
measured thermodynamic properties of the water-mem-
brane system are not solely a signal of the lipid—drug
interactions but the partitioning (via the ensemble)
comes in as well. In such a case it is necessary to tune
the experimental parameters to isolate the effects of the
lipid-drug interactions.

The microscopic interaction model presented in this
paper can casily be extended to account for more specific
interactions between the foreign molecules and the lipid
acyl chains. Such specific interactions could for example
resemble a selective coupling between a drug molecule
and a particular chain conformation, e.g., a kink excita-
tion. If such a coupling is present, it would have a
dramatic effect on the fluctuations of the system since
the drug molecule would then control the formation of
interfaces between lipid domains and the bulk phase in
the neighborhood of the transition. Preliminary results
on an extended model of this type [30] have confirmed
this picture and have demonstrated that the partition
coefficient can develop non-classical behaviour by dis-
playing a maximum near the transition. Such a maxi-
mum has been observed experimentaily in membranes
with local anaesthetics like cocaine derivatives {22] and
in lipid bilayers doped with certain insecticides like
lindane [31].

Finally, we make a brief remark concerning the global
concentration values use¢ *u the present model study
and those which may be relevant for physiological stud-
ies of anaesthetics and drugs. In the present work quite
high concentrations were considered. These may seem
large compared to the global concentrations quoted for
assays used for pharmacological purposes. However,
this need not be the case since the membrane at the site
of action may contain the drug in a much larger con-
centration than is globally present in the entire assay
[12]. Furthermore, specific interactions may lead to a
strong local accumulation of drugs within the mem-
brane due to a coupling to the lateral density fluctua-
tions [30].
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