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Abstract. Monte Carlo simulations and mean-field calcu-
lations have been applied to a statistical mechanical lat-
tice model of lipid-protein interactions in membranes in
order to investigate the phase equilibria as well as the
state of aggregation of small integral membrane proteins
in dipalmitoyl phosphatidylcholine bilayers. The model,
which provides a detailed description of the pure lipid
bilayer phase transition, incorporates hydrophobic
matching between the lipid and protein hydrophobic
thicknesses as a major contribution to the lipid-protein
interactions. The model is analyzed in the regime of low
protein concentration. It is found that a large mismatch
between the lipid and protein hydrophobic thicknesses
does not guarantee protein aggregation even though it
strongly affects the phase behaviour. This result is consis-
tent with experimental work (Lewis and Engelman 1983)
considering the effect of lipid acyl-chain length on the
planar organization of bacteriorhodopsin in fluid phos-
pholipid bilayers. The model calculations predict that the
lipid-mediated formation of protein aggregates in the
membrane plane is mainly controlled by the strength of
the direct lipid-protein hydrophobic attractive interac-
tion but that direct protein-protein interactions are need-
ed to induce substantial aggregation.
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Introduction

The modern view of the membrane structure is based on
the so-called ‘fluid-mosaic’ model of Singer and Nicolson
(1972), which describes the membrane as a fluid-mosaic
pseudo-two-dimensional aggregate of a lipid bilayer with
embedded integral proteins. Both proteins and lipid
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molecules are supposed to be free to move in the ‘mosaic’
plane. Furthermore, as stressed by Singer and Nicolson
themselves, “a prediction of the fluid mosaic model is that
the two-dimensional long-range distribution of any inte-
gral protein in the plane of the membrane is essentially
random.” Therefore, the model does not account for the
existence of large-scale inhomogeneities in the lateral dis-
tribution of the membrane components, which may con-
tribute — together with the short-range inhomogeneities —
to the functional specialization of membrane regions
(Quinn and Chapman 1980; Sanderman 1978; McElhaney
1982; Carruthers and Melchior 1986; Sackmann 1984) by
affecting the enzymatic and physiological function of
specific regions. The lateral inhomogeneity in the distri-
bution of the membrane components has a ‘static’ as well
as a ‘dynamic’ component which are consequences of the
cooperativity of the membrane system. The formation of
long-lived bacteriorhodopsin ‘patches’ found in the pur-
ple membrane of halophile bacteria (Stoeckenius et al.
1979) is an example of the static large-scale (~10* A)
inhomogeneity in the protein lateral distribution. How-
ever, the lateral mobility of many membrane proteins can
also cause the existence of short-lived small-scale (100—
1000 A) inhomogeneities that may reflect the existence of
enzymatic pathways (Metzger and Ishizaka 1982).

The various levels of inhomogeneities in the protein
distribution in lipid membranes involve, for example,
protein aggregation, phase separation, and protein segre-
gation and crystallization. From the point of view of equi-
librium thermodynamics, these various levels proceed
from a local microscopic scale to a global macroscopic
scale. Phase separation and bulk protein segregation/
crystallization are macroscopic phenomena, which indi-
cate the coexistence of two macroscopically distinct
phases in the lipid-protein system. Protein aggregation,
on the other hand, corresponds to formation of a new
type of microscopic or mesoscopic super-particle or com-
plex consisting of a cluster of proteins which, in general,
will be associated with a certain size distribution. The
present paper will mainly focus on protein aggregation
and protein-induced lipid phase separation.
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In the past, different theories have been proposed in
an attempt to explain the determinants of protein aggre-
gation in lipid membranes (Abney and Owicki 1985). In
some early work, Marcelja (1976) proposed a theory
based on the assumption that the driving force for the
formation of protein aggregates is lipid-mediated. When
two proteins come close enough to produce an overlap
between the lipid regions they have perturbed, a lipid-me-
diated force will start to act between them. MarCelja esti-
mated the strength of the force between two isolated
proteins separated by a distance App. From the knowl-
edge of the system free energy as a function of 4,,, he
calculated the protein pair-potential, V3, (4pp), and from
this the effective force acting on the protein pair. It should
be stressed here that the pair-potential of Marcelja is
determined solely by the enthalpic part of the free energy.
The theory does not account for the fact that at finite
temperatures, when proteins are free to move in the mem-
brane plane, the disordering effect of the entropy will
work against an attractive interaction between proteins,
thus tending to keep them in a random dispersion in
order to minimize the total free energy of the system. The
actual protein lateral distribution is a result of these com-
peting effects. Therefore, to consider protein aggregation
to be caused by an ‘effective potential’ does not give reli-
able information about the actual physical mechanisms
from which they are generated.

According to Barion and colaborators (Barion et al.
1979) protein aggregates may be influenced by the forma-
tion of short-lifetime defects — the so-called ‘holes’, corre-
sponding to temporarily unoccupied phospholipid sites —
which, due to thermodynamic fluctuations in the system,
occur simultaneously in the vicinity of two neighbouring
proteins, thus inducing stable binding. The phenomenon
depends on the protein concentration: in order to bind
two proteins in a stable manner via van der Waals forces,
the formation of vacancies has to involve a large number
of phospholipids simultaneously. This is probably a rare
event in biological membranes.

Other authors (Pearson et al. 1983; Braun et al. 1987;
Abney et al. 1987) have attempted to obtain information
regarding the forces acting between the proteins in aggre-
gates using statistical mechanical methods to analyse
the positional correlation of proteins in micrographs
from freeze-fracture electron microscopy experiments (see
Abney and Owicki 1985). The intermolecular potentials
calculated by these methods contain contributions from
both the enthalpic and the entropic part of the free ener-
gy, and, as in the case of the pair-potential of Marcelja, it
is not possible to discern their contributions to the free
energy.

The present work presents the results of a systematic
theoretical model study of the lateral distribution of
proteins in dipalmitoyl phosphatidylcholine (DPPC) bi-
layers. The aim of the work is to isolate — with the help of
a lipid-protein interaction model — the relevant factors
responsible for protein aggregation in membranes, and, in
particular, to investigate whether the existence of a mis-
match between lipid and protein hydrophobic thickness-
es may significantly influence aggregation. Earlier sys-
tematic experimental studies (Riegler and Mo6hwald

1986; Peschke et al. 1987), as well as theoretical calcula-
tions (Mouritsen and Bloom 1984; Sperotto and Mourit-
sen 1988; Sperotto et al. 1989), have pointed out the im-
portance of the mismatch between protein and lipid hy-
drophobic thicknesses for the phase behaviour of lipid-
protein mixtures. Here, a microscopic lipid-protein inter-
action model is presented in order to investigate how a
mismatch interaction influences the microscopic be-
haviour of the lipid-protein mixture. The phase equilibria
of the model are determined by approximate mean-field
calculations. The determination of the thermodynamic
properties of the model proceeds by the use of the Monte
Carlo computer-simulation techniques (Mouritsen 1990)
which take proper account of the thermal density fluctua-
tions which are important near the main bilayer phase
transition (Mouritsen 1990). The computer simulations
permit direct inspection of the membrane configurations
on the molecular level and they therefore allow for a
direct determination of the state of protein aggregation.

Microscopic model

We have adopted the ten-state model of the lipid bilayer
main phase transition proposed by Pink and collabora-
tors (Pink et al. 1980; Caillé et al. 1980). The ten-state
model has previously also been used for studies of lipid-
protein interactions using a set of fitted lipid-protein in-
teraction constants (Pink and Chapman 1979; Lookman
et al. 1982; Tessier-Lavigne et al. 1982; Caillé et al. 1980;
Pink 1984; MacDonald and Pink 1987; Pink and Ham-
boyan 1990). Here, we incorporate the lipid-protein inter-
actions into the ten-state model in the spirit of the mat-
tress model (Mouritsen and Bloom 1984) by identifying
part of the lipid-protein interaction constants in terms of
molecular properties, specifically hydrophobic thickness
and hydrophobic matching between the lipid and protein
hydrophobic thicknesses. This type of extended model has
recently been used to calculate lipid order-parameter pro-
files near isolated integral membrane proteins (Sperotto
and Mouritsen 1990).

Pink’s ten-state model (Pink et al. 1980) provides a
rather accurate description of the pure lipid bilayer phase
behaviour and the associated lipid-density fluctuations
since it accounts for the most important conformational
acyl-chain states of the lipids as well as their mutual inter-
actions and statistics. Within this model the bilayer is
considered as two monolayer sheets which are indepen-
dent of each other, and each monolayer is represented by
a triangular lattice. The model is a pseudo-two-dimen-
sional lattice model which neglects the translational mod-
es of the lipid molecules and focusses on the conforma-
tional degrees of freedom of the acyl chains. Each acyl
chain can take on one of ten conformational states m,
each of which is characterized by an internal energy E,,,
a hydrocarbon chain length d,,, and a degeneracy D,,,
which accounts for the number of conformations that
have the same area A, and same energy E,,, where m=1,
2,...10. The ten states are derivable from the all-trans
state in terms of trans-gauche isomerism. The state m=1
is the non-degenerate gel-like ground state, representing



the all-trans conformation, while the state m=10 is a
highly degenerate excited state being characteristic of the
melted or fluid phase. The eight intermediate states are
gel-like states containing kink and jogs excitations satis-
fying the requirement of low conformational energy and
optimal packing. The conformational energies E,, are ob-
tained from the energy needed for a gauche rotation
(0.45 x 10~ 13 erg) relative to the all-trans conformation.
The values of D,, are determined by combinatorial con-
siderations (Caillé et al. 1980). The chain cross-sectional
areas, 4,,, are trivially related to the values of d,, since the
volume of an acyl chain is approximately invariant under
temperature changes (Marcelja 1974; Trauble and Hay-
nes 1971). The saturated hydrocarbon chains are coupled
by nearest-neighbour anisotropic forces which represent
both van der Waals and steric interactions. The interac-
tions are formulated in terms of products of shape-depen-
dent nematic factors. The lattice approximation automat-
ically accounts for the excluded volume effects and, to a
rough approximation, for the part of the interaction with
water which allows for the bilayer existence. An effective
lateral pressure, IT, is added to the model to assure bilayer
stability (Marcelja 1974). The Hamiltonian energy of the
pure lipid bilayer model may then be written

pure Z 2 (Em+HAm) agm.i

2 Y X I dys dy) L L 1)
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where J, is the strength of the van der Waals interaction
between neighbouring chains, and I(d,,, d,) is an interac-
tion matrix which involves both distance and shape depen-
dence. The Hamiltonian is expressed in terms of site occu-
pation variables %, ;: £, ;=1 if the chain on site i is in
state m, otherwise %, ;=0. The model parameters J, and
IT are chosen in order to reproduce the transition temper-
ature for a pure DPPC bilayer: J,=0.70985 x 10~ 13 erg
and IT=30 dyn cm ™! (Mouritsen et al. 1983).

The lipid-protein interactions are included in the
model, Eq. (1), by assuming that the hydrophobic mem-
brane spanning part of the protein molecule is a stiff,
rod-like, and hydrophobically smooth object with no ap-
preciable internal flexibility. This assumption holds in
those cases where the protein structure is known, and it is
normally used in protein modelling (Jahnig 1981; Sadler
and Worcester 1982; Sadler et al. 1984). In this way the
protein is characterized only by a cross sectional area A,
(or circumference gp) and the half-length of the hydropho-
bic core, dp. In the following, the term ‘protein length’ will
refer to dp which is then to be compared with the hydro-
phobic thickness of half a bilayer. It will furthermore be
assumed that the protein is small and only occupies one
site of the lipid lattice.

The total Hamiltonian of the model is now
A=Ay + S, @)

pure
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where z is the coordination number (z=6) and L, ; is the
protein occupation variable. .%, ; and L, ; satisfy the

m,i

comleteness relation . %, ;+ Ly ,=1. The parameter

v,qw 18 related to the direct lipid-protein hydrophobic van
der Waals-like interaction which is associated with the
interfacial contact of the two species. The parameter y,_;
is related to the hydrophobic effect. The corresponding
term in the Hamiltonian accounts for a possible existence
of a mismatch between the protein and the lipid hydro-
phobic lengths. Since both of the lipid-protein interaction
terms in Eq. (2) contain a factor which involves the lipid-
chain length variable, d,, ;, the strength of these terms are
not only determined by the interaction constants, y,,,;; and
V,qw, but it depends implicitly on the temperature via the
actual lipid-bilayer thickness.

The choice of the values of the lipid-protein interac-
tion parameters ... and v has been guided by the
phenomenological model calculations by Sperotto and
Mouritsen (1988). It is not expected, however, that the
parameters of the microscopic and phenomenological
models should necessarily be the same. In contrast to the
phenomenological model, the microscopic model de-
scribed in this article automatically includes the elastic
contribution to the free energy of the bilayer, as given by
a finite area compressibility. Since the hydrophobicity of
typical protein side chains is half of that of the lipid hy-
drocarbon chains (Tanford 1973), the value of the param-
eter y,.;. in Eq. (2) depends on whether the protein length
or the bilayer thickness is the larger. Specifically, the mis-
match interaction parameter is approximately twice as
large in the case d,, ;>dp as in the case d,, ;<dp. The
parameter v, 4y 1 considered to be phase independent
since the lipid hydrophobic length is consistently deter-
mined by the cooperativity of the microscopic model. In
this respect, the phenomenological mattress-model ap-
proach (Mouritsen and Bloom 1984), which requires the
pure lipid bilayer thicknesses of the two phases as an
input, is conceptually different from the microscopic ap-
proach. Hence the microscopic model contains only two
model parameters which in principle are unknown and in
practice are determined empirically by drawing upon
the phenomenological mattress model (Mouritsen and
Bloom 1984).

Calculational techniques

Monte Carlo simulation techniques (Pink 1984; Mourit-
sen 1990) within the canonical ensemble are applied to the
microscopic model, Eq. (2), in order to study the equilib-
rium lateral distribution of single-site proteins free to
move on the lattice during the simulations. The thermal
equilibrium 1s provided by a combination of Glauber and
Kawasaki dynamics. According to the Glauber dynamics,
the lipid chains are fixed at their lattice sites but they can
change their conformational state. By Kawasaki pair ex-
change, a lipid chain and a neighbouring protein mole-
cule can exchange lattice sites.

In order to assess the state of protein aggregation on
the lattice, the protein cluster-size distribution function,
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N(S), is calculated from an ensemble of typical equilibri-
um configurations. As a consequence of the protein later-
al mobility in the lipid matrix, phase separation may oc-
cur in the system. This will influence the lateral distribu-
tion of the proteins. Since it is rather difficult to determine
unambiguously the thermodynamic phase of a system
from a Monte Carlo simulation within the canonical

ensemble, the mean-field approximation has been used to -

calculate the free energy of the model. From the mean-
field free energy an approximate phase diagram can be
derived, which is then used as a guide for the interpreta-
tion of the N (S)-data obtained from the simulations. The
consistency between the Monte Carlo simulation data
and the mean-field phase diagram has been checked in
each case considered. The mean-field theory for the pres-
ent model is developed in the Appendix.

In order to understand the influence of the mismatch
interaction energy term in Eq. (2) on the phase equilibria
of the system and on the protein lateral distribution in
each phase, different matching conditions, ie. different
protein hydrophobic lengths, d, (with d,, <dp<d, ), have
been considered. Furthermore, for a given choice of dj,
the influence on the system thermodynamics of the van
der Waals-like interaction energy term in Eq. (2) is stud-
ied by varying the lipid-protein interaction parameter

Vyaw -

Results

As a useful reference for the following presentation and
discussion of the computer-simulation results we show in
Fig. 1 the temperature variation of the hydrophobic
thickness for pure DPPC bilayers as predicted by the
ten-state Pink model. The figure reveals the dramatic
change in thickness at the transition temperature. Con-
sidering this dramatic change one may anticipate that the
mismatch interaction is going to be a main determinant of
the phase equilibria of the lipid-protein membrane.

We then turn to present the results of a systematic
study of the phase behaviour of different lipid-protein
mixtures and the degree of aggregation of small proteins
in the various phases and phase coexistence regions of
these mixtures. Six representative cases are discussed,
which differ from one another in the different choices of
the protein hydrophobic length, dp, and the lipid-protein
van der Waals-like interaction parameter v,4y . The mis-
match interaction parameter is the same for all cases,
e =0.01 x 10”2 erg A=2,

For cach of the six cases the phase diagram is de-
scribed and discussed together with the results from the
protein cluster size analysis. Only a few selected tempera-
tures are considered corresponding to different parts of
the phase diagram above, below, and close to the pure
lipid bilayer transition temperature, T, (7,=314 K for
DPPC): T,=295K, T,=313K and T,=335K. The
equilibrium distribution function, N(S), is calculated
from Monte Carlo simulations performed mostly on a
lattice with 40 x 40 sites, 80 of which are occupied by
single-site proteins. The corresponding molar protein
concentration is ¢p = 0.095. Some larger lattices have also
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Fig. 1. Temperature dependence of the equilibrium lipid chain
length, (d}, of the unperturbed DPPC bilayer. The transition tem-
perature is T,,=314 K
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been considered in order to estimate finite-size effects
(Mouritsen 1990). Snapshots of typical microconfigura-
tions are shown which, together with the phase diagrams,
facilitate the interpretation of the simulation data.

Case A: dp=12 A, v,4y =0 (Figs. 2-4)

The phase diagram in Fig. 2 shows that massive phase
separation occurs below T,. In the phase separated re-
gion, the proteins are dissolved almost exclusively in the
fluid-like regions of the bilayer. This is due to the fact that
the protein length is closely matched to the fluid bilayer
thickness, cf. Fig. 1, and solution of proteins in the gel
phase would be very costly. However, since the attractive
interaction between the lipids and the proteins is very
low, the solubility of the protein is also low in the fluid
phase, and therefore, one would expect a tendency for
protein aggregation within the coexistence region at low
temperatures where the entropy is low.

These expectations are confirmed by the results from
the simulations. At T = T;, for the chosen protein concen-
tration ¢, =0.095, the system is in the phase separation
region. The cluster-size distribution function in Fig. 3a
shows that the number of isolated proteins is low and
large protein aggregates are formed. That the protein ag-
gregates appear almost exclusively in the fluid region of
the lattice is demonstrated by the snapshot of Fig. 3b. As
the temperature is raised toward T, the system leaves the
phase separation region. The proteins are no longer dis-
solved only in a limited region and the number of isolated
proteins increases strongly, as can be seen from Fig. 4a.
A number of small protein aggregates remains at the tem-
perature just above the pure lipid transition temperature.
At T =T,, the entropy effect only allows a small number
of protein dimers and trimers still to be present in the
system, as shown in Fig. 4b.

Simulations have also been performed in the case of
dy=15A and 18 A for the same interaction constant
v,aw=0. The results regarding the protein distribution
are similar to the those for dp=12 A.
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Fig. 2. Case A: Phase diagram in temperature, 7', vs. protein con-
centration, ¢p, for a mixture of lipids and single-site proteins with a
hydrophobic length of 12 A. The lipid-protein interaction parame-
ters are y,;,=0.01 x 10~ 3 erg A2, and v 4y =0. T, =314 K is the
transition temperature of the pure lipid bilayer. The labels f and g
refer to the fluid and gel lipid phases and the shaded region f+g
indicates the fluid-gel coexistence region. The points indicated by *
denote the points in the phase diagram investigated by computer
simulation calculations

Case B: dp=12 A, v,3y =0.005 x 10~ 3 erg A=2
(Figs. 5,6)

A weak attractive interaction between lipid chains and
proteins is now operative, but the phase behaviour of the
system does not change substantially compared to
Case A. The phase diagram has a massive phase separa-
tion region, where the phase boundary between the fluid
phase and the coexistence region is close to the one in
Fig. 2 and the phase boundary between the gel phase and
the coexistence region has only moved insignificantly
away from the vertical axis relative to Fig. 2. For temper-
atures below T, , the proteins dissolve mainly in the fluid
phase-separated regions of the bilayer. At T, for
cp=0.095, the solubility in the gel phase is rather low
corresponding to approximately ¢§=0.002. The protein
concentration in the phase separated fluid regions is al-
most the same as in Case A.

The microscopic behaviour of the system is illustrated
in Fig. 5a and b. A substantial change compared to Case A
(Fig. 3a and b) is seen to have taken place regarding the
protein aggregation within the fluid part of the phase
separation region of the bilayer below T, . Figure Sa
shows that the proteins in this case aggregate in smaller
clusters as supported by the snapshot shown in Fig. 5b.
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Fig. 3. Case A (a): Protein cluster size distribution on a lattice of
40 x 40 sites, 80 of which are single-site protein-like impurities with
a hydrophobic length of 12 A. The data are given for the tem-
perature T; =295 K. The lipid-protein interaction parameters are
Ymie =001 x 1073 erg A~2 and v, =0. (b) Snapshot of a typical
microconfiguration of the lattice at T, . The proteins are indicated by
dots, and gel and fluid lipid regions are denoted by grey and white
areas, respectively
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Fig. 4. Case A: Protein cluster size distribution on a lattice of
40 x 40 sites, 80 of which are single-site protein-like impurities with
a hydrophobic length of 12 A. The number indicated at the broken
column in the diagram at S=1 denotes the number of isolated
proteins. The data are given for the temperatures T, =313 K (a) and
T;=1335 (b). The lipid-protein interaction parameters are y,;,.=0.01
x107 2 erg A= and v 4y =0

At T the system is safely in the fluid phase and Fig. 6a
and b shows that the protein aggregation state is more
polydisperse than in Case A. AT T, the system is in the
fluid phase just above the two phase region. The protein
distribution considerably less polydisperse than at Tj.
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40 x 40 sites, 80 of which are single-site protein-like impurities with
a hydrophobic length of 12 A. The data are given for the tem-
perature T;=295K. The lipid-protein interaction parameters
are 7, =001x10 3 erg A7 and v,y =0.005x10 B erg A=2
{b) Snapshot of a typical microconfiguration of the lattice at T}

Case C: dp=12 A, v yy=0.03x 107> erg A2
(Figs. 7-9)

The further increase in the direct van der Waals-like at-
tractive interaction between lipids and proteins causes a
slight shrink of the phase separation region compared to
Cases A and B as seen in Fig. 7. However, only the phase
boundary between the gel phase and the coexistence re-
gion has changed significantly indicating an increased
relative solubility of the proteins in the gel phase. In the
phase separation region, the proteins are mainly dis-
solved in the fluid regions of the lipid matrix. The results
from the simulations at all three temperatures T;, T,, and
T, show that the proteins do not have the tendency to
cluster, cf. Figs. 8a and b, but remain isolated from one
another in contrast to Cases A and B. Figure 9a and b
shows snapshots of microconfigurations typical of the
temperatures in Fig. 8a and b.

These results indicate how the existence (in this case at
low temperatures) of a large mismatch between lipid
and protein hydrophobic thicknesses (similar to that in
Cases A and B) is not sufficient alone to induce protein
aggregation if the attractive lipid-protein interaction is
sufficiently strong. On the other hand, a comparison be-
tween the results of Cases A, B, and C, where a short
protein length is considered (d,=12 Axd,,), suggests
that increasing the strength of the van der Waals-like
lipid-protein interaction does not change the phase dia-
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Fig. 6. Case B (a): Protein cluster size distribution on a lattice of
40 x 40 sites, 80 of which are single-site protein-like impurities with
a hydrophobic length of 12 A. The data are given for the tem-
perature T;=335K. The lipid-protein interaction parameters
are y,,=0.01x10" P erg A2 and v 45 =0005x10" erg A2,
(b) Snapshot of a typical microconfiguration of the lattice at T,
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Fig. 7. Case C: Phase diagram in temperature, T, vs. protein con-
centration, cp, for a mixture of lipids and single-site proteins with a
hydrophobic length of 12 A. The lipid-protein interaction parame-
ters are y,;, =0.01 x 10713 erg A2 and v 4y =0.03 x 10" Perg A=2
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Fig. 8a, b. Case C: Protein cluster size distribution on a lattice of
40 x 40 sites, 80 of which are single-site protein-like impurities with
a hydrophobic length of 12 A. The data are given for the tem-
perature T, =295 K (a) and T, =335 K (b). The lipid-protein inter-
action parameters are 7,,,=0.01 x 10" erg A2 and v 4y =0.03
x 10" 3 erg A2
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Fig.9a, b. Case C: Snapshot of typical microconfigurations of a
lattice with 40 x40 sites, 80 of which are single-site protein-like
impurities with a hydrophobic length of 12 A. The snapshots
refer to the temperatures T; (a) and Ty (b). The lipid-protein inter-
action parameters are 7,,;,=0.01x 10713 erg A=2 and v,y =0.03
x 10713 erg A2

gram significantly. The proteins prefer to be dissolved in
the fluid regions of the system where their concentration
is only little affected by the changes in v 4. However,
since the solubility in the fluid bilayer phase depends on
V,aw the probability to form protein aggregates increases
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0.00 0.04 0.08 0.12 0.16

Fig. 10. Case D: Phase diagram in temperature, T, vs. protein con-
centration, ¢p, for a mixture of lipids and single-site proteins with a
hydrophobic length of 15 A. The lipid-protein interaction parameters
are v, =001 x 10" 3 erg A7 and v, 4, =0.005 x 10" 13 erg A2
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Fig. 11. Case D: Snapshot of typical microconfigurations of a lat-
tice with 40 x 40 sites, 80 of which are single-site protein-like impu-
rities with a hydrophobic length of 15 A. The snapshots refers to the
temperatures T;. The lipid-protein interaction parameters are
=001 %1073 erg A=% and v,,3,=0.005 x 10713 erg A2

P mis

for decreasing v,qy, as can be seen from a comparison
between Figs. 3a, 5a and 8a at low temperatures or be-
tween Figs. 4b, 6a and 8b at high temperatures.

Case D: dp=15 A, v,y =0.005 x 10713 erg A2
(Figs. 10, 11)

In Fig. 10 is shown the phase diagram for this system. For
temperatures below T, , the decrease (compared to
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Fig. 12. Case E. Phase diagram in temperature, T, vs. protein con-
centration, ¢p, for a mixture of lipids and single-site proteins with a
hydrophobic length of 15 A. The lipid-protein interaction parameters
are y,;. =001 x 1073 erg A=2 and v 4y =003 x 1073 erg A2

Case B) in the mismatch between the lipid and protein
hydrophobic thicknesses (See Fig. 1) is seen to produce a
further narrowing of the phase separation region. At
T < T, a substantial fraction of the proteins is now dis-
solved also in the gel phase, cf. Fig. 11. For the chosen
protein concentration ¢, =0.095, the data from the simu-
lations at T, and T, do not differ substantially from those
of Case B. At T, the number of isolated proteins is higher
than in Case B due to the increase in the protein solubility
in the gel regions of the bilayer. This is confirmed by the
snapshot of a typical microconfiguration of the lattice at
T, shown in Fig. 11.

Case E: dp=15 A, v,y =0.03x 10" '3 erg A=2 (Fig. 12)

For this larger value of v,y the phase diagram of the
mixture has a very narrow phase separation region as
seen in Fig. 12. The results of the simulations indicate
that, for the three considered temperatures T;, T, and Ty,
the proteins remain isolated from one another. This fact
is not surprising if one considers the results discussed for
Case C (dy=12 A): at low temperatures (T < T,,), the ef-
fective strength of the van der Waals-like lipid-protein
interaction is the same as in Case C, but as soon as the
temperature increases, the strength increases even further
than in Case C, because of the increase in the contact
region between the lipid chains and the protein hydro-
phobic surface. Therefore the proteins do not tend to
aggregate no matter what the phase of the system is.
From a comparison between the results discussed for
Cases D and E it is concluded that, for proteins with a
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cp
Fig. 13. Case F. Phase diagram in temperature, T, vs. protein con-
centration, cp, for a mixture of lipids and single-site proteins with a
hydrophobic length of 18 A The lipid-protein interaction parameters
are 7, =0.01 x 10" erg A=2 and v,y =0.03 x 10" 13 erg A2

hydrophobic length of 15 A the formation of small clus-
ters in the fluid regions of the lattice below T, , and at high
temperatures is mainly governed by the strength of the
van der Waals-like lipid-protein interaction.

Case F: dp=18 A, v,pyy=0.03 x 10713 erg 42
(Figs. 13, 14)

For a mixture of lipids and proteins with a hydrophobic
length comparable to the one of the lipid chains in the gel
phase, the phase diagram has a broad phase separation
region which lies above the pure lipid transition tempera-
ture as shown in Fig. 13. This is in accordance with the
general predictions of the mattress model (Mouritsen and
Bloom 1984). The results from the simulations at T}, T,,
Ty, and at T =330 K indicate that the proteins tend to
remain isolated at all temperatures, cf. Fig. 14. The reason
for this is that in the gel phase the protein is closely
matched to the unperturbed lipid bilayer thickness,
cf. Fig. 1. In the fluid phase and the fluid-phase regions of
the coexistence region the proteins also remain dispersed
despite the larger mismatch simply because the effective
strength of the lipid-protein interaction is the same as in
the cases with dp=12 A and 15 A which did not lead to
phase separation.

A comparison between the results obtained for the
Cases C, E and F (proteins with a hydrophobic length of
12, 15 and 18 A, respectively) shows that for the chosen
interaction parameter, v,y =003 x10~'3 erg A~2, the
proteins do not tend to aggregate in the fluid phase even
though the mismatch is increased substantially.
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Fig. 14. Case F (a): Protein cluster size distribution on a lattice of
40 x 40 sites, 80 of which are single-site protein-like impuritics
with a hydrophobic length of 18 A. The data are given for the
temperature T =330 K. The lipid-protein interaction parameters
are 7., =001 x10 P erg A7% and v,5x=003x10"Perg A2,
(b) Snapshot of a typical microconfiguration of the lattice at
T=330K

Discussion and conclusion

Several factors may control the lateral distribution of
proteins in the lipid membrane plane. Among these the
following are of major importance a) The protein concen-
tration cp; the higher ¢; is, the higher is the probability for
a protein to be next to another protein and hence to form
an aggregate. b) The temperature; the higher the temper-
ature is, the higher is the effect of the entropy which will
tend to randomize the protein distribution. ¢) The lipid-
protein interactions and the lipid-mediated protein-
protein interactions. d) The direct protein-protein inter-
actions which may be of long range due to extramem-
brane moieties.

We have in this paper been concerned with the fac-
tors b) and ¢). By means of a microscopic interaction
model of a lipid-protein mixture we have performed a
systematic study to investigate the relative importance for
protein aggregation of different contributions to the lipid-
protein interactions, specifically the attractive lipid-
protein hydrophobic contact interaction and the repul-
sive interaction due to a possible mismatch between lipid
bilayer and protein hydrophobic thicknesses. Our results
suggest that the formation of protein aggregates in the
membrane plane may be controlled by the strength of the
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direct van der Waals-like lipid-protein interaction. In
contrast, it is found that a mismatch may not alone be the
reason for protein aggregation: depending on the van der
Waals-like interaction between lipid and protein hydro-
phobic contact, the proteins may still remain dispersed in
the fluid phospholipid bilayer, even if the mismatch be-
tween the lipid and protein bilayer thicknesses is as high
as 12 A.

This result is consistent with the freeze-fracture work
of Lewis and Engelman (1983) who studied the effect of
fluid lipid bilayer thicknesses on the planar organization
of the transmembane protein bacteriorhodopsin. These
authors found that, well above the pure lipid transition
temperature, a surprisingly large difference between
protein and lipid hydrophobic thicknesses could be ac-
commodated without inducing aggregation of the
proteins. Only for very thin bilayers (from 10 to 14 A
thinner than the protein hydrophobic length) did they
find signs of protein aggregation. That the hydrophobic
mismatch is a major determinant of the phase equilibria
has been demonstrated by calorimetric and nuclear mag-
netic resonance studies of the interaction of a-helical am-
phiphilic model polypeptides of different hydrophobic
stretch with phospholipid bilayer membranes of different
thicknesses (Huschilt et al. 1985, Zhang et al. 1990). Our
work suggests that interesting cases to consider experi-
mentally would be cases where the lipid acyl chain is too
short (dp>d,) or too long (dp<d,,) to match the hydro-
phobic surface of the proteins. For these cases, the cost in
free energy needed to keep a hydrophobic surface ex-
posed to the water is presumably very high and protein
aggregation might be favoured despite the loss of entropy
upon aggregation.

The cases considered in the present paper indicate
that, when the value of the lipid-protein interaction pa-
rameter v 4y is sufficiently small, small clusters may also
form in the fluid region of the phase diagram just above
the phase boundary due to dynamic aggregation induced
by the lipid-density fluctuations (see e.g. Cases B and D at
T'=313 K). This is a highly non-trivial effect caused by
the dramatic density fluctuations accompanying the main
transition. The density fluctuations manifest themselves
microscopically as formation of lipid gel domains in the
fluid phase close to the transition (Mouritsen and Zucker-
mann 1985). The lipid domains are characterized by a
coherence length which is related to the distance over
which lipid-mediated protein-protein attractive forces are
operative (Jihnig 1981; Sperotto and Mouritsen 1990).
Hence by this mechanism lipid fluctuations can induce
dynamic protein aggregation which should be most pro-
nounced close to the phase boundaries.

It appears from our calculations that the mismatch
interaction only has a marginal effect on the protein ag-
gregation (except for the lipid-fluctuation-induced dy-
namic aggregation near the phase boundaries). More-
over, the attractive lipid-protein interactions tend to keep
the proteins apart by ‘spacing’ them with lipids. Such
‘spacer’ lipids are bound in the sense that they are dynam-
ically trapped, see e.g. Fig. 9a. Hence the direct lipid-
protein van-der Waals-like interactions studied in this
paper tend to reduce the degree of protein aggregation. In
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fact all of the cases studied here have protein cluster size
distributions which are less polydisperse than those of a
truly random distribution of proteins at the same (local)
concentration. The interactions of the model in (2) simply
counteract the entropic forces. By focusing on a model
without direct protein-protein interactions we have there-
fore been able to isolate the effects of purely lipid-facilitat-
ed protein aggregation. It is important to know the na-
ture of these effects before more realistic and complicated
models involving long-range direct protein-protein inter-
actions are invoked.

The results presented in this work were derived in the
case of small proteins. They should therefore be immedi-
ately applicable to mixtures of lipid membranes with sim-
ple a-helical polypeptides. However, the general picture
found is expected to apply also for larger and more real-
istic protein sizes. Larger proteins are known to induce
larger lipid-mediated attractive protein-protein interac-
tions (Sperotto and Mouritsen 1990) which would en-
hance the tendency for aggregation, in particular close to
the phase boundaries where the coherence length of the
lipid-mediated force is maximal. Moreover, for larger
proteins a further complication is that the aggregates
would be complexes of proteins with lipids trapped in the
interstitial regions between several proteins (Pink 1984).

The model used in the present work does not consider
the direct van der Waals-like protein-protein interactions
which may be responsible for the formation of short-time
protein aggregates in the membrane. Furthermore the
model is based both on an assumption of smoothness of
the protein hydrophobic surface as well as on the hypoth-
esis that, due to the hydrophobic effect, a mismatch inter-
action is acting between a lipid and a protein when their
hydrophobic surfaces do not match. In the case where the
assumption of ‘smoothness’ is no longer valid, the mis-
match hypothesis is probably valid only if the proteins
interact with gel-like lipid hydrocarbon chains, but it may
fail for the case of fluid-like chains, which may easily fit to
the rough surface of the protein without requiring a large
cost in elastic energy. In this case different values of the
interaction parameter v, should be used for proteins
interacting with a lipid chain in a fluid or in a gel-like
state.

The mean-field approximation method and the Monte
Carlo simulations have been used here as complementary
techniques. The mean-field calculations provide an ap-
proximate phase diagram which serves as a useful guide
to choose model parameters. The phase diagram is diffi-
cult to obtain from Monte Carlo calculations in the ca-
nonical ensemble (Mouritsen 1990). On the other hand
the simulations give access to microscopic features of the
system in each phase and hence provide the lateral orga-
nization of the membrane components and the state of
aggregation of the proteins. Admittedly our model of
lipid-protein interactions in lipid membranes is very
crude with a number of details missing. However, at the
present stage of theoretical modelling it is important first
of all to identify which physical mechanisms are responsi-
ble for the general behaviour of membrane systems. The
work presented in this paper is an attempt in this direc-
tion.
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Appendix: Mean-field theory and phase diagram

The phase behaviour of a lipid-protein mixture is gov-
erned by its free energy which, from statistical mechanics,
can be written in terms of the model Hamiltonian ## and
an equilibrium distribution function, ¢

F=Tr(¢ #)+ky T Tr[g In(g)], (3)

where the first term on the right-hand side is the internal
energy of the system and the second term the entropy. kg
is the Boltzmann constant. In the mean-field approxima-
tion the lattice sites are considered statistically indepen-
dent and the distribution function ¢ can therefore be writ-
ten as a product of single-site distribution functions g,

N
0= ljl 0 Q=0 Vi,

where
Tr(g)=1, “

Furthermore, the occupation variables .%,, and L in 2,
Eq. (2) are replaced by their average values (%, ) and

(Lp).

The distribution function g is now calculated by min-
imizing F with respect to ¢, , under the constraint Eq. (4),
which leads to

e — ﬂS/fMF
1= W ) (5)

where f=(k; T)™'. #MF is the mean-field Hamiltonian
which can be expressed as a linear function of the occupa-
tion variables ¥, and L,

%MF=N(Z E)" L+ B Lp> (6)

m

where
EQAF:H Ap+Vmis Cp 2 |dy—dp (&> +

-vvdW QP Z min(dma dP) <gm>=

EYF=(E,+1TA,)—Jo 21, X 1,{(L,>+

+ [’ymis @p |dm_dP| — Vyaw 9p min (dma dP)] <LP> .

N is the total number of lattice sites and z is the coordina-
tion number (z=6). It is now possible, with the use of
Egs. (5) and (6), to calculate the mean values of the ten
occupation variables, &,,, m=1, ... 10, from a set of ten
self-consistent equations

Tr (&, e P#™)
A

D, e PERT
m
T

(L=

m=1,...10,



where & is the single-site partition function. Replacing
{Lpy by the fraction of lattice sites occupied by the
proteins, x;, the single-site partition function becomes

1 10 -
X D, e fET. 7

F=—
(1—xp) m=1

For single-site proteins, the protein molar concentration,
¢p, 1s related to x, by

Cp

>
2—cp

(ZL)=xp= (®)

accounting for the fact that a lipid molecule occupies two
lattice sites. From the knowledge of (%, it is now pos-
sible to give the full expression for the mean-field free
energy per site

F=U0-T§S, )

where

- Jo 5
U=>(E,+1I4,) <5fm>—7<2 Im<=5fm>> +

0 :
+ |:ymis (%) 2 |dm _dP| ~Veaw (f) 2 min (dm’ dP)j|

“Xp+ I Ap xp

S=—ky TI:Z (Z,>n (%)—xp In xp} ,
and § is the entropy of ideal mixing.

The range of protein concentration and temperature
over which two phases coexist (the phase separation re-
gion) is a two-phase region of the phase diagram which is
constructed as follows (Lee 1977): for a given temperature
and protein molar concentration cp, the function

) —cp) F(cf))+ (cp— ) F(c)
(@)

Flef), e cp)=" (10)
is minimized with respect to the two protein concentra-
tions ¢t and ¢, which are chosen in such a way that
eV <cp and ¢ >cp. The values of ¢t and c¢? for which
the function in Eq. (10) has a minimum determine either
the concentration of protein in two different phases (if
c¢Vs£cy, and P #c,) or assure that only one phase is
present (if ¢V =c{? =cp).
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