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ABSTRACT: The Monte Carlo method has been utilized to calculate lipid chain order parameters in model
monomolecular layers (half-bilayers) containing several different model polypeptides. The systems all consist
of a periodic array of identical cells, each containing 35 hydrocarbon chains and 1 “perturbant” (a small
model polypeptide or protein). The lipid chains are each 10 CH, subunits long, have one end constrained
to lie in the bilayer plane, and interact via van der Waals forces between all subunits. The chains also interact
with the perturbant via van der Waals forces. With standard Monte Carlo procedures order parameter
profiles are calculated for chains that are close to the perturbant and for the nonneighboring chains. In
order to examine a wide range of possibilities, several different model polypeptides are considered: (i) a
rigid smooth cylinder, (ii) a cylinder with identical side chains at a-helical positions, (iii) a cylinder with
nonidentical side chains at o-helical positions, and (iv) a cylinder identical with (ii) but which only extends
about halfway through the monolayer. Although results differ for the different systems studied, in all cases
only slight conformational differences between the bulk chains and the chains that are nearest the perturbants
are found, and it is not possible to characterize the boundary chains as “more ordered” or “less ordered”

than the nonboundary chains.

’Ee detailed manner in which the presence of proteins in lipid
bilayers affects the behavior of the lipids themselves has been
under intensive study for almost two decades. Due to the
diversity of membrane proteins and lipids and in large part
to difficulties encountered in performing the experiments and
in interpreting the data, many questions remain controversial.
A major point of interest concerns the nature of boundary lipid,
i.e., the lipid chains in direct contact with the hydrophobic core
of the membrane protein. Early ESR studies (Jost et al., 1973;
Jost & Griffiths, 1980) indicated that the lipid within an
annular region around a protein was ordered differently than
the bulk lipid on the ESR time scale while NMR studies (Rice
et al., 1979a,b; Paddy et al., 1981; Bienvenue et al., 1982;
Deveaux & Seigneuret, 1985) indicate that on much longer
time scale the distinction between two types of lipid disappears.
Differential scanning calorimetry experiments (Papahadjo-
poulos et al., 1975; Gomez-Fernandez et al., 1980; Hapman
et al., 1977) show that the presence of integral proteins in
bilayers reduces the cooperativity of the lipid chain melting
phase transition, and a common conclusion is that a number
of lipid molecules are removed or somehow isolated from the
bulk lipid by each protein in the bilayer [for example Rigell
(1985)]. Very recent NMR and scanning calorimetry studies
of model polypeptide-lipid bilayers indicate that the situation
may be even more complex, involving phase separations
hitherto overlooked (Huschilt et al., 1985; Morrow et al.,
1985). Energy-transfer studies of bacteriorhodopsin model
membranes have been interpreted as revealing very long-range
(45 A or more) interactions between protein molecules (Re-
horek et al., 1985).

A number of differential theoretical investigations of lip-
id—protein interactions have been carried out in recent years.
Early studies were based upon the assumption that lipid chains
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nearest to protein molecules are forced into more ordered
conformations (Marcelja, 1976; Owicki et al., 1978; Owicki,
1980; Jahnig, 1981; Scott & Coe, 1984). The mean field
model of Marcelja (1976) and the Euler—Lagrange calculations
of Owicki et al. (1978, 1980) predicted monotonically decaying
molecular order as the distance from an integral protein in-
creased, but such a structure in equilibrium (i.e., long time
scales) is not supported by NMR measurements. Phase-
transition models using purely hard-core interactions (Scott
& Coe, 1984) predicted transition temperatures that decreased
too rapidly with protein concentration, and attempts to rectify
the disagreement by allowing each protein to partially
“swallow” some lipid molecules (Scott & Coe, 1984) did not
fit the data well unless the number of swallowed molecules
was allowed to become quite large. In summarizing these
theoretical efforts, one could say that models using simple
lipid—protein interactions or idealized approximations are not
yet able to accurately describe all aspects of lipid—protein
mixtures. The recently published “mattress model” (Mouritsen
& Bloom, 1985) is an attempt to consider more complex in-
teractions and hydrophobic mismatches. However, without
a clear picture of lipid—protein energetics at the molecular level,
it is very hard to decide which types of interactions should be
included in any model, and even harder to accurately analyze
the models mathematically.

In this paper the results of an extensive series of calculations
aimed at improving the molecular picture of lipid—protein
interactions are presented. The calculations make use of the
Monte Carlo method for deriving equilibrium properties of
many-body systems. The advantages gained in using a com-
puter to simulate the systems are that one can work with much
more realistic models and forces than analytic theoretical
efforts allow, and localized properties of the systems may be
studied. The major disadvantages are of course that one must
work with very small numbers of molecules and that true
equilibration in complex systems may be difficult to attain.
In the past several years there have been a number of computer
studies of lipid bilayers. Two general types of simulations that
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FIGURE 1: Schematic diagram of a typical simulation cell with lipid
chains in an hexagonal array (the initial state) and a model polypeptide.
The interchain separation is 5.7 A. Because the interchain van der
Waals radius is 3.9 A, the chains fill more of the space than the figure
suggests. The semicircles in the polypeptide represent projections of

four side chains each rotated 110° and vertically displaced 1.5 A from
its predecessor.

have appeared are (i) Monte Carlo calculations of the prop-
erties of lattice models for lipid bilayers [for a review see
Mouritsen (1984)] and (ii) Monte Carlo and molecular dy-
namics studies of continuum models of bilayers containing
flexible chains interacting via realistic potentials (Scott, 1977,
Scott & Cherng, 1978, Kox et al., 1980; van der Ploeg &
Berendsen, 1983). With the exception of studies of highly
simplified lattice models (Pink et al., 1982), all of the nu-
merical work has been done for pure lipid systems, and no
detailed numerical analysis of the lipid~protein interface has
been performed before. The work reported in this paper was
carried out because computer calculations offer a unique op-
portunity to view lipid—protein interactions at a fundamental
level, which can be an aid in experimental interpretation as
well as theoretical model building. In the next section a de-
tailed description of the models and the numerical methods
used are given. In the third section the results will be pres-
ented. The final section is a discussion of these results and
of the limitations of the methodology.

METHODS AND MODELS

The Monte Carlo approach used is similar to that used
earlier by the Scott (1977), with improvements in the treat-
ment of the rotational motions and the interactions between
molecules. Four different types of lipid—polypeptide interac-
tions were modeled, and each will be described in turn. In
common to all systems is an array of 35 single-chain molecules,
each 10 CH, subunits in length. The chains are allowed to
translate laterally in a plane to which the top CH, is anchored.
Near the top CH, the chains are oriented perpendicular to the
plane of translation but may change conformation via gauche
rotations about any of the bonds. In the lipid array there is
a single polypeptide molecule. Figure 1 shows a top view of
a typical array in which the chains are all perpendicular to
the plane. The larger object is the polypeptide, which is held
immobile in these studies. The energy of a chain is a sum of
its internal energy due to gauche rotations and the van der
Waals interaction energy of all the subunits with all other chain
and peptide subunits within the interaction range

Echain = Z E(’) + Z Ze[(a/rzj)lz - (U/rij)é] (1)

bonds,/ CHy'si#j

where E(i) is 500 cal/mol for a gauche bond surrounded by
trans bonds and is 2500 cal/mol for successive gauche bonds.
The parameters ¢ and ¢ are the van der Waals radius and
energy, respectively (to be discussed below), and r; is the
distance between two methylenes on chains i and j. The
rotational isomer model is used so that the only allowed gauche
rotations are £120°. Recently several authors have used larger
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gauche energies than 500 cal/mol (Bartell & Kohl, 1963;
Nagle, 1986). In this work the results are not sensitive to
changes of £100 cal/mol in E(i). The values chosen for the
van der Waals parameters are

¢=3905A  &=118 cal/mol (2)

from the optimizing potential studies of Jorgensen et al. (1984).
As will be discussed in more detail later, the most important
factor is the van der Waals radius ¢. Four different types of
model polypeptides were considered.

Model 1: A rigid cylinder of van der Waals radius 4.5 A
interacting with the chains via a cylindrically symmetric 6—12
potential with ¢ = 4.5 A and e given by eq 2. The dimensions
of the planar cell are 29.1 X 34.2 A? with periodic boundary
conditions imposed.

Model 2: A rigid cylinder of radius 2.0 A with seven
identical spherical side chains of van der Waals radius 3.9 A
protruding at a-helical positions. The side chains were treated
identically as the chain subunits for the purpose of energy
calculations. Since this model polypeptide has greater lateral
area, the planar cell dimensions are 30 X 36 A? with periodic
boundary conditions imposed.

Model 3: A rigid cylinder identical with model 2 except
the van der Waals radii of the side chains take on the values
5,4.5, and 3.9 A successively along the cylindrical core. The
energy parameter e is still 118 cal/mol.

Model 4: A rigid cylinder identical with model 2 except
that it extends only halfway through the monolayer.

In all cases the dimensions of the cell are adjusted to produce
an area per chain of about 29 A2 (after subtracting out the
approximate area of the perturbant). This area is roughly
equivalent to the lipid bilayer area per chain in the fluid phase.
The nonsymmetric shape of the cell area is designed to ini-
tialize the chains in an hexagonal array (Figure 1). A typical
Monte Carlo runs proceeds by stepping through the system
of chains sequentially. At each step the chain in question is
translated in the layer plane by a random distance less than
0.15 A. With probability !/,, gauche rotations may then be
attempted (it was found that attempting gauche rotations at
every step led to extremely high rejection rates at the chain
densities considered here). When gauche rotations are at-
tempted the procedure is to pick one or two nonconsecutive
bonds at random. If one bond is picked, its gauche state is
changed from the state prior to the move to another of the
three possible isomeric states accessible to each bond. If two
bonds are considered, the higher bond is changed as described
and the lower bond is changed in the opposite direction. For
a chain that is initially in all-trans conformation this sequence
favors kink and jog formation. After many passes, however,
all accessible conformations are possible. The major differ-
ences between the present Monte Carlo algorithm and the
procedure employed earlier by Scott (1977) are that multiple
rotations are considered in a fraction of the moves, and no
rotations at all are attempted in a fraction of the moves. It
was found by trial and error that the rejection rate is reduced
to about 60%, and convergence rates are faster when these
changes are incorporated. Further, at realistic chain densities
it is important to attempt some multiple-bond conformational
changes to avoid many rejections due to steric hindrances.
After the new state (position, conformation) is chosen, the new
van der Waals and isomeric energies are calculated. The
interaction energy calculation is the part of the program re-
quiring the most time. In order to save computer time a finite
interaction range of 10 A is used to construct a neighbor matrix
(so that all intersubunit distances need not be recomputed at
every step). Two chains are defined to be neighbors if any
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FIGURE 2: Order parameter profiles for model 1. The open circles
are data points for nearest-neighbor chains, while the solid line connects
points calculated for bulk chains.

subunit of one chain is within the interaction range of any
subunit of the other chain. Then the potential energy, Eq 1,
is calculated only for pairs of chains defined as neighbors. The
neighbor matrix is updated every 10 passes through the system.
The total energy of a chain therefore consists of its intramo-
lecular energy due to isomerism and its energy of interaction
with its neighbors.

Comparing the new chain energy with its energy in the
previous configuration, the move is accepted or rejected ac-
cording to standard Monte Carlo sampling procedures (Me-
tropolis et al., 1950) at 300 K. After each step the order
parameters

Sn = 1/2[3 cos? (0,, - 1)] (3)

are calculated, where 8, is the angular deviation of bond 7 from
its orientation with respect to the chain axis in the all-trans
state. Three such averages are computed: order parameters
for the chains that are nearest the perturbant (using the criteria
that one subunit must be within 8 A of the perturbant for a
chain to be considered a neighbor); “bulk” chains (those chains
that are not neighbors to the perturbant); all chains regardless
of location in the plane.

All computations were performed on the Oklahoma State
University IBM 3081K mainframe machine using the pseu-
dorandom number program RANF and starting at different
points in the random-number sequence for each run. Typically,
a calculation started from a lattice as shown in Figure 1 and
was equilibrated for 350000 configurations. Averages were
then calculated over a further 490000 configurations. Checks
on convergence were performed by restarting a system from
the lattice at a different point in the random-number sequence
and comparing final results, or, in one case, by carrying out
an extremely long run of 800000 configurations. The esti-
mated errors in the results depend upon the bond number ».
For n = 2-3 (n =1 is the bond closest to the interface plane
and does not deviate from the trans orientation) error is es-
timated to be 5%. For n = 4-6 the estimated error is 10%.
For n = 7-9 the estimated error is 15%.

RESULTS AND DISCUSSION

Figures 2-5 show the resulting order parameter profiles
calculated for each of the four models. Each figure contains
a plot of the profile for the nearest-neighbor chains relative
to the polypeptide and the profile for the entire sample of
chains. Close examination of the bulk chain profiles in each
figure shows that they are nearly identical, and this is a good
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FIGURE 3: Order parameter profiles for model 2. The open circles
are data points for nearest-neighbor chains, while the solid line connects
points calculated for bulk chains.
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FIGURE 4: Order parameter profiles for model 3. The open circles
are data points for nearest-neighbor chains, while the solid line connects
points calculated for bulk chains.
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FIGURE 5: Order parameter profiles for model 4. The open circles
are data points for nearest-neighbor chains, while the solid line connects
points calculated for bulk chains.

indication that the model systems were all in equilibrium
during the profile calculations. As was the case in earlier
Monte Carlo studies of hard-sphere chains (Scott, 1977) the
order parameters do not reflect chain tilting and are therefore
uniformly larger than the values obtained by NMR mea-
surements. As a first approximation one argues that the tilting
provides, approximately, an overall multiplicative scale factor
of about 0.5-0.6 (Petersen & Chan, 1977) to the data. The
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presence of the model polypeptide may also affect chain tilting,
but this should be minimal for the models studied here because
no hydrophobic mismatches are considered. In the case of
membrane proteins, which are though to consist in many cases
of several helical subunits, the protein is much larger than can
be studied by our method, but in this case chains will interact
with a large polypeptide interface regardless of their tilt angle.
It therefore is likely that the results presented here will not
be strongly affected by chain-tilt considerations.

The bulk lipid profiles in Figures 2—5 differ from those of
our earlier simulations (Scott, 1977) in the following ways:
First, from the first rotatable bond to the end of the chain all
S, are smaller than the earlier data. Second, there is a dip
in the profiles and the n = 3-4 positions that is not present
in the earlier calculations. The uniformly smaller values of
the S, show that the present algorithm more effectively samples
the space of accessible conformations that the earlier version
(indeed rejection rates for these calculations are substantially
less than those of the earlier runs at comparable densities).
The dip in the data is also seen (to a lesser extent) in exper-
imental studies of sodium decanoate (Seelig & Niederberger,
1974) and dipalmitoylphosphatidylcholine (Schindler & Seelig,
1975) (recall from above that the data in Figures 2—5 should
be scaled by a factor of 0.5-0.6 due to tilting before comparing
with experimental work). The dip in the experimental data
occurs at the same place as that in the simulations if the first
bond that can reorient is labeled 1 instead of 2. Equivalently,
one could present the data in terms of the order of the CH,
groups starting with the first movable one at the end of bond
no. 1. Order parameters for the CH,’s are defined in terms
of the deviation of the CH, plane from the parallel to the
bilayer plane, and the results are identical with those displayed
for the bonds. In either case the dip in the data occurs at the
same location as the experimental dip. This feature of the data
may be a result of the fact that a gauche bond inserted in a
position near the top of a chain is not likely to be as easy to
remove as one closer to the bilayer center. Thus, such bonds
may have slightly longer lifetimes than average. The fact that
the dip in the profiles in Figures 2-5 is larger than experiment
is then a result of the inability of the algorithm to sample all
possible types of chain motions as efficiently or as quickly as
the chains themselves do. The presence of the dip in the S,
vs. n profiles in Figures 2—5 suggests that the present simu-
lations are a considerable improvement over the previous work.

Figure 2 gives the results of the studies of model 1, in which
the poly reptide was modeled as a rigid cylinder of van der
Waals radius 4.5 A, roughly the hard-core size of an « helix
without side chains. Somewhat surprisingly, the greatest
difference between the nearest-neighbor profile and the total
system profile occurs for this model. The smooth append-
age-free surface apparently induces more of the neighboring
chains to form kinks or jogs in the n = 3-4 region. This
accounts for the lowered values of the order parameters for
n = 3-4 and the larger values for n = 5-7. The dip at the
n = 3—-4 positions is greater for the nearest-neighbor chains
in this model than for any of the other models. A possible
explanation is that the smooth surface leaves less free volume
for all the neighboring chains, so that once inserted, gauche
bonds at n = 3-4 are harder to remove than in the bulk system.
By contrast, in models 2—4 the model peptides have asym-
metrical bulges (the side chains), and not all of the neighboring
chains are near a bulge, which restricts motions near the chain
tops.

Figure 3 gives the results of the studies of model 2, in which
side chains of van der Waals radius 3.9 A are added to a 2-A
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radius cylinder, producing a lumpier surface with maximum
radius 5.9 A. In this case the conformations found for chains
close to the helix are almost the same as those for model 1,
indicating that the side chains in this model do not significantly
alter the set of allowed conformations of the lipid chains. One
difference is that the » = 3—4 dip is not quite as pronounced
as that of model 1, although the error bars for the two models
for these points overlap. Figure 4 gives the results of studies
of model 3, in which additional roughness was added to model
2 by assigning side chains different van der Waals radii. There
are obviously many ways such assignments may be made, and
no attempt was made to consider all possibilities. The results
reported here are for a system in which the seven side chains
were given radii 3.9, 4.5, 3.9, 5.0, 3.9, 4.5, and 3.9 A (re-
spectively from the chain closest to the interface plane
downward). Examination of Figure 4 shows that the asym-
metry produced slightly greater disordering at the n = 3—4
positions and slightly less disordering at the » = 8-9 ends. This
specific profile must be related to the particular pattern chosen
for the locations of the different sized side chains. In particular
the chain with radius 5.0 A should have the greatest effect
on the order parameters in the boundary region. In model 3
this chain sits roughly in the middle of the layer.

Model 4 represents an attempt to construct a system for
which a greater difference between the boundary chains and
the bulk chains might be observed by terminating the helix
of model 2 after the second side chain (which has center 2.5
A below the interfacial plane and radius 3.9 A). It was felt
that this would give neighbor chains a region of free volume
to fold into, resulting in lower order parameters for the bottom
two to three bonds than is possible in the bulk. As Figure 5
shows, the effort did not prove successful in that the order at
the n = 3—4 positions was not significantly lowered over the
values exhibited by the other models. In retrospect, this is not
surprising. The model peptide extends, on average, halfway
across the chain monolayer as measured when the chains are
perfectly straight. With two to three gauche bonds per chain,
the average chain length is reduced to the point where the
difference between the position of the chain terminii and the
bottom of the model peptide (including the full extent of the
lowest side chain) is insufficient to allow the chains to fold
into the free volume. Study of a system in which the peptide
only penetrates, e.g., 25% of the monolayer thickness would
likely produce the desired results. It is clear from the earlier
studies (Scott, 1977; Scott & Cherng, 1978) that free volume
is a major factor in the determination of order parameter
profiles.

CONCLUSIONS

The main conclusion to be drawn from the calculations
reported here is that a single polypeptide chain aligned per-
pendicular to the bilayer plane does not greatly perturb the
equilibrium lipid chain states as measured by the order pa-
rameter profiles. A persistent lowering of the order parameters
at n = 3—4 is seen in the boundary chains, compared to the
bulk chains, but average order parameters over all bonds are
nearly identical for boundary and bulk lipid. These conclusions
apply to all the models studied, so that details of side-chain
location and size have little effect on the differences in the
equilibrium average lipid chain conformations between chains
near the peptide and bulk chains. Two important types of
motions are not included in the calculations: peptide side-chain
motions and lipid lateral motions that involve chains diffusing
over distances large compared to a chain diameter. The former
motions were not included to avoid the extra computational
effort required, and the latter motions simply do not occur
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during the duration of any of the simulations (this is because
multiple-chain cooperative translations are not considered, and
within the Monte Carlo method used here, a change in any
single-chain configuration represents an entirely new system
configuration that could equivalently be attained by some
suitable lateral diffusive motion). The most likely effect of
the two neglected degrees of freedom should be to further
reduce the difference between boundary and bulk chains.

Of course the calculations reported here are for model
systems. Besides the two motional degrees of freedom men-
tioned above, the models do not consider the nonspherical
shapes of the CH, subunits or the peptide side chains, the
motion of the polypeptide as a whole, or chain displacements
perpendicular to the bilayer plane. However, the calculations
reported above, as well as earlier work (Scott, 1977; Kox et
al., 1978), strongly support the idea that the most crucial factor
affecting chain conformations is the excluded volume effect,
and this is certainly included in these simulations. The ne-
glected factors should, in my estimation, act to reduce slightly
and distinction between boundary and bulk chain conforma-
tions. The major conclusion of this work is, then, that a single
« helix, even with fairly large side chains, perturbs equilibrium
lipid chain conformational order only slightly in the midchain
positions and this perturbation is the nearly the same as would
be caused by a smooth rod of appropriate radius.

If there is little difference between bulk and boundary
chains, at least over thermal equilibrium time scales, and if
there are no strong electrostatic or hydrogen-bonding inter-
actions between lipid and protein, then there is no “lipid-
mediated” interprotein force (Marcelja, 1976), and protein
aggregation must be consequence of direct (for example
electrostatic) interprotein interactions or a consequence of
protein preference for certain lipid phases. Proteins will affect
the lipid phases in bilayers even without strong local inter-
actions by disrupting the cooperativity of the system near the
transition temperatures. This, plus a preference by the protein
for, e.g., the fluid bilayer phase, can lead to domain formation
and phase separation such as recently reported in lipid—protein
mixtures (Huschilt et al., 1985; Morrow et al., 1985).
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