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A simple coarse-grained model for self-assembling lipidnheanes is presented. The “lipids”
are represented by short linear spring-bead chains, wheiftassemble to membranes due to
the presence of a computationally cheap “phantom” solvevir@anment. These membranes
may contain “transmembrane proteins”, represented byagts with diameters corresponding
to the diameter of an -helix. The system is studied by Monte-Carlo simulationsatstant
pressure using a parallel code with a newly devised domaiardposition scheme. The effec-
tive interactions between two proteins are calculated iiterént lipid-protein interactions and
compared with the predictions of an elastic theory.

1 Motivation

Biomembranes play a central role in both the structure andtfon of all biological cell®.
They serve as an interface between different areas withéfl.aAcbiomembrane, however,
is not only a passive interface, but it plays an active roltnantransport of molecules and
information from one side of the cell to the other.

The biomembrane consists of a liquid-like bilayer of ampiilg lipids, into which
membrane-proteins and other macromolecules are insditede proteins, e.g. receptors,
enzymes and ion channels, are the biochemically active oaps. Their functions are
very versatile: transport (exchange of material over thenbrane away), enzyme activity,
signal transmission (receptors), cell connection, cellltecognition.

Both lipid-mediated interactions between proteins inellith the membrane and the
in uence of such inclusions on lipid bilayers, have beerigively investigated for some
time” 1516 On the one hand the indirect interaction effects obtairyetidlipids contribute
signi cantly to the entire interaction between membranetgins:'1. On the other hand
the direct electrostatic interaction effects in biolodjicaielevant constellations become
predominantly shielded by the aqueous environment of thalmané 22

Proteins affect the lateral structure of the lipid membrahe number of possible con-
formations of the lipids is in the proximity of proteins remhef. In multicomponent mem-
branes, some lipid components are enriche®articularly dramatic effects can occur in
two-phase areas — with the presence of suf cient many pnefehe two phases may mix
under certain circumstances, and one observes instead las separation a heteroge-
neous structure of small domatis® A protein-induced phase separation is also possible
under certain circumstancdds Such phenomena have great practical importance, since
the lateral structure of membranes is closely connectetstiunctionality. Apart from
direct protein-protein interactions there are also défagrfactors that can induce indirect
interaction8. These are in particular:



1. Hydrophobic mismatch. This factor will come into playhe length of the hydropho-
bic region of a transmembrane protein and the thicknesseahigmbrane do not t.

2. Disturbance of the local structure. The lipids in the emwviment of a protein lose their
freedom of translation or conformation.

3. Membrane uctuations. Proteins or other inclusions etfthe uctuation spectrum
of membranes and limit it.

Different kinds of membrane proteins provide different reederistics of biomem-
branes. Protein interactions are of great importance téuthetionality of the membrane.
The indirect, lipid mediated interactions contribute sigantly to the entire interaction
between membrane proteins.

2 Coarse-grained bilayer model

Our model consists of a self-assembled bilayer of lipids 8olent environmefit The
lipids are represented by chains of six tail beads of diameate@and one slightly larger
head-bead of diametey,.
Beads not connected with each other interact via a truneateédhifted Lennard-Jones
potential:
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The parameter is the mean value of the diameters of the interacting beagsdHhead
and head-tail interactions are purely repulsive£ ) and tail-tail interactions also have
an attractive partr¢ = 2 ). The adjacent beads of the lipid chain are bound to eachr othe
by a nite extensible nonlinear elastic potential (FENE grtial):
!
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Additionally, chains are given a bending stiffness by a bandle potential:

Vea ()= (1 cos()) 3)

The solvent environment is represented by explicit solberad$®. They behave like
unbounded head beads, except for not interacting with eti@r.oFigure 1 shows the
phase diagram of our modél

3 Coarse-grained protein model

The proteins are modelled as cylinders. The diameter oktlegbnders correspond to
that of an -helix. The proteins are free to move in the xy-plane. Theraattion in the
xy-plane is representgd by a Lennard-Jones kind of potentia
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Figure 1. Phase diagram of our lipid model

The interaction between the proteins and the head and ddieawls is purely repulsive.

The interaction with the tail beads is also repulsive. Ferttil-protein interaction there

is an additional attractive component that depends on ttistance between the tail bead
and the protein.

4 Methods

The system is simulated using Monte-Carlo methods at congtassure and temperature
with periodic boundary conditions. The simulation box i®a&kd to uctuate during the
simulation, i.e., we have additional volume and shape mbesides the moves of the
beads.

The programme is parallelised using a geometrical decoitipo® 2% The idea is to
de ne “active regions”, represented by the light blue ar@agure 2. Each processor gets
one of these active regions. The distance between the eanlittle bit larger than the
maximum interaction range of the beads. This is importaaitad interactions between
beads in various active regions. Only the particles indideaictive regions will be moved
during a Monte-Carlo step. Moves out of the active regiorh beélrejected. To make sure
that ergodicity is ful lled, the offset of the active regisnrepresented by the red arrow in
gure 2, is regularly moved randomly.

5 Lipid bilayer with two proteins in the uid phase

We simulate a lipid bilayer with two proteins in the uid phals for different protein-tail
interaction strengthy, gure 3. The initial distance of the proteins is chosen stizit they



Figure 2. Parallelisation using a geometrical decompmsisicheme

Figure 3. Lipid bilayer with two proteins in the uid phade : (a) weak interaction between proteins and tails
(b) strong interaction between proteins and tails

just touch each other. If the protein-tail interaction isakethe proteins will stay next to
each other and move together during the whole simulatiathelprotein-tail interaction is
stronger, the proteins will remain separated by a layer efartwo lipids. The membrane
clearly is curved around the proteins.

From the pair distribution functiog(r) as a function of the protein-protein distance
we can calculate the effective pair protein-protein intéom via:

w(r)= kgTlIng(r) (5)

w(r) is the effective pair potentiakg is the Boltzmann constant arfidis the tempera-
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Figure 4. Effective pair potential between two proteinshie tuid phase

ture. The pair distribution function is obtained by an unllareampling procedure as a
function of the protein-protein distance. We rst make sevéndependent simulations
i (preruns), where we contrain the protein-protein distaiocstay within a given range
r 2 [Fmini :Tmaxi - The wWindow(r min:i ; Fmaxi ] overlap. From these prerun simulations,
we deduce an estimate for the distribution of distarto@$ in each window. Then we
make a second run in each window, usisdn(r) as a reweighting function to improve the
statistics in the valleys. This gives us unnormalized Eexfg(r) in each window. Finally,
we put all these pieces together. The result is shown in Eigdor different values for the
protein-tail interactions strength.

When analysing the effective pair potential different metbms seem to be important.
On the one hand there is a layering effect. The proteins pdéeftances where they are sep-
arated by a layer of one, two, ... lipids. On the other haneketlis a smoother interaction
contribution, which presumably comes from a hydrophobismatch — the con guration
shapshots (Figure 3) show that the membrane thickness @eatl in the vicinity of the
proteins. This lowers the curves if the protein-tail intgian is high. The rst minimum
corresponds to the region where the proteins are in direttct Note that the direct inter-
action between proteins is purely repulsive; however, tracttve depletion interaction is
mediated by the solvent and the lipids. The nal behaviomef proteins is determined by
the interplay of the different factors. If the tail-proténteraction is low, the effective con-
tact interaction dominates. If the tail-protein interaatis high, the hydrophobic mismatch
energy seems to dominate.

To assess the latter more quantitatively, we relate ouiteasith the predictions of the
elastic theory of membrane-induced interactions betweelnsions by Aranda-Espinoza
et al. This theory describes a membrane as a system of two couplgiitesheets (mono-
layers), taking into account their area compressibilignding rigidity, and the individual
spontaneous curvature. To extract the elastic paramatets system, we have determined
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Figure 5. Capillary wave spectrum jhqj? > (black circles) and thickness uctuation spectrumijtqj? >
(red diamonds) of pure lipid membrane with t to the elastiedry*(dashed lines). Both curves have been tted
simultaneously.

the uctuation spectra of membrane position (capillary esivand membrane thickness in
pure membranes and tted them to the elastic theory of Bigamiand Browh Figure

5 shows that the t works very nicely. It provides values fbetbending rigidity and
the compressibility modulus. The latter is consistent vitthependent measurements of
the lipid area as a function of membrane ten&oiThe remaining elastic parameter, the
spontaneous curvature, has been calculated from the retemoof the pressure pro 1é.

The elastic theory not only makes predictions for the intéoa between two proteins,
but also for the distortion of the membrane close to a singégin. Therefore, we have
also studied a system with only one protein, and evaluaethiickness pro leu(r), i.e,,
the distance between head beads in the upper and lowerdayafunction of the distance
to the proteinr. Figure 6 (left) shows that the hydrophobic mismatch searsay an
important role. At strong protein-tail interaction the manane gets distorted.

The theory captures the distortion, but quantitativelgaées not agree with the simu-
lation data. It predicts strong oscillations, which are sen in the simulations. We have
also evaluated the effective interaction potential (Fégurright). Even taking into account
that the theory is not designed to capture layering efféicésagreement is still not good.

Hence the simple, straightforward application of the éasteory fails to explain the
ndings of our simulation. More re ned versions of the thgdmight provide a remedy.
It is also possible that additional factors have to be takém account. For example, the
vicinity of the protein will most likely affect the spontaoes curvature locally.
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Figure 6. Comparison of the simulation data with the prégfist of the elastic theory. Main panel: Thickness of

a lipid bilayer depending on the distance to the protein fifexnt protein-lipid interactions as indicated. Points
are simulation data, dashed lines correspond to the theitiyore tting parameter, the relative distortiong

at contact. Inset: Effective protein-protein interactidor the same parameter values. Data are the same as in
Figure 4 (solid lines). Dashed lines indicate theoreticabjtion for the same values ofy as in the main panel.
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