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Cluster formation of membrane proteins is a crucial event in many vital cellular processes. Here, we
present a thorough examination of the oligomerisation ability of membrane proteins with different
geometries. By means of mesoscopic membrane simulations we show that lipid-mediated interactions
between proteins depend both on the shape of the hydrophobic domain of the proteins and on their
hydrophobic mismatch. Based on that, we find that protein interactions can be either attractive or
repulsive, depending on the characteristic bilayer perturbations induced by the proteins. The influence
of these perturbations is quantified via the associated potential of mean force. Such geometry-
dependent interactions are likely to fine-tune protein oligomerization events during cellular processes,

for example signal transduction or protein sorting.

Introduction

A multitude of biological processes, ranging from signal trans-
duction to protein sorting, depend on the formation of
membrane protein clusters. In many cases it is unknown whether
these clusters are formed due to specific chemical bonds, or
whether their assembly is driven by unspecific interactions.
Biophysical studies have emphasized the importance of
membrane-mediated interactions in this context. Such interac-
tions were ascribed, for instance, to elastic deformations of the
membrane,'™ perturbations of the conformational freedom of
lipids,>7 wetting effects,* membrane curvature,>!® capillary
forces,!' or membrane fluctuations.'> 15

In particular, protein attraction due to a hydrophobic
mismatch has been studied in some detail. The term ‘hydro-
phobic mismatch’ denotes a length difference between the
hydrophobic domain of a transmembrane protein and the
hydrophobic thickness of the host lipid bilayer. Theoretical
predictions of protein clustering due to a hydrophobic mismatch
(e.g. ref. 1-3) are supported by experiments'®® as well as
simulations.”?%23

In these studies, however, typically cylindrically shaped
proteins are assumed, whereas in reality many membrane
proteins deviate from a pure cylindrical form.?** Bearing in
mind that unspecific interactions often arise from membrane
perturbations, it is tempting to assume that interactions induced
by non-cylindrical proteins may differ profoundly from those
induced by cylinders. Moreover, for non-cylindrical entities
significant interactions may be expected even in the absence of a
hydrophobic mismatch. Mean-field theories indeed predict for
non-cylindrical proteins the possibility of both mutual repulsion
and attraction.*>2¢
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Here, we have investigated the influence of protein shape on
non-specific interactions between membrane proteins by means
of coarse-grained computer simulations. We have studied two
axially symmetric transmembrane protein types which deviate in
shape from a cylinder: ‘barrel-shaped’ proteins with convex
form, and ‘hourglass-shaped’ proteins with a concave body. We
calculated the potential of mean force for protein pairs with
different hydrophobic mismatches and found that deviating from
a cylindrical shape can turn the effect of hydrophobic mismatch
from attraction to pure repulsion. To understand the origin of
these interactions, we monitored local perturbations of the
membrane induced by proteins. In line with our expectations, we
observed that protein clustering reduced the perturbations in
cases of attraction. In contrast, approach of proteins would even
increase the membrane perturbations in cases of repulsion. Thus,
we found that the shape of the hydrophobic domain of the
proteins and their hydrophobic mismatch are both crucial
parameters determining membrane-mediated interactions of
proteins.

Methods

To study the interactions of membrane proteins, we have used
Dissipative Particle Dynamics (DPD), a standard simulation
model for complex fluids and membranes.>’*° Similar to molec-
ular dynamics, DPD is based on the motion and interaction of
single particles moving according to Newton’s laws. In DPD,
single particles represent groups of atoms, which were in our case
water (W), hydrophilic groups (H) and hydrophobic groups (T).
This coarse-grained modelling has two advantages for our study:
On the one hand it allows us to access larger time and length
scales than more detailed models (at the expense of neglecting
atomic details and electrostatics). On the other hand it takes into
account only hydrophobic and hydrodynamic interactions, i.e. it
allows one to focus on the generic geometric interactions.
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In our simulations, two particles i and j interact via three pair-
wise forces Fﬁ, F}j), F}} when their distance ryj = [l = |r; — 1l is
smaller than a cutoff distance ry which sets the length unit of the
simulation. A conversion of the simulation units to SI units yields
ro = 1 nmand Az = 100 ps; technical details may be found in ref. 7.
The degree of hydrophobicity of the beads is set via the repulsive
force Ff_,: = a;(1 — rij/ro)iy, using interaction energies aww = dwu =
adgy = dtt = 25kBT/1’0 and awT — dygT — 200kBT/V().30 The dissi-
pative force F? = —y(1 — rij/ro)z(iij-vij)iij is coupled with the
random force FX = o(1 — rilro)€;#; to a thermostat via the
fluctuation—dissipation ~ theorem y = ¢*/(2kgT) with
v =4.5VkgTm/ry, 0 = 3((kgT)’mlre?)"*. The parameter Vi =v;—
v;is the relative velocity of the two interacting beads, while &;; is an
uncorrelated random variable with zero mean and unit variance.
All types of DPD particles in the simulation had the same mass m.

Lipids were modelled as linear chains consisting of one
hydrophilic and three hydrophobic beads HT; (Fig. 1a). Bead
connections were implemented as Hookean springs, ie. two
succeeding beads i,i + 1 were connected by an attractive
harmonic potential Unarm(FisFis1) = knarm(Fii+e1 — 10)2/2, with
spring stiffness kpam = 100kgT/ry> and the equilibrium bond
length [y = 0.45r,. Strong bending of lipid chains was prevented
by a three-point bending potential Ug;(ri_1,ri,ri+1) = Kstiee(1 —
cos(f)), with the bond angle cos(8) = #_y;Fi+1 (bending
constant kg;r = 10kgT). An equilibrated tensionless bilayer of
these lipids had a thickness of 3.5 nm (Fig. le).

Transmembrane proteins had a hydrophilic top consisting of
bead type H, a hydrophobic domain with a length of n layers
consisting of bead type T and a hydrophilic bottom consisting of
bead type H (Fig. 1b). The cross-section of a cylinder was a
hexagon with a diagonal of 2k — 1 beads, i.e. the parameter k
determined the protein radius. In the vertical direction the beads
were ordered in chains. For cylindrical proteins we used k = 3,
which corresponds to a radius R = 1 nm. In barrel-shaped and
hourglass-shaped proteins the radii k of the layers varied along
the rotation axis of the protein. Barrels had a small radius k = 1
at their top and bottom, and a maximal radius k = 4 at their
middle part, corresponding to Ry, = 1.5 nm (Fig. 1c). Hour-
glasses had a large radius k = 4 at their top and bottom, and a
minimal radius & = 2 at the middle part (Fig. 1d). All protein
types were studied with two different lengths n = 3 and n = 6 of
the hydrophobic domain, which correspond to hydrophobic

Fig. 1 Simulation setup. (a) Model lipid with a hydrophilic head group
(red in the online version, dark in the print version) and three hydro-
phobic tail groups (yellow/light). (b—d) Models of transmembrane
proteins with hydrophilic top and bottom (red/dark), and a hydrophobic
middle section (yellow/light). We probed three different protein shapes:
cylindrical (b), barrel-like (c) and hourglass-like (d). (e) Snapshot of a
lipid membrane hosting two hourglass-shaped proteins (displayed in light
green); water beads are not shown for better visibility.

mismatches of —1 nm and +1 nm, respectively. Each bead of a
protein was linked to all next neighbor beads (maximally six)
within the protein cross-section and to its two direct neighbor
beads in the sections above and below. Beads were linked using
the potential Upuaum(ri,ri+1). Furthermore, Ugge(ri_1,ri,ri+1) Was
used to maintain the rigidity of vertical chains consisting of three
or more beads. The potential settings were the same as for lipids.
Due to this construction, proteins were relatively rigid objects
with a negligible internal flexibility. During a simulation,
proteins deviated less than 5% from a perfectly rigid cylindrical
backbone, as quantified via the bending angle between protein
top, middle and bottom.

The particle density of the entire system was 3 beads per ry”>.
Equations of motion were integrated with a modified Velocity
Verlet algorithm,® using periodic boundary conditions and a

time increment A¢ = 0.01\/mro?/kgT. Please note that integra-

tion of the forces F}} requires a factor V/At, whereas FS and
F}j) have a factor Az.

The potential of mean force of two proteins, U(r), was deter-
mined from the distribution P(r) of the two-dimensional center-
of mass distances r of the proteins with the relation U(r) = —kgT
In(P(r)). A uniform sampling of the entire configurational space
was achieved using the umbrella sampling method.?** For
umbrella sampling, r was restricted to windows by harmonic
potentials Vi(r) = Kymp(r — d)*/2 with centers d; = 0.5,...,9.5.
For each window i, the system was equilibrated for 2 x 10° time
steps with a barostat®® to achieve a tensionless bilayer (NoT
ensemble, where o is the surface tension). Then the equilibrated
system size was fixed to the NV'T ensemble and r was recorded
during the following 5 x 10° time steps. Unbiasing and
combining the distributions Pj(r) of each window with the
weighted histogram analysis method (WHAM) yielded P(r). A
more detailed description of the approach can be found in ref. 20.

Tests with different system sizes showed that the potential of
mean force of two proteins had reproducibly the same shape
when the linear size of a membrane patch was >20 nm. For
smaller patches the potential showed modifications depending on
the system size, e.g. a deeper minimum of the potential well. In all
simulations presented in this paper we have therefore chosen a
box size of 30 nm x 30 nm x 15 nm which is sufficiently large to
avoid finite size effects.

Results
Potential of mean force for different protein pairs

As a first step to quantitatively characterize membrane-mediated
interactions between proteins with different shapes and hydro-
phobic mismatches, we have determined the potential of mean
force (PMF) between two proteins, embedded in a membrane
patch of linear size L = 30 nm. As a baseline, we first probed two
identical cylindrical proteins with a radius R = 1 nm (Fig. 1b).
We observed deep minima in the PMF upon contact of the
cylinders, which indicates mutual attraction (Fig. 2a). The
binding energy AE is given by the depth of the potential
minimum as compared to the potential value at large separation
distances. In agreement with earlier simulation studies,” we
found AE = 8kgT for both a positive and a negative hydro-
phobic mismatch (+1 nm).
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Fig. 2 Potential of mean force U(r) for two membrane proteins at a
center-of-mass distance r. A pronounced local minimum of U(r) indicates
attraction, while local maxima indicate repulsion. (a) We have observed
mutual attraction between two cylinders, both for a positive (+1 nm) and
a negative hydrophobic mismatch (—1 nm). (b) For two barrels, we found
attraction only for a positive mismatch (blue dashed curve), but repulsion
for a negative mismatch (red full line). (c) For two hourglasses, we
observed repulsion for a positive (blue dashed line), but attraction for a
negative mismatch (red full line). (d) A barrel and an hourglass attract
each other for any mismatch. Additional features of the potentials are
discussed in the main text.

Next, we probed transmembrane proteins that deviated from a
cylindrical shape. We explored two axially symmetric protein
types: a convex shape (‘barrel’, Fig. Ic), and a concave shape
(‘hourglass’, Fig. 1d). These proteins had a maximum radius
Riax = 1.5 nm at their widest radial cross-section. Our simula-
tions showed that for both protein types the character of inter-
action changed massively as compared to cylinders. Indeed,
attraction as well as repulsion regimes emerged, depending on
the hydrophobic mismatch of the proteins. Two barrel-like
proteins attracted each other when they both had a negative
hydrophobic mismatch (binding energy AE = 11kg7), but
repelled each other when they both had a positive mismatch
(Fig. 2b). Two hourglass-like proteins showed the opposite
effect, i.e. they repelled each other for a positive mismatch, but
attracted each other for a negative one (AE = 6kg7) (Fig. 2¢). In
both cases, the PMF, U(r), showed a pronounced minimum upon
contact of the proteins in the case of attraction, and a steep
increase for small inter-protein distances in the case of repulsion.
To complement our results, we also tested the interaction of a
barrel with an hourglass of identical length. Here we found
mutual attraction for a positive and a negative hydrophobic
mismatch (AE = 10kgT and 6kgT) (Fig. 2d).

Inspecting the fine structure of the potential of mean force U(r),
we observed two side minima for cylindrical proteins besides the
main minimum, and a weak repulsive barrier at larger distances.
The range of attraction of U(r) was about 2 nm for two cylinders
and two barrels with a positive mismatch, while it was clearly
enhanced to 34 nm for two hourglasses with a negative
mismatch. Neither barrels nor hourglasses showed a fine structure

with side minima in U(r). For the combination of a barrel and an
hourglass, the interaction range was similar to two cylinders and
the repulsive barrier was slightly increased (1-2kgT). To gain an
understanding of the observed phenomenology, we next moni-
tored the perturbations of the surrounding lipid bilayer.

Attraction and repulsion are caused by membrane perturbations

To understand the origin of the shape-induced interactions, we
have examined the membrane structure with two model proteins.
In particular, we studied the reorganization of lipids upon
altering the protein distance. To this end, we performed simu-
lations of membranes hosting two proteins that were fixed by a
spring potential in a center-of-mass distance of 9 nm. Then, we
reduced the fixed distance in steps of 0.5 nm until the proteins
were in contact (center-of-mass distance equals protein diam-
eter). We allowed the membrane to equilibrate for the chosen
distance and characterized the membrane structure via the
density of hydrophobic lipid chains, p, i.e. the number of lipid
chains per area. We monitored p for different protein shapes and
hydrophobic mismatches (cf. Fig. 3).

Our simulations showed that membranes were locally per-
turbed near the embedded proteins. The chain density p was
significantly increased or reduced in annular layers around the
proteins, as compared to the average value p = 3.1 nm ™2 in an
unperturbed membrane (e.g. far away from the proteins). All
pictures on the left in Fig. 3a—f display p for membranes with
proteins at a distance of 5 nm. The layers of altered p values
around the proteins are clearly visible, with character and range
of the perturbation being dependent on the protein shape and
hydrophobic mismatch.

As a main result, we have found that protein interactions are a
consequence of lipid reorientation upon reduction of the protein
distance. Lipids between the proteins are exposed to the influence
of both proteins and rearrange their position and orientation
dependent on the protein distance. As a consequence, attraction
or repulsion of the proteins emerges, reflected by a decay or a rise
of the potential of mean force. Attraction was observed when the
lipid reorganisation led to a decrease of the total perturbation of
the membrane. In other words, a transition to an energetically
more beneficial membrane configuration was achieved. In
contrast, repulsion was observed when the lipid reorganisation
amplified the perturbations in the membrane, which is energeti-
cally unfavorable.

Comparing different protein shapes, we found always attrac-
tion when two proteins established a maximum interfacial
contact by adsorbing to each other along the full length of their
hydrophobic domains. This holds for two cylinders (Fig. 3a and
b) and for the combination of a barrel and an hourglass. When
adsorbing to each other, the hydrophobic portions of the
proteins had not to be covered with lipid chains at the contact
area (Fig. 3a and b). Hence clustering of the proteins (and coa-
lescing of their lipid annuli) led to a strong reduction of the
number of lipids perturbed by the two proteins. Indeed, we found
for these protein types, attractive potentials of mean force U(r)
with high binding energies of AE = 6-11kgT, both for a positive
and a negative hydrophobic mismatch.

In contrast, we observed that protein interaction could be
either attractive or repulsive when only a pointwise interfacial

This journal is © The Royal Society of Chemistry 2012
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Fig.3 Thelipid chain density p in a membrane hosting two proteins (top view). (a) p was reduced near to cylinders with a hydrophobic mismatch HM =
—1 nm. Upon reduction of the distance between the cylinders, the annuli of reduced p coalesced and enclosed both proteins. This caused an attractive
protein interaction, since the coalescence decreased the number of perturbed lipids. (b) p was increased next to cylinders with HM = +1 nm. Similarly to
case (a), the coalescence of the annuli of perturbed p caused protein attraction. (c) p was moderately increased near to barrels with HM = —1 nm. Upon
protein distance reduction, a new region of strongly reduced p appeared between the barrels. Such a lipid configuration would be energetically unfa-
vorable for the membrane; therefore, we observed protein repulsion. (d) p was strongly increased next to barrels with HM = +1 nm. Upon protein
distance reduction, the annuli of perturbed p coalesced without emergence of strong new membrane distortions, similarly to case (a). Thus, the protein
interaction was attractive. (e) p was strongly reduced next to hourglasses with HM = —1 nm. Similarly to case (d), the coalescence of the annuli of
perturbed p caused protein attraction. (f) p was slightly increased near to hourglasses with HM = +1 nm. Similarly to case (c), a new region of strongly

reduced p appeared between the hourglasses upon protein distance reduction, and proteins repelled each other.

contact of two proteins was possible. This holds for two barrels
(Fig. 3c and d) or two hourglasses (Fig. 3e and f), which can
touch each other only with the radially most extended parts of
their surfaces.

Repulsion was found for two barrels with a negative and two
hourglasses with a positive hydrophobic mismatch. When these
proteins were set to touching distance, we observed that the lipid
chain density p was reduced very strongly in the region between
the proteins (Fig. 3¢ and f). Determining the tilting angle ¢ of
lipids with the membrane normal yielded values ¢ = 0.8-1.2, as
compared to ¢ = 0.36 for unperturbed lipids. In other words,
lipids between the proteins had to tilt strongly to cover the
hydrophobic domain of the two barrels at their touching point,
or to fill the cavity between the two hourglasses with their chains.
Such a configuration with a locally very strongly reduced lipid
chain density (and increased lipid tilt) would be energetically
highly unfavorable for the membrane. As a consequence, we
observed for these scenarios a purely repulsive potential U(r).

Mutual attraction was found for two barrels with a positive
and two hourglasses with a negative hydrophobic mismatch.
When two proteins of these types were in touching distance, p
had almost the same value in regions between or far away from
the two proteins (Fig. 3d and e). In other words, lipids were able
to cover the two proteins without experiencing strong distor-
tions, and the approaching of the proteins reduced the number
of lipids perturbed by the protein vicinity. Thus, an attractive
PMF U(r) of the proteins was found with binding energies
AE = 6-11kgT.

Besides attraction or repulsion, the fine structure of the
attractive potentials can also be related to the membrane

perturbations. For two cylinders, we observed a main minimum
and two side minima in the PMF U(r) (Fig. 2a). In agreement
with that we also found three maxima and minima in the lipid
chain density p near the protein (Fig. 3a and b). For other protein
shapes we did not see a distinct fine structure either in the
potentials or in the chain density.

Discussion

In summary, we have shown that the membrane-mediated
interactions of two membrane proteins can be either attractive or
repulsive, depending on the three-dimensional shape of the
proteins. Two proteins attract each other if their approach is
associated with a reorganisation of the membrane leading to an
energetically more favorable configuration with reduced
membrane perturbations. In contrast, proteins repel each other if
their approach enhances the perturbations. Therefore, we always
observe attraction when two proteins can establish a maximum
interfacial contact by adsorbing to each other along the full
length of their hydrophobic domains. In contrast, if only a
pointwise interfacial contact is possible, attraction or repulsion
may emerge, depending on the hydrophobic mismatch.

These results highlight that caution is necessary when esti-
mating the interactions of two membrane proteins. Using the
simplified model of a cylindrical protein shape leads to the
prediction that both a positive and a negative hydrophobic
mismatch cause attraction.”?® However, we have shown here that
deviations from the cylinder shape induce a significant change in
interaction, meaning that attraction can be strengthened, weak-
ened or even turned into repulsion.

11908 | Soft Matter, 2012, 8, 11905-11910
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To check the general validity of our findings, we repeated our
calculations of U(r) for proteins with reduced radii (cylinders
with R = 0.5 nm and barrels/hourglasses with R, = 1 nm). In
all cases, we observed that the character of the interaction
(attraction or repulsion) was conserved, while the binding ener-
gies varied somewhat. Furthermore we performed simulations
with reduced hydrophobic mismatches (HM = £0.3 nm). Again
we have found that the character of the interactions (attraction/
repulsion) did not change, while the binding energies slightly
decreased upon reduction of the absolute value of the mismatch.

Our results agree qualitatively very well with mean-field
calculations done by May and Ben-Shaul.*® They predict an
attractive interaction for two barrel-shaped membrane proteins
with a positive and two hourglass-like proteins with a negative
hydrophobic mismatch, but a repulsive interaction between two
barrels with a negative and two hourglasses with a positive
mismatch, which is exactly what we find in our simulations.
Furthermore, attraction between two cylinders is predicted to be
independent of the sign of their hydrophobic mismatch, which is
confirmed by our simulations. Comparing our simulations in
more detail with the mean-field theory, we find for all cases of
attraction between proteins (including two cylinders) a repulsive
increase of the PMF at the nearest protein—protein distance due
to the elasticity of our model proteins. This elasticity feature is
not included in the mean-field theory, where proteins are
modelled as rigid objects which adsorb to each other without
fluctuations of the overlap. In case of attraction of two barrels or
two hourglasses, theory predicts a shift of the minimum to a
larger inter-protein distance, indicating dimerization with a layer
of lipids in between, which we do not observe in the simulations.
While we see a significantly wider potential minimum for two
hourglasses with negative mismatch compared to cylinders or
barrels, this is not predicted by the theory. However, apart from
these details which we attribute to the choice of model settings,
simulation and theory predict qualitatively the same shape
dependence of the interactions of two membrane proteins.

Our results furthermore agree with experimental studies on
mismatch-driven clustering of membrane proteins. For
membrane-mediated association of transmembrane helices
(which can be modelled as cylinders), binding energies between
4kgT and 10kg T were reported,'® which are well comparable with
the typical binding energies found in our simulations. In another
study, gramicidin A was observed to form clusters when
embedded in a lipid bilayer where it had a negative mismatch.**
In the clusters the nearest neighbor distance of proteins was
larger than the protein diameter, which suggests that the clusters
were a lipid—protein mixture. Inspecting the structure of grami-
cidin A, it would be best represented by an hourglass shape, for
which we have observed attraction with a wide potential
minimum in case of a negative mismatch. The latter means a
probable nearest neighbor distance larger than the protein
diameter, which agrees well with the experimental findings.
Assuming a cylindrical shape would lead to a prediction of
clusters of pure protein with a nearest neighbor distance of the
protein diameter.

Generally, our finding of shape-dependent interactions
between membrane proteins could be important for biology,
biophysics and biotechnology under many aspects. The hydro-
phobic domains of membrane proteins often deviate in their

shape from an ideal cylinder. Therefore when considering their
possible interactions, one should not only take into account the
hydrophobic mismatch, but their overall geometrical form. The
gross shape of a protein may give a first hint if it rather appears as
a monomer or a multimer in a cell membrane. A conformational
alteration of protein shape, on the other hand, could serve as a
switch between a monomeric and a multimeric state. In signaling
an extracellular stimulus may induce a conformational change of
a membrane receptor from a repulsive to a strongly attractive
state (e.g. from hourglass to cylinder). The resulting oligomer-
isation of the receptor would then initiate further propagation of
the signal by a second messenger into the cell. As another
example, protein sorting could benefit from the shape-driven
interactions: Using both hydrophobic mismatch and protein
shape as parameters that control nonspecific attraction/repul-
sion, the cell has a means to regulate the assembly (or exclusion)
of a wide range of different proteins without the need of specific
interactions. Regarding the variety of protein shapes and the
possibility of conformation changes, our findings may explain
how nonspecific forces can support clustering of certain proteins
without causing hazardous aggregation.

In conclusion, we have shown that membrane-mediated
interactions of membrane proteins are determined both by the
three-dimensional shape of the transmembrane domain of the
proteins and their hydrophobic mismatch with the membrane.
Interactions can be either attractive or repulsive, depending on
the perturbations of the membrane caused by the proteins. For
an experimental test of our predictions, we suggest insertion of
well-characterized fluorescently labeled proteins of different
shapes, e.g. gramicidin A as an hourglass-like protein, into
artificial membranes, e.g. giant unilamellar vesicles or free-
standing lipid bilayers. Then, a possible cluster formation of
proteins could be tested nearly at the single-molecule level either
by fluorescence resonance energy transfer (FRET) or by two
color cross-correlation fluorescence correlation spectroscopy
(FCS). When using membranes of different thicknesses to create
a positive or negative mismatch, one should be able to distinguish
between the attractive and repulsive states of two hourglasses or
barrels.
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