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Membranes are the defining envelopes of living cells. At this boundary a multitude of transmembrane

proteins mediate signal and mass transfer between cells and their environment. Clustering of these

proteins is a frequent and often vital phenomenon that relies at least in part on membrane-mediated

interactions. Indeed, the mismatch between proteins’ hydrophobic transmembrane domains and the

surrounding lipid bilayer has been predicted to facilitate clustering, yet unequivocal quantitative data

in support of these predictions have been lacking. Here, we have used coarse-grained membrane

simulations to thoroughly address the clustering of transmembrane proteins in detail. Our results

emphasize the universal nature of membrane-mediated attraction which relaxes the need for a plethora

of fine-tuned interactions between membrane proteins.
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Being more than passive envelopes, biomembranes me-
diate signal and mass transfer from the environment to the
cell’s interior via a multitude of transmembrane proteins
[1]. Membrane proteins often cluster to perform their
function, e.g., to participate in protein sorting during se-
cretion processes [2]. While specific bimolecular binding
events are traditionally made responsible for the formation
of protein clusters, several lines of evidence indicate that
unspecific, membrane-mediated interactions also play a
major role in these events [3], thus relaxing the need for
a multitude of fine-tuned interactions.

In the context of membrane-mediated interactions the
effects of a ‘‘hydrophobic mismatch’’ has been of particu-
lar interest (see, e.g., [4] for review): When the hydro-
phobic transmembrane domain of a protein does not match
the thickness of the lipid bilayer’s hydrophobic core, clus-
tering of proteins has been predicted [5], e.g., within the
framework of the ‘‘mattress model’’ [6], within a phe-
nomenological mean-field elasticity approach [7], and
within a detailed model based on capillary forces [8].

While hydrophobic-mismatch driven clustering has
been studied extensively by mean-field theories [4], sup-
porting experimental studies [9] have remained rare and
equivocal in highlighting the pure effects of hydrophobic
mismatching. In particular, it has remained unclear
whether the mean-field predictions are actually capable
of describing the natural situation in which the lipid bilayer
is not a homogenous two-dimensional fluid but rather is
composed of individual lipids with similar dimensions as
the embedded proteins. Since quantitative experiments are
challenging in several aspects, computer simulations lend
themselves as a powerful alternative to address this issue.

To study the local change of the lipid environment
around proteins with varying hydrophobic mismatch and
the effective attraction that drives clustering, we have used
dissipative particle dynamics (DPD). In accordance with
standard DPD models [10,11], we have imposed a linear
repulsive force FC

ij ¼ aijð1� rij=r0Þr̂ij between any two

beads i, j having a distance rij ¼ jrijj ¼ jri � rjj � r0
(with r̂ij ¼ rij=rij denoting the corresponding unit vector).

The degree of hydrophobicity was tuned via the interaction
energies aij while bonds within lipids and proteins were

modeled via a harmonic potential Uðri; riþ1Þ ¼ kðri;iþ1 �
l0Þ2=2 between the respective beads. Lipids and proteins
were given an additional bending stiffness via the
potential Vðri�1; ri; riþ1Þ ¼ �½1� cosð�Þ� with cos� ¼
r̂i�1;i � r̂i;iþ1. For the thermostat, dissipative and random

forces were given by FD
ij ¼ ��ijð1� rij=r0Þ2ðr̂ij � vijÞr̂ij

and FR
ij ¼ �ijð1� rij=r0Þ�ijr̂ij, respectively, when rij �

r0. Here, vij ¼ vi � vj denotes the relative velocity be-

tween the particles i, j while �ij is a random variable

with h�iji ¼ 0 and h�ij�kli ¼ �ik�jl. The parameters �ij

and �ij are related via the fluctuation-dissipation theorem

�2
ij ¼ 2�ijkBT [11].

The interaction cutoff r0, all bead masses, and the ther-
mostat temperature kBT were set to unity. In accordance
with [12], we have chosen �ij ¼ 3, �ij ¼ 9=2, k ¼
100kBT=r

2
0, l0 ¼ 0:45r0, � ¼ 20kBT, aHT ¼ aWT ¼

200kBT, and aWW ¼aHH¼aTT ¼aWH¼25kBT (indices
W, H, T denoting water, lipid head, lipid tail bead, respec-
tively). Lipids were modeled as a linear chain (HT3), while
proteins were modeled as filled hexagons of HTnH chains
(cf. Fig. 1). We have integrated the equations of motion
with a velocity Verlet scheme [13] (time increment �t ¼
0:01) using periodic boundary conditions. To achieve a
tensionless membrane, we first equilibrated the system
for 5� 104 steps with a barostat [14] and then fixed the
length of the simulation box for the remaining 106 simu-
lation steps. The intrinsic DPD units may be converted to
SI units (r0 � 1 nm, �t � 80 ps) by gauging the mem-
brane thickness and the lipids’ diffusion coefficient [15].
We first monitored the steady-state membrane thickness

in the vicinity of a single protein embedded in a membrane
of linear size L¼20r0. Varying the number n of hydropho-
bic layers in the core of the hexagonal protein/inclusion,
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i.e., varying the hydrophobic mismatch, we observed in all
cases that the bilayer thickness around the protein showed

an exponential decay hðrÞ ¼ h0 þ�he
�r=� (Fig. 1) to-

wards the bilayer thickness without protein (h0 � 3:8r0),
in agreement with theoretical predictions [7]. Using hðrÞ �
K0ðr=lcÞ [8] as an alternative expression (K0 denotes the
modified Bessel function of order zero) yielded a signifi-
cantly less good fit. As expected, the maximum membrane
thickness h0 þ�h obtained from the fitting with an ex-
ponential varied linearly with the number n of hydrophobic
layers in the inclusion (Fig. 1, lower inset). For n ¼ 5, the
thickening of the bilayer �hwas smallest (Fig. 1, upper
inset); i.e., the hydrophobic mismatch almost vanished.
While �h increased monotonically for n � 5, the thicken-
ing of the bilayer remained constant for n > 6. This be-
havior can be understood when inspecting the orientation
angle ’ of the inclusion with respect to the bilayer normal
[Fig. 2(a)]: For n > 6 it becomes energetically favorable to
tilt the inclusion rather than to further stretch the bilayer. In
the remainder we hence concentrate on n � 6.

We next inspected the orientation angle �ðrÞ of lipids in
the inclusion’s surrounding (Fig. 2). The average tilt angle
in an unperturbed membrane may be estimated as h�i ¼
atan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=ð	‘2Þp � 0:36 from a lipid’s cylindrical envelope,

i.e., via the average area per lipid (A � 1:43=r20) and the

typical lipid length (‘ ¼ 1:8r0). Indeed, we see a good
agreement with this estimate far away from the inclusion
[Fig. 2(b), inset] while �ðrÞ significantly deviates from this
value near to the inclusion. To describe this local change in
lipid orientation it is most convenient to use the orienta-

tional order parameter SðrÞ ¼ h½3cos2ð�Þ � 1�=2i. As ex-
pected from the angles �, the lipids’ orientation was very
variable far away from the inclusion (S � 0:77). For a
positive hydrophobic mismatch, S increased significantly
near to the inclusion (Fig. 2), highlighting a local ordering
of the lipids parallel to the surface normal (S ! 1). In
contrast, a negative hydrophobic mismatch had the oppo-
site effect (lower S). Inward-bending lipids tried to cover
the hydrophobic core of the bilayer that cannot be in direct
contact with the hydrophobic portion of the inclusion. Our
results thus indicate that lipids in an annulus around an
inclusion have a lower entropy due to their constrained
configuration as compared to their mates in an unperturbed
bilayer. This decrease in entropy may be expected to drive
a clustering of inclusions, similar to the formation of
micelles in water-oil mixtures.
To probe this prediction, we next embedded two inclu-

sions into a bilayer (L ¼ 20r0). By monitoring the force
components along the unit vector pointing from one pro-
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FIG. 2 (color online). (a) For a strong positive hydrophobic
mismatch (n 	 7), the inclusion starts to tilt with respect to the
bilayer normal (angle ’). (b) The local lipid orientation as
determined via the order parameter S (cf. main text) clearly
deviates from the value for an unperturbed lipid bilayer in the
vicinity of the inclusion. For small distances r, a strong reduction
or increase in S is seen for negative (n ¼ 3, open circles) or
positive (n ¼ 6, open squares) hydrophobic mismatches, respec-
tively. The deviations are considerably smaller for n ¼ 4 (filled
circles). Inset: The average angle � between the lipids and the
surface normal strongly deviates from the unperturbed value � �
0:36 far away from the inclusion.
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FIG. 1 (color online). The numerically determined radial bi-
layer thickness hðrÞ is well described by an exponential profile
(full lines) for negative (open circles), almost vanishing (filled
circles), and positive (open squares) hydrophobic mismatches.
Insets on the left show the respective inclusions with n ¼ 3, 4, 6
transmembrane layers. Inset, top: The mismatch �h with respect
to the unperturbed bilayer thickness h0 � 3:8r0 is smallest for
n ¼ 5. For n > 6, the bilayer cannot be stretched any further and
the inclusion tilts [cf. Fig. 2(a)]. Inset, bottom: The maximum
thickness of the membrane h0 þ�h at the inclusion grows
linearly with the inclusion’s number of hydrophobic layers, n.
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tein to the other, we determined via integration the pair
potentialUðrÞ that the proteins experienced [Fig. 3(a)]. For
all proteins we observed a minimum in UðrÞ when the
proteins touched (r ¼ 0) while for increasing distances
(r � r0=2) a high potential barrier emerged that was fol-
lowed by 2–3 lower peaks. The potential maximum de-
pended on the degree of hydrophobic mismatch, i.e., on n.
Beyond r � 3r0, the potential became essentially flat and
the inclusions behaved as free and independent particles.
The envelopes of UðrÞ agree in gross terms with the
theoretical predictions of [7], but not with the capillary
interaction energy derived in [8]. We also did not observe
the predicted stronger attraction for a negative hydropho-
bic mismatch as compared to a positive mismatch with
similar �h [8]. The fine structure in UðrÞ as compared to
the mean-field prediction [7] most likely is due to the
discreteness of the membrane.

Interestingly, we observed a transient dimer formation
even for an almost vanishing hydrophobic mismatch (n ¼

5). It is tempting to speculate that in this case not the (fairly
small) hydrophobic mismatch but rather the local geomet-
ric constraints of the surrounding lipids contribute to the
effective attraction.
We next extracted from the simulations the average time


n for which the two proteins with a transmembrane por-
tion n stayed within a distance r � 3r0. For the smallest
hydrophobic mismatch (n ¼ 5) we obtained a dimer life-
time 
5 � 183 which corresponds to a real time of about
2 �s. For increasing hydrophobic mismatches, we ob-
served a strong increase in the relative dimer lifetimes
[Fig. 3(b)]. Indeed, for n ¼ 7, i.e., a strong positive hydro-
phobic mismatch, the dimer lifetime increased more than
30-fold. For comparison we calculated from UðrÞ the
relative increase of the corresponding mean-first passage
time tn, describing the transition from the bound state (r ¼
0) to the free state (r ¼ 3r0). In agreement with our results
on the dimer lifetimes 
n, we observed a strong increase of
tn for increasing hydrophobic mismatches [Fig. 3(b)].
Thus, we can conclude that already dimers can be fairly
stable entities with lifetimes up to �100 �s.
To go beyond the formation of dimers, we next inves-

tigated the formation of clusters using 30 proteins in a
membrane (L ¼ 50r0). As can be seen from Fig. 4, a
positive (n ¼ 6) hydrophobic mismatch (and also negative
mismatches; data not shown) gave rise to a strong cluster-
ing while a vanishing mismatch (n ¼ 5) resulted in the
transient formation of dimers only. Thus, in agreement
with theoretical predictions and our above results, hydro-
phobic mismatching indeed drives cluster formation of
membrane proteins.
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FIG. 3 (color online). (a) The mean pair potential between two
inclusions with n ¼ 3, 5, 6 (middle, lower, upper), as extracted
from the simulations, shows a minimum for vanishing distance
followed by a pronounced peak and several smaller peaks.
Overcoming the potential barrier, say from r ¼ 0 to r ¼ 3r0,
determines the finite lifetimes of dimers. Inset: The energy
difference �U ¼ maxðUÞ �Uð0Þ already indicates that dimers
with n � 5 have an increased lifetime. (b) The mean dimer
lifetimes 
n as extracted from the simulations agree well with
the predicted mean-first passage times tn derived from the
potentials UðrÞ. Error bars show the variation of tn when con-
sidering an escape to distances 2r0; . . . ; 4r0. All times are ex-
pressed with respect to 
5 and t5 (n ¼ 5 had the smallest
hydrophobic mismatch), respectively.
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FIG. 4. Simulation snapshots after �106 time steps for
(a) vanishing (n ¼ 5) and (b) positive (n ¼ 6) hydrophobic
mismatch. For n ¼ 5 mainly dimers are observed while also
larger clusters emerged for n ¼ 6. (c) The cluster size distribu-
tion [Eq. (1)] for DM
=L2 ¼ 0:12, 0.4, 1.2, 12 (circles, dia-
monds, asterisks, squares) highlights the occurrence of larger
aggregates for increasing hydrophobic mismatches (i.e., dimer
lifetimes). Inset: The mean cluster size increases approximately
like hmi � 
0:4. (d) Using equal amounts of two different in-
clusions (dark gray: n ¼ 3, light gray: n ¼ 6) yields a demixing
of proteins according to their hydrophobic mismatch (top view).
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Since estimating the lifetimes of larger clusters and/or
determining the distribution of cluster sizes via simulations
is not feasible due to the prohibitively large computation
times, we have considered the following model to estimate
the number ofm-clusters pm given that the system consists
of M pointlike proteins:

dpm

dt
¼ Jm þ R

2

Xm�1

i¼1

pipm�ið1þ �i;m�iÞ

� R
XM�m

i¼1

pmpið1þ �i;mÞ: (1)

The first term describes the loss of single proteins from a

cluster’s circumference, i.e. Jm ¼ �ð ffiffiffiffiffiffiffiffiffiffiffiffiffi
mþ 1

p
pmþ1 �ffiffiffiffi

m
p

pmÞ (1<m<M), JM ¼ ��
ffiffiffiffiffi
M

p
pM, and J1 ¼

�
ffiffiffi
8

p
p2 þ �

P
M
k¼3

ffiffiffi
k

p
pk. The evaporation rate � may be

identified with the inverse dimer lifetime (� ¼ 1=
). The
two remaining terms in Eq. (1) describe the gain or loss of
m clusters due to the diffusively driven aggregation of two
clusters. Bearing in mind that the diffusion coefficient D
hardly varies with size for small membrane inclusions [16],
the rate R may be identified with the inverse diffusive
search time on the membrane of length L, i.e. R ¼
D=L2. Please note that

P
M
m¼1 mpm ¼ M is conserved

under the dynamics while
P

M
m¼1 pm is not. The steady-

state distribution for varying values of the ratio MD
=L2,
i.e., for various hydrophobic mismatches, are shown in
Fig. 4(c). Using the numerically obtained values for 

and D, the model predicts that clusters up to 10 mers are
likely to exist for large hydrophobic mismatches. This is
also underlined by the growth of the mean cluster size hmi
for increasing MD
=L2. In addition, a large amount of
monomers and dimers is expected. Given the simplicity of
Eq. (1) and the numerical observation that large clusters
appear even more stable than dimers, Eq. (1) can be
expected to actually underestimate the mean cluster size
by overestimating the number of free monomers. Indeed,
our simulations support this notion, albeit with poor sta-
tistics [cf. Fig. 4(b)]. Nevertheless, Eq. (1) is a valuable
tool to obtain a lower bound for the mean cluster size.

Going beyond the case of a pure ensemble, we also
considered two species of membrane proteins having dif-
ferent hydrophobic mismatches. In particular, when using
equal amounts of proteins with n ¼ 3 and n ¼ 6, we
observed a clear separation of the two species [Fig. 4(d)].
While this strong segregation may not come unexpected
for the case of a negative and a positive hydrophobic
mismatch, we observed a similar demixing even when
both proteins had similar hydrophobic mismatches (e.g.,
n ¼ 6, 7). A more detailed investigation of this demixing is
currently in progress and will be presented elsewhere.

In conclusion, we have unequivocally shown that mem-
brane proteins can cluster due to hydrophobic mismatching
with their lipid environment. The membrane-mediated

clustering is due to an effective attractive pair potential
between membrane inclusions with a rich fine structure.
Based on simple kinetic considerations and on the obser-
vation of rapidly increasing dimer lifetimes when the
hydrophobic mismatch is enhanced, it is highly likely
that bigger clusters have large enough lifetimes to play a
major role in the biological context. Moreover, a
membrane-mediated nonspecific attraction may facilitate
specific interactions between transmembrane proteins by
increasing the residence time in the bimolecular reaction
zone. Bearing in mind the universal method of clustering
and the observed demixing of proteins we further hypothe-
size that living cells may use membrane-mediated inter-
actions to support protein sorting in the secretory pathway
[17].
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