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ABSTRACT Experiments and molecular simulations have shown that the hydrophobic mismatch between proteins and
membranes contributes significantly to lipid-mediated protein-protein interactions. In this article, we discuss the effect of choles-
terol on lipid-mediated protein-protein interactions as function of hydrophobicmismatch, protein diameter and protein cluster size,
lipid tail length, and temperature. To do so, we study amesoscopic model of a hydrated bilayer containing lipids and cholesterol in
which proteins are embedded, with a hybrid dissipative particle dynamics-Monte Carlo method. We propose a mechanism by
which cholesterol affects protein interactions: protein-induced, cholesterol-enriched, or cholesterol-depleted lipid shells
surrounding the proteins affect the lipid-mediated protein-protein interactions. Our calculations of the potential of mean force
between proteins and protein clusters show that the addition of cholesterol dramatically reduces repulsive lipid-mediated interac-
tions between proteins (protein clusters) with positive mismatch, but does not affect attractive interactions between proteins with
negative mismatch. Cholesterol has only a modest effect on the repulsive interactions between proteins with different mismatch.
INTRODUCTION
The detection of an increasing number of transmembrane
proteins in submicrometer-sized clusters (1–5) with organi-
zation that strongly depends on the membrane composition
(e.g., lipid tail length (1,3,4) or cholesterol content
(3,6–11)) has seriously challenged the idea that individual
proteins freely diffuse in a passive biological membrane
(12) and only interact via direct protein-protein interactions.
Understanding the role of the membrane in the interactions
between membrane proteins has become an active area of
research (13,14).

In these studies, hydrophobic mismatch, i.e., the differ-
ence, d, between the length of the hydrophobic region of
the protein and the bilayer hydrophobic thickness, has
been frequently invoked as an important physical property
that regulates lipid-protein and lipid-mediated protein-
protein interactions. For example, several studies have
shown that modulations of the bilayer thickness, protein tilt-
ing, protein functioning, and protein aggregation strongly
depend on the protein hydrophobic mismatch, on the protein
diameter, and on the lipid properties (14–34). The concept
of hydrophobic mismatch has therefore significantly
contributed to the insight that lipids and proteins show
a collective behavior.

Theoretical studies on protein-lipid and indirect protein-
protein interactions investigate mostly single-component
bilayers. Several models also exist of membrane-mediated
organization in lipid membranes containing two types of
lipids or two phases (35–37). Examples are the lipid-annulus
model (35) and the wetting and capillary condensation
model (36). These models show that a preferential interac-
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tion between the proteins and a specific lipid or phase might
lead to a clustering of the proteins.

In this article, we present a molecular simulation study of
the effect of cholesterol on protein-lipid and lipid-mediated
protein-protein interactions. Cholesterol has a significant
effect on protein aggregation (3,5–11) and on a wide range
of other membrane processes involving proteins (38–40).
These effects are intimately related to various diseases (41).

Different mechanisms have been identified to explain
why cholesterol affects the proteins. For many proteins,
the exact mechanism remains unclear. In general, these
mechanisms have been strongly related to the partitioning
of proteins in cholesterol-rich or in cholesterol-poor regions
(42,43). Three fundamentally different but not mutually
exclusive mechanisms have been proposed (41–43):

1. Many proteins have been observed to have a specific
sterol-sensing domain (44). As a result, proteins and
cholesterol interact preferentially and directly with
each other, leading to a partitioning of proteins in choles-
terol-rich regions.

2. Indirect attractive protein-cholesterol interactions could
originate from a preferential interaction between
a smooth protein surface and the rigid cholesterol tetra-
meric ring. Proteins might be expelled from sterol-rich
domains when the opposite is true (45).

3. The presence of cholesterol induces changes in the bilayer
material and biophysical properties, which could influ-
ence the protein-lipid and protein-protein interactions
(3,8,9).

The third mechanism is the most frequently invoked. For
example, in model membranes, cholesterol-rich regions
might have an increased area compressibilitymodulus, which
could lead to a partitioning of the membrane components
doi: 10.1016/j.bpj.2010.09.030
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(39,43,46). The chain ordering and bilayer thickening effect
of cholesterol could lead to hydrophobic mismatch between
the hydrophobic part of the protein and the bilayer or change
the hydrophobic mismatch conditions such that lipid-medi-
ated protein aggregation takes place (3,8,9).

Experiments indicate that the effect of cholesterol on the
bilayer properties strongly depends on lipid type and temper-
ature (47). For example, at physiologically relevant temper-
atures, the effects of cholesterol are smaller on unsaturated
lipids compared to saturated lipids (47). Moreover, in real
biological membranes, the addition of cholesterol does not
seem to modify the membrane thickness (17). Interestingly,
the increased protein aggregation in the presence of choles-
terol has been observed in saturated bilayers (9), in unsatu-
rated lipid bilayers (3,8,11), and in real membranes
(6,7,10). The fact that cholesterol promotes protein clus-
tering in different types of bilayers, but that its effect on struc-
tural and mechanical properties is not universal, indicates
that there might be another mechanism. Moreover, protein
clusters have been observed to be enriched in cholesterol
(6), which is not accounted for by mechanisms implying
a change in bilayer properties, although there might be
a combination with the indirect or direct cholesterol-protein
interaction mechanisms.

The mechanism implying a change of the bilayer proper-
ties focuses solely on the effect of lipids on the organization
of proteins, while in reality there should also be a strong
effect of proteins on the distribution of the lipids and on
the properties of the bilayer, as proteins make up to 50%
of the membrane. In this context the hypothetical concept
of a lipid shell, a lipid domain surrounding a protein and
induced by the latter, was introduced (42,48). Lipid shells
might extend up to 10 nm from the protein surface, might
be enriched or depleted in cholesterol, but do not need to
form a separate phase and exist as mobile entities in the
plane of the membrane. Lipid shells should not be
confounded with the first-shell lipids (49) or the lipid
annulus (35,48), which is the first layer of lipids surrounding
the proteins due to direct or indirect chemical and physical
interactions. Multiple ways have been proposed in which
shells might form; for example, due to hydrophobic
mismatch between protein and lipids (42).

Recent experiments indicate that model proteins with
positive mismatch, when embedded in a bilayer containing
DMPC (dimyristoylphosphatidylcholine) and cholesterol,
are surrounded by a cholesterol-enriched region, while
less cholesterol is observed around proteins with a smaller
hydrophobic length (50). This experiment supports the shell
hypothesis. Similarly, Epand and co-workers (51–53) have
reported several experimental studies indicating a protein-
induced formation of cholesterol-rich domains. It thus
seems that there might exist another mechanism by which
cholesterol affects protein-protein interactions: the lipid
shell mechanism. When cholesterol is added to a bilayer,
certain proteins might induce a cholesterol-enriched or
Biophysical Journal 99(11) 3629–3638
cholesterol-depleted lipid shell and those lipid shells might
subsequently affect the interactions between the proteins.

Experimentally it would be a difficult task to distinguish
among the different mechanisms. Atomistic simulation
studies identified specific cholesterol-sensing domains of
certain proteins (44). However, for a systematic study of
the collective behavior of lipids and proteins within a reason-
able simulation time, a mesoscopic approach is required.

In this article, we build on a previously developed coarse-
grained model of a hydrated bilayer containing a phospho-
lipid and cholesterol and in which peptides are embedded
(28,54–56). We systematically study the effect of choles-
terol on the interactions between proteins. In particular,
we use the flexibility of our model to study the effect of
cholesterol at conditions where cholesterol hardly changes
the properties of the bilayer and at conditions where choles-
terol has a larger influence on the bilayer properties. We
compute the potential of mean force (PMF) between two
proteins with positive mismatch in a bilayer with and
without 40 mol % cholesterol at different temperatures
and provide evidence for the lipid shell mechanism.
MODEL AND SIMULATION METHODS

Model

In our model, groups of atoms are lumped into one mesoscopic pseudoa-

tom. One water bead comprises three water molecules. A model lipid

consists of three hydrophilic head beads to which two tails of hydrophobic

beads are attached. In this article we will consider lipids with four and five

beads, denoted as h3(t4)2 and h3(t5)2, respectively. The cholesterol model

contains a hydrophilic bead and a hydrophobic ring to which a tail of two

hydrophobic beads is attached. The h3(t4)2-cholesterol bilayer gives

a reasonable representation of DMPC-cholesterol (55,56). Proteins are

modeled as a bundle of NP hydrophobic chains, both ends of which are

hydrophilic. By varying the number of chains and the number of hydro-

phobic beads per chain, one can change the diameter and the hydrophobic

length of the protein, respectively. Our proteins have no specific sterol-

sensing domain. The model is shown in Fig. 1.

The nonbonded interactions between beads are described with soft-repul-

sive interactions,

Fij ¼
(

aij
�
1� rij=Rc

�br ij�rij < Rc

�
0

�
rij RRc

� ; (1)

where the coefficients aij > 0 represent the maximum repulsion strength, rij
is the distance between beads i and j, and Rc is the cutoff radius, which gives

the range of the interaction. A soft-repulsion is obtained from coarse-grain-

ing atomistic simulations (57). Contrary to atoms, beads containing groups

of atoms might overlap more, and thus the interaction should be less repul-

sive than a classical Lennard-Jones potential. In our model, the parameters

of these interactions, aij, are related to the Flory-Huggins solubility param-

eters (58) and are provided in Fig. 1. The intramolecular interactions

include bond vibrations and bond bending (see the Supporting Material).

Previous applications of this model are given in the Supporting Material.
Simulation method

The mesoscopic model was studied using a hybrid dissipative particle-

dynamics Monte Carlo (DPD-MC) method. Simulations were performed
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FIGURE 1 Coarse-grained model and soft-repulsive interaction parame-

ters. (a) Snapshot of a model bilayer containing phospholipids and choles-

terol and in which two proteins are embedded. Water (type w) is not shown

for clarity. The protein hydrophilic (type h) and hydrophobic (type p) beads

are depicted in yellow and orange, respectively. (b) Coarse-grained model

of a h3(t5)2 phospholipid. Hydrophilic head beads (type h) are depicted in

dark blue, while the hydrophobic tail beads (type t) are depicted in light

blue. (c) Coarse-grained model of cholesterol. The hydrophilic (type h)

and hydrophobic (type t) beads are depicted in black and red, respectively.

(d) Table with the soft-repulsive interaction parameters aij between the four

types of beads: water (w), hydrophilic (h), hydrophobic (t), and hydro-

phobic protein bead (p).
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in the NPtgT ensemble, with g ¼ 0. All simulations were performed in

bilayers containing ~3000 lipid or cholesterol molecules. For every choles-

terol or lipid molecule, we have 25 water beads. A detailed description of

the simulation method can be found in the Supporting Material and in

the literature (57,59,60).

For the simulations, we use a reduced temperature. The relation with the

physical temperature can, for example, be estimated from comparison with

experimental main and pretransition temperatures. For h3(t4)2, one obtains

T ¼ 108.75 Tr �8.6, with Tr the reduced temperature and T the Celsius

temperature (56). For h3(t5)2, one obtains T ¼ 133 Tr �33 (28). For phos-
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pholipid-cholesterol systems, it is useful to present the results as a function

of DT ¼ T–Tm, with Tm the reduced temperature at which the main phase

transition of the bilayer takes place: Tm;h3ðt4Þ2 ¼ 0:32 and Tm;h3ðt5Þ2 ¼ 0:42:
RESULTS

Effect of cholesterol on lipid bilayer

Before discussing the potentials of mean force (PMFs), it is
useful to briefly review some aspects of the temperature-
dependence of the effects of cholesterol on a phospholipid
bilayer. In Fig. 2 a, the partial phase diagram is shown for
a h3(t4)2-cholesterol system (56). At high temperatures,
the h3(t4)2 bilayer is in a liquid-disordered phase, while
below the main phase transition temperature (Tm) the bilayer
is in a rippled gel phase. Addition of cholesterol above Tm
results in a gradual transition (crossover) of the liquid-disor-
dered phase to a so-called liquid-ordered phase. At suffi-
ciently high temperatures, the bilayer remains in the
liquid-disordered phase.

The effect of cholesterol on the bilayer hydrophobic
thickness, average lipid tail order, and bilayer bending
modulus is shown in Fig. 2 b for three different temperatures
above Tm. For DT ¼ T–Tm ¼ 0.03, cholesterol significantly
increases all three parameters due to the transition to the
liquid-ordered phase. For DT ¼ 0.1, the effect of cholesterol
on the bending modulus is strongly reduced, and for
DT¼ 0.38 the effect on all three parameters is much weaker.
As shown in Fig. 2 b, similar trends have been observed
experimentally (for example, for the DMPC-cholesterol
system (56)).

These different temperatures allow us to separate the
different effects of cholesterol on the interactions of
proteins. At high temperatures, cholesterol has very little
effect on the properties of the bilayer. Experimentally, this
would correspond to a high-temperature DMPC bilayer—
or, if we use a different mapping of our mesoscopic
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FIGURE 2 (a) Simulated partial phase diagram

of h3(t4)2-cholesterol (55,56), with Tm the main

phase transition temperature. (b) Effect of choles-

terol on the properties of a phospholipid bilayer

at different temperatures DT ¼ T–Tm. Data are re-

ported for 0 and 40 mol% cholesterol. The data for

h3(t4)2 and h3(t5)2 are obtained from simulations;

the data for DMPC (dimyristoylphosphatidylcho-

line), DOPC (dioleoylphosphatidylcholine), and

basolateral plasma membrane (BPM) are experi-

mental (17,47,67). DMPC and DOPC bilayers are

examples of model saturated and unsaturated

membranes, respectively, whereas BPM is an

example of a real membrane. Tm,DMPC ¼ 24�C,
Tm,DOPC ¼ �17�C. (Asterisks) Data for 30 mol %

cholesterol; (plus-signs) distance between the

hydrophobic beads linked to the hydrophilic

ones; (pound signs) first moment (10�4 Hz) of

NMR spectrum, which is proportional to the tail

order parameter; and (minus-signs) no data

available.
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FIGURE 3 Snapshot of a top view of a lipid bilayer after 106 MC-DPD

cycles. The lipids are depicted in blue, cholesterol in black. The proteins,

in orange, have a small diameter of 13.5 Å and a positive mismatch of

3.5 Å in panel a and 2.3 Å in panel b. Water beads are not shown for clarity.

Periodic boundary conditions apply. Initially the proteins were embedded as

far as possible from each other. In panel b, the h3(t5)2 bilayer contains

40 mol% cholesterol. DT ¼ 0.28.
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parameters, to those types of bilayer for which the addition
of cholesterol has little effect (for example, strongly unsat-
urated lipid bilayers and real membranes (17)).
Protein clustering

To explore the effect of cholesterol on the interactions
between small transmembrane proteins, we simulated
a system consisting of 49 small (diameter: 13.5 Å) proteins
inserted in a large h3(t5)2 bilayer of 100 nm2 at DT ¼ 0.28.
The proteins have a positive mismatch of 3.5 Å. Initially, the
proteins were located at a maximal distance from each other
on a square lattice. Fig. 3, a and b, shows snapshots after
2 � 106 DPD-MC cycles, which corresponds to
~0.1–0.4 ms (61). Without cholesterol, relatively small
Biophysical Journal 99(11) 3629–3638
protein clusters form (Fig. 3 a), whereas with 40 mol %
cholesterol, we observed the formation of much larger
protein clusters (Fig. 3 b).

These simulations indicate that the lipid-mediated interac-
tions between the proteins depend on the presence of choles-
terol. Ideally, one would like to use these simulations to
quantitatively compare with, for example, the FRET effi-
ciency measured during relevant protein clustering experi-
ments (3,4). However, detailed analysis shows that these
simulations are not sufficiently long and that our system
size is not sufficiently big to determine reliable equilibrium
cluster-size distributions from these snapshots. The simula-
tions, however, do suggest a marked effect of cholesterol
on the interactions between membrane proteins—i.e.,
cholesterol enhances the formation of clusters, which is
also observed experimentally (3,5–11). To quantify these
effects of cholesterol on the interactions between proteins,
we computed the potential of mean force (see the Supporting
Material). The PMF is an equilibrium property and quantifies
the effective interaction between proteins (clusters), but does
not give any information on protein cluster size distribution.
Interactions between two proteins

Effect of cholesterol

We computed the PMF between two large proteins (NP¼ 43)
with diameter 32 Å at the three temperatures DT¼ 0.03, 0.1,
and 0.38 in a h3(t4)2-cholesterol bilayer. In Fig. 4 a, the PMFs
are shown for DT ¼ 0.03 and 0.1. In a pure h3(t4)2 bilayer,
the PMFs are mainly repulsive, except for the short-range
direct protein-protein contact. The cut-off diameter of the
soft-repulsive interactions is 6.46 Å (see the Supporting
Material), and thus the repulsive interaction between the
FIGURE 4 (a and b) Potential of mean force as

a function of the distance x between two proteins

with diameter 32 Å, in a h3(t4)2 bilayer with and

without 40 mol % cholesterol at different tempera-

tures DT¼ T–Tm. The value d is the positive hydro-

phobic mismatch between bilayer and protein. The

dotted line represents the experimental PMF. In

panel a, the value d changes because of the bilayer

thickening effect of cholesterol. In panel b, we

keep d constant by modifying the hydrophobic

length of the protein. (c) Mole fraction of choles-

terol as function of the distance from the protein

surface. The h3(t4)2 and h3(t5)2 bilayer contains

40 mol% cholesterol. (d) Same as for panel b,

but at higher values of DT.



Cholesterol and Protein Interactions 3633
proteins is entirely lipid-mediated. In Fig. 4 a, we also show
an experimental PMF (62), for a comparable system: alame-
thicin pores (diameter 36 Å) in DMPC at 30�C (Tm,DMPC ¼
24�C). It is believed that alamethicin has a slight positive
mismatch in DMPC because of its tilt (62). The amplitude
and the range of the simulated and experimental repulsive
interaction agree very well. The experimental PMF was ob-
tained by fitting a quadratic potential to x-ray diffraction
data. Therefore, this PMF does not show the short-range
oscillations.

At these low temperatures, cholesterol significantly
increases the hydrophobic thickness of the membrane. Due
to the addition of 40 mol % cholesterol, the bilayer hydro-
phobic thickness becomes approximately the same as the
protein hydrophobic length. The hydrophobic mismatch
becomes d ¼ �1.0 and d ¼ 1.0 Å, for DT ¼ 0.03 and 0.1,
respectively. As a result, we expect that the lipid-mediated
interactions disappear. Indeed, this is exactly what we
observe, as shown in Fig. 4 a. It is interesting to compare
these results with a situation where the hydrophobic
mismatch remains constant. We changed the length of the
protein such that the hydrophobic mismatch is the same in
a bilayer with and without cholesterol. This was achieved
by increasing the protein hydrophobic length by one bead.
The use of a coarse-grained model does not allow us to
have exactly the same hydrophobic mismatch in every
case. The results are shown in Fig. 4 b. The repulsive interac-
tions are again strongly reduced, particularly between 45 and
80 Å. This indicates that a change in hydrophobic mismatch
is not the only mechanism by which cholesterol affects the
protein-protein interactions.

In Fig. 4 c, themole fraction of cholesterol is shown around
a single protein forDT¼ 0.03 and 0.1. The protein surface is
enriched in cholesterol, most likely due to the preferential
interaction between the rigid cholesterol ring and the smooth
protein surface. However, the cholesterol-enrichment clearly
extends up to a distance of 3 nm from the protein surface. This
corresponds to 5–6 layers of lipids. The clear presence of
maxima and minima in the curves suggests a liquid-ordered
phase. In fact, the fraction of cholesterol in this domain is
strongly dependent on the hydrophobic mismatch. A choles-
terol-depleted region is observed around proteins with nega-
tive mismatch (see the Supporting Material).

Anderson and Jacobson (42) defined lipid shells as
protein-induced domains which might extend up to 10 nm
from the protein surface, and which might be enriched or
depleted in cholesterol, and do not need to form a separate
phase but exist as mobile entities in the plane of the
membrane. This description indicates that the protein-
induced domains we observe are lipid shells.

It is, however, unclear whether cholesterol reduces the
repulsive protein interactions due to the presence of the
cholesterol-enriched shells. Indeed, as shown in Fig. 2 b,
the addition of cholesterol also significantly increases the
average lipid-tail order and the bending modulus. The
change in these parameters could also affect the protein
interactions.

Therefore, we performed a similar simulation at a higher
temperature: DT ¼ 0.38. At this temperature, the effect of
cholesterol on the average tail order and bending modulus
is considerably less (see Fig. 2 b). The hydrophobicmismatch
is again kept constant. The results are shown in Fig. 4 d. In
a pure h3(t4)2 bilayer, the PMF is similar to the PMF obtained
at lower temperatures. When 40 mol % cholesterol is added
to the bilayer, the repulsive interaction between 45 and 80
Å is again strongly reduced. Moreover, the short distance
between proteins is dramatically stabilized. In Fig. 4 c is
shown that also for this case there exists a cholesterol-en-
riched shell around the proteins. Thus, it is very likely that
the protein-induced, cholesterol-enriched domains also
affect the lipid-mediated protein-protein interactions.

To check whether our results depend on the lipid tail
length, we performed similar simulations in a h3(t5)2
bilayer. The results for DT ¼ 0.28 are shown in Fig. 4, c
and d, and are very similar to the h3(t4)2 system. Because
at higher temperature the lipid shell mechanism is less
superadded by effects of cholesterol on the structural and
mechanical bilayer properties, we use the h3(t5)2-choles-
terol system at DT ¼ 0.28 to further investigate the lipid
shell mechanism.

The lipid shell mechanism

The region surrounding one protein with positive mismatch
is slightly enriched in cholesterol. We simulated the local
membrane composition around two interacting proteins.
For example, from Fig. 5, a and b (red line), one can see
an increasing cholesterol concentration between two
proteins interacting at 58 and 45 Å. At a distance of 58 Å,
the fraction of cholesterol between both proteins is 0.5,
while at 45 Å it becomes 0.8. In Fig. 6, the average choles-
terol mole fraction around both proteins is shown for the
entire membrane. According to the lipid shell mechanism,
the effect of cholesterol on the PMF between two proteins
with positive mismatch is related to the local composition
around the two interacting proteins.

To understand how the high cholesterol fraction between
the two approaching proteins affects the PMF, the concept of
hydrophilic shielding is useful. In a previous article, we
introduced the hydrophilic shielding parameter as a measure
for the relative number of hydrophilic beads shielding the
hydrophobic beads from the water, at a given position in
the membrane plane (30) (see the Supporting Material).

Fig. 5, a and b, shows the hydrophilic shielding parameter
for the two proteins. In a bilayer without cholesterol (green
lines), at a distance sufficiently far from the proteins, the
bilayer is not perturbed due to the presence of the proteins
and the value of the hydrophilic shielding parameter fluctu-
ates per definition at ~1. In the regions close to, and
in particular in between, the proteins there is a large devia-
tion from the optimal hydrophilic shielding. When both
Biophysical Journal 99(11) 3629–3638



FIGURE 5 Average cholesterol mole fraction

(red) and hydrophilic shielding parameters (black,

green) around two large proteins. Simulations were

performed in a h3(t5)2 bilayer without (green lines)

and with (black lines) 40 mol % cholesterol. The

proteins are at a distance of 58 Å (a) and 45 Å

(b). Proteins have a diameter of 32 Å and a positive

mismatch of þ7 Å. DT ¼ 0.28.
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proteins come closer, from 58 to 45 Å, the hydrophilic
shielding in-between both proteins further decreases.
Thus, the lipids in between the proteins can only reorganize
in a way that further decreases the hydrophilic shielding in-
between the proteins. This is reflected in the PMFs by the
free energy increase between 58 and 45 Å (see Fig. 4 d).

The addition of cholesterol causes a completely new
organization of the remaining lipids and cholesterol, with
an improved shielding as result (Fig. 5, black lines). This
effect is particularly strong in-between both proteins, where
the shielding is now ~1. Because the hydrophilic shielding
parameter is a measure of the membrane perturbation due
to the presence of the proteins, this result indicates that
cholesterol naturally alleviates the unfavorable lipid pertur-
bations due to positive hydrophobic mismatch. When both
proteins come closer, from 58 to 45 Å, the average hydro-
philic shielding in-between both proteins does not change.
This is reflected in the PMFs by the constant free energy
between 58 and 45 Å (see Fig. 4 d). In the Supporting Mate-
rial, we discuss the effect of cholesterol on the hydrophobic
thickness profile around both proteins.
PMFs for protein clustering

To obtain some quantitative insights into the clustering
behavior, we computed the PMFs between two small (diam-
eter 13.5 Å) proteins, between a cluster of seven proteins
and a single protein, and between two clusters of seven
proteins (see the Supporting Material). Using geometric
arguments, one can see that a cluster of seven proteins is
relatively stable under mismatch conditions.

Fig. 7 a shows the PMFs for the interaction between two
single proteins, between a single protein and a cluster of
seven, and between two clusters of seven proteins. In
a bilayer without cholesterol, we observe two trends.

First, the depth of the free energy minimum, correspond-
ing to the associated configuration, increases in the order:
1–1 < 7–1 < 7–7.

Second, the height of the repulsive barrier at intermediate
distance increases in the order: 1–1 (1 kBT) < 7–1
(3 kBT)<7–7 (5.5 kBT). The presence of this repulsive barrier
Biophysical Journal 99(11) 3629–3638
explains why our simulations show small clusters that were
stable during the length of the simulations.

The addition of cholesterol slightly weakens the free
energy minima. More importantly, cholesterol has
a dramatic effect on the aggregation barriers. At 40 mol%
cholesterol, the barrier is reduced from a wide barrier of
5.5 kBT to a small short-range barrier of 3 kBT. A second
free energy minimum of �2 kBT, corresponding to the pres-
ence of cholesterol between the proteins (protein clusters),
appears at a distance of 45 Å.

We repeated the same simulations for proteins with
stronger positive mismatch (8 Å). The results are shown in
the Supporting Material and are similar to the results for
mismatch 3.5 Å. The height of the wide repulsive barrier
between both clusters is now much higher (10.5 kBT), and
the addition of cholesterol again reduces the barrier to
short-range barrier of 4 kBT.

Similarly, we performed simulations for proteins with
negative mismatch. The results are shown in the Supporting
Material. For negative mismatch, the small aggregation
barrier does not grow with increasing cluster size. Choles-
terol does not affect the lipid-mediated attractive PMF
between proteins with negative mismatch.

Because the aggregation barrier directly originates from
the reorganization of lipids, one expects it to rise with
increasing protein or protein cluster diameter. Indeed, the
larger the protein or the cluster, the larger the perturbed
area in between the two approaching entities. A larger
membrane area with a lower hydrophilic shielding corre-
sponds to a higher increase in the free energy. On the other
hand, the effect of cholesterol should not only depend on the
size of the proteins or clusters but also on the cholesterol
concentration in the bulk. Indeed, the bigger the size of
the protein clusters, the more cholesterol will be required
in-between both clusters to alleviate the membrane pertur-
bations.
Effect on the selectivity

We considered a system similar to the one shown in Fig. 3,
but with small proteins with three different types of



FIGURE 7 (a) Potential of mean force as a function of the distance x

between two small (diameter 13.5 Å) proteins (1,1), between a single

protein and a cluster of seven proteins (1–7), and between two clusters of

seven proteins (7,7). The proteins have a positive mismatch of 2.3 Å and

3.5 Å, in the h3(t5)2 bilayer with 40 mol % (solid lines) and without (dotted

lines) cholesterol, respectively. DT ¼ 0.28. (b) PMF between two small

proteins (1,1) with different mismatch. Positive, negligible, and negative

mismatch are 8, �1, and �10 Å, respectively. The addition of cholesterol

decreases the mismatch by 1.2 Å.

FIGURE 6 Average cholesterol mole fraction around two large proteins

with diameter 32 Å with a positive mismatch of 7 Å. The proteins (dark

blue circles) are at a distance of 58 Å (a) and 45 Å (b). The h3(t5)2 bilayer

contains 40 mol % cholesterol. The values were averaged over both bilayer

leaflets. Distances are in Å. DT ¼ 0.28.
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mismatch: negative (�10 Å), negligible (�1 Å), and posi-
tive (8 Å). We observed that proteins selectively aggregate
with proteins with the same mismatch (a snapshot of the
system is shown in the Supporting Material). In Fig. 7 b,
the PMFs are shown between two proteins with positive
and negligible, two with negative and positive, and two
with negligible and positive mismatch. The lipid-mediated
interactions are purely repulsive in all three cases. The
PMFs between proteins with the same mismatch (shown
in the Supporting Material) are attractive. These PMFs
explain the selective aggregation between the proteins. We
performed the same simulations again, but now in a bilayer
containing 40 mol % cholesterol. The PMFs between
proteins with different mismatch are shown in Fig. 7 b.
Although cholesterol slightly reduces the repulsion, its
effect on this type of repulsive interaction is very small.
An exception is the interaction between a protein with nega-
tive and negligible mismatch, which becomes attractive due
to the addition of cholesterol.
CONCLUDING REMARKS

The simulated PMFs between proteins (protein clusters)
with positive mismatch indicate that there is an aggregation
barrier, the size of which increases with growing cluster
size. For proteins with negative mismatch, no growing
aggregation barrier is observed. Thus, the cluster formation
for positive mismatch will be very different from negative
mismatch. For negative mismatch, one expects a phase sepa-
ration between proteins and lipids, whereas for positive
mismatch the aggregation barriers or the purely repulsive
interactions might significantly slow down or inhibit the
clustering process. This is indeed observed experimentally
(4). Unfortunately, many protein clusters observed in real
Biophysical Journal 99(11) 3629–3638
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membranes contain a number of proteins much larger than
accessible with our mesoscopic model and simulation
method within a reasonable time (5–7).

Several independent experiments indicate that the addi-
tion of cholesterol further enhances the aggregation of
membrane proteins (3,5–11). In this article, we provide
simulation evidence for a lipid-shell mechanism by which
cholesterol modifies lipid-mediated protein-protein interac-
tions. We show that proteins with hydrophobic mismatch
induce cholesterol-enriched or cholesterol-depleted shells
surrounding the proteins in agreement with the shell hypoth-
esis proposed by Anderson and Jacobson (42). The protein-
induced shells then modify the lipid-mediated interactions
between the proteins. Interestingly, Nyström et al. (50)
recently found experimental indication for a cholesterol-en-
riched region around a model protein with positive
mismatch in a DMPC bilayer containing a small amount
of cholesterol. In agreement with our simulation results,
they observed that the cholesterol-enrichment is less around
proteins with no or negative mismatch. It would be very
interesting to see whether all-atom simulations find
evidence for the shell hypothesis.

Our results thus suggest that proteins with positive
mismatch would prefer cholesterol-rich regions because
cholesterol naturally replaces the perturbed lipids, and
thus alleviates the perturbation. Several authors made
similar observations, but explained them by using solely
structural and mechanical arguments, and suggested that
this sorting might play a role in the secretory pathway
(39,63–65).

The interaction between two proteins with positive
mismatch surrounded by cholesterol-enriched shells is
significantly less repulsive. In some cases, the interaction
even becomes attractive. Thus, our results suggest the
formation of much larger, cholesterol-enriched, protein
clusters in the presence of cholesterol. This is, for example,
observed for syntaxin proteins in different real membranes
(6). However, the direct comparison with experimental
results is difficult, because our protein model is very
general, while in reality specific protein-protein interactions
exist which also determine the protein-protein interactions.

It is interesting to compare the shell mechanism to the
wetting and capillary condensation mechanism proposed
by Gil et al. (36) for a membrane consisting of two coexist-
ing phases and proteins. In the shell mechanism, the two-
phase coexistence is not a preexisting condition and the
proteins are not surrounded by one particular phase but by
a domain induced by the proteins, and with a different
composition (not necessarily a different phase) than the
bulk membrane. In the absence of the proteins, the two
phases are present in the wetting model, while in the shell
model, a single-phase homogeneous membrane exists.

We show that the origin of lipid-mediated selectivity is
a lipid-mediated repulsive interaction between the different
proteins. Cholesterol has only a modest effect. Experiments
Biophysical Journal 99(11) 3629–3638
directly mimicking this simulation are not available in the
literature. If we interpret the degree of hydrophobic
mismatch as a parameter quantifying the unfavorable hydro-
phobic exposure of a misfolded protein, our results show
how lipid-mediated interactions might play a role in the
experimentally observed selective aggregation of misfolded
proteins with misfolded proteins with a similar hydropho-
bicity (66).

In this article, we present a lipid shell mechanism by
which cholesterol might affect lipid-mediated protein-
protein interactions. In line with the shell hypothesis, we
show that proteins induce cholesterol-enriched and choles-
terol-depleted shells, which modify the interactions between
the proteins. The simulation results are in line with, and
might explain, several experimental observations related to
an increased protein aggregation in the presence of choles-
terol.
SUPPORTING MATERIAL
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