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Abstract

G protein coupled receptors (GPCRs) allow for the transmission of signals across biological

membranes. For a number of GPCRs, this signaling was shown to be coupled to prior

dimerization of the receptor. The chemokine receptor type 4 (CXCR4) was reported before

to form dimers and their functionality was shown to depend on membrane cholesterol.

Here, we address the dimerization pattern of CXCR4 in pure phospholipid bilayers and in

cholesterol-rich membranes. Using ensembles of molecular dynamics simulations, we

show that CXCR4 dimerizes promiscuously in phospholipid membranes. Addition of cho-

lesterol dramatically affects the dimerization pattern: cholesterol binding largely abolishes

the preferred dimer motif observed for pure phospholipid bilayers formed mainly by trans-

membrane helices 1 and 7 (TM1/TM5-7) at the dimer interface. In turn, the symmetric

TM3,4/TM3,4 interface is enabled first by intercalating cholesterol molecules. These data

provide a molecular basis for the modulation of GPCR activity by its lipid environment.

Author Summary

The G protein coupled C-X-C chemokine receptor type 4 (CXCR4) is a transmembrane
receptor that plays an essential role in the human immune system. However, overexpres-
sion of CXCR4 has been shown to lead to metastasis of breast and lung cancer cells.
Furthermore, the HI-Virus infects T-cells through binding to CXCR4 resulting in immu-
nodeficiency and AIDS. The function of CXCR4 as well as its interaction with HIV
depends on the presence of cholesterol in the cell membrane. Additionally, dimerization
of CXCR4 is considered to be functionally relevant. Here, using more than a thousand of
molecular dynamics simulations, we aim to connect the cholesterol-modulated function of
CXCR4 with a potentially cholesterol-conditioned dimerization. Our results show that the
dimerization pattern of CXCR4 is drastically altered by cholesterol. Further, we suggest
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that a functionally competent CXCR4 dimer is exclusively formed in the presence of cho-
lesterol, while the preferred CXCR4 dimer interface in the absence of cholesterol is shifted
to probably inactive forms.

Introduction

Signaling across cell barriers by G protein coupled receptors (GPCRs) is increasingly associated
with GPCR dimerization or more general oligomerization [1]. While G protein coupling was
shown for many GPCRs to not necessarily depend on dimerization, a direct coupling of func-
tion with homo- or hetero-dimerization was reported for a number of GPCRs from both class
A and class C [2–4].

The chemokine receptor type 4 (CXCR4) is supposed to form dimers for proper biological
activity [5]. This class A GPCR is responsible for directed migration of cells (chemotaxis) in
nerve and immune cells of the human body [6, 7]. The overexpression of CXCR4 has been
shown to lead to metastasis [8] and increased levels of CXCR4 expression were in particular
found in breast and lung cancer cells [9]. Moreover, CXCR4 is known to be a major receptor
for the human immunodeficiency virus-1 (HIV-1) upon infecting human T-cells leading to
immunodeficiency and AIDS [10]. CXCR4 dimers have been suggested to be either preformed,
induced, or stabilized by the interaction with its agonist CXCL12 [5, 11–13].

Function of CXCR4 requires the presence of cholesterol [14]. Cholesterol may influence
CXCR4 function by either inducing conformational changes upon binding or by cholesterol-
altered CXCR4 dimerization. So far, no direct proofs for either of those mechanisms exist. For
cancer cells, the chemotaxis response following CXCL12 binding to CXCR4 was abolished,
inhibiting CXCR4-mediated cell migration, if the receptor homodimerization was modulated
by removing cholesterol or blocked by a TM4 peptide (an analog of the transmembrane (TM)
helix 4 of CXCR4) [14, 15]. Another study revealed that the CXCL12-induced increase of the
bioluminescence resonance energy transfer (BRET)-signal intensity, was greatly reduced in
presence of TM4 peptides in living cells, whereas TM6 and TM7 peptides showed significantly
weaker influence [16]. In addition, CXCR4-mediated inhibition of cAMP production was
almost abolished due to the binding of TM4 peptides. These observations hint to a mechanism
where dimeric interfaces involving TM4 enable ligand-induced conformational changes which
are required for CXCR4 signaling.

Moreover, the dimerization of wildtype CXCR4 with a truncated form was shown to cause
the WHIM (Warts, Hypogammaglobulinemia, Infections and Myelokathexis) syndrome [17].

Structural information on GPCR dimerization or oligomerization interfaces mainly comes
from available crystal structures of class A GPCRs [18, 19] displaying preferred interfaces
under crystal conditions. Different dimer interfaces were found for various receptors: the trans-
membrane helix 1 (TM1) and helix 8 (H8) form the symmetric dimer interface of opsin [20]
and of the human β2-adrenergic GPCR [21]. TM1 and TM2 as well as H8 were found at the
symmetric interface of the human κ opioid receptor [22], and TM1,7 and H8 for rhodopsin
[23]. For the latter, atomic force microscopy data further hinted to TM4,5 as the physiological
interface [24]. For the C-C chemokine receptor type 5 (CCR5) a crystal packing with an asym-
metric interface including TM1,7 and H8 on one monomer and TM4,5 for the second was
obtained [25]. Some receptors even displayed different dimer configurations in different crys-
tals. E.g., for the β1-adrenergic GPCR both symmetric TM1,2,H8 as well as TM4,5 interfaces
were observed [26]. Also the high-resolution crystal structures of CXCR4 in complex with
either a small antagonist (IT1t), a cyclic antagoinst (CVX15), or a viral chemokine antagonist
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(vMIP-II) showed symmetric TM5,6 interfaces as the dominant dimerization interfaces [17,
27]. However, CXCR4 dimers were likewise formed by TM1/TM5-7 interactions, or displayed
TM1/TM1 as a dimerization interface (Fig 1).

Another important source of information about GPCR dimerization are in silico molecular
dynamics (MD) simulations. Coarse-grained (CG) simulations allow to study GPCR self-
assembly on the microsecond timescale. The two commonly used techniques to obtain a statis-
tical view on the oligomerization process include simulations of multiple receptors [28, 29] and
multiple independent parallel dimerization or oligomerization simulations [29–31]. These in
silico methods have shown that individual GPCRs may interact by different interfaces and sug-
gested for the β2-adrenergic receptor a possible modulation of the dimer interface by choles-
terol [31]. The strength of GPCR dimer interfaces may be approximated by analyzing the
potential of mean force [32, 33]. This methodology has shown that both the β1- and β2-adren-
ergic receptors prefer the symmetric TM1,H8 dimerization interface over the also symmetric
TM3,4 interface [32]. Rhodopsin also mostly favors the TM1,H8 interface, followed closely by
symmetric TM5 and TM4,5 interfaces [33].

A coupling between GPCR function and dimer interface configuration was first shown by
cross linking experiments. These revealed that the homodimer interface of the dopamine
receptor (class A GPCR) differs considerably between active (TM4/TM4) and inactive
(TM4,5/TM4,5) states of the receptor [34]. Similarly, the metabotropic glutamate receptor
(mGluR, class C GPCR) adopts different dimer configurations depending on whether the
receptor is in its active (TM6/TM6) or inactive (TM4,5/TM4,5) state [35]. Differently, the sero-
tonine receptor (5HT2c, class A GPCR) was found to form both TM1/TM1 and TM4,5/TM4,5
dimers, however, only the latter dimer was activation sensitive [36]. While evidence for a cou-
pling of GPCR function and dimerization is increasing, it is not known whether activation
selects between different pre-existing GPCR dimer configurations or whether activation drives
a reorientation of the receptors in a dimer into an activation-compatible state.

A couple of recent crystal structures revealed intercalating cholesterol molecules within
assembled GPCR oligomers. In case of the A2A adenosine receptor, three cholesterol molecules
from the upper membrane leaflet were reported to intercalate at the TM1-TM3/TM5,6 dimer

Fig 1. Crystal structures and dimers of CXCR4. (a) Structure of CXCR4 in cartoon representation. The coloring of the TM is as follows: TM1 is
shown in red (Ala34-Gly64), TM2 in marine blue (Met72-Ala100), TM3 in yellow (Asn106-Val139), TM4 in grey (Gln145-Phe174), TM5 in magenta
(Asp193-Ser227), TM6 in dark blue (Leu238-Leu267), and TM7 in green (Cys274-Leu301). (b) Dimerization interfaces as observed in crystal
structures (pdb entries 3OE9 and 3OE8 [17]).

doi:10.1371/journal.pcbi.1005169.g001
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interface. The cholesterol molecules were bound between TM2 and TM3 and closely packed
around TM6 of the protomers [37]. The symmetric TM5,6/TM5,6 dimer interface of the
P2Y12 receptor was stabilized by two cholesterol molecules from the lower leaflet which inter-
calate between TM3 and TM5 of the protomers [38]. Interestingly, the antagonist-bound, (and
thus considered inactive) μ-opioid receptors shows a symmetric dimer interface involving
TM5, TM6 and cholesterol bound to TM6 [39]. Also for the agonist-bound receptor, in orches-
tra with a G protein mimetic fragment coupled to the intracellular part, a cholesterol molecule
bound to TM6. However, the dimerization via symmetric TM5,6 interactions was disabled due
to the outwards movement of the lower part of TM6 [40]. On the other hand, the symmetric
TM1,2,H8/TM1,2,H8 dimer (also formed in the inactive state) could still be observed. These
observations from different GPCR dimer structures further support the hypothesis that GPCR
dimer interfaces may differ between active and inactive configurations. Furthermore, choles-
terol binding appears to be receptor specific and thus hard to classify in a general way.

Here, we report a combined coarse-grained and atomistic simulation study of the dimeriza-
tion of the chemokine receptor type 4, showing a promiscuous, however, specific binding pat-
tern of CXCR4 in a phospholipid bilayer. Our study further pinpoints how cholesterol binding
to a specific binding site on TM1,7 largely suppresses the formation of a dimer interface involv-
ing TM6, which was reported to be essential in receptor activation [41]. In contrast, choles-
terol-rich domains are shown to favor a symmetrical TM3,4 dimer interface of CXCR4. These
findings connect the experimental observations that CXCR4 signaling is cholesterol-dependent
and that the TM4 helix is a key player in building up signaling-competent homodimer inter-
faces in a molecular manner.

Results

The dimerization of CXCR4 in absence and presence of cholesterol was studied using ensem-
bles of MD simulations at a coarse-grained level. In total, we performed 1,500 coarse-grained
simulations of two CXCR4 monomers embedded in a phospholipid bilayer built of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules at 0%, 10%, and 30% choles-
terol content [30]. The receptors were initially separated by at least 3.5 nm, the simulation
lengths were 3 μs (0% cholesterol) and 6 μs (10% and 30% cholesterol) for every simulation,
accumulating to a total simulation time of 7.5 ms.

Promiscuous dimerization of CXCR4

Dimerization of CXCR4 in pure POPC was observed in⇡ 50% of all simulations within 3 μs
(For a sample dimerization process see S1 Video). Addition of cholesterol led to a markedly
decreased dimerization: Association was obtained in 29% of all simulations at 10% cholesterol
concentration, and only 10% of the systems dimerized at 30% cholesterol content within 3 μs
(145 and 53 simulations resulting in dimer formation, respectively, (see S1 Fig)). After 6 μs of
simulation time, 55% and 21% of the simulation systems at 10% and 30% cholesterol content,
respectively, showed dimerization. It is interesting to note that the decrease in dimerization
can not be attributed to the decrease in protein mobility only: cholesterol reduced the diffusion
coefficient of a monomeric receptor only by 25% and 50% (for 10% and 30% cholesterol,
respectively), compared to a corresponding decrease in dimerization by 42% and 79% (see
Materials and Methods). However, assuming a simple ‘hit-and-dimerize’ model, a reduced dif-
fusion coefficient would lead to a proportionally decreased receptor dimerization. This finding
suggests that cholesterol affects dimerization either by changing the membrane properties or
by direct interaction with the receptors. For all dimerization simulations, the receptor did not
substantially affect the membrane thickness in its surrounding, i.e. the lipid bilayer frustration
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[42] is expected to be of minor importance for the dimerization in the POPC systems (compare
S1 Table). A few dissociation events of CXCR4 dimers could be observed, allowing to estimate
a lower bound for the binding free energy between -20 kJ/mol (30% cholesterol) and -24 kJ/
mol (pure POPC, see Materials and Methods).

Overall, an orientation analysis of the monomers in the sampled dimer structures revealed
seven different dimer configurations (Fig 2). The most populated dimers in pure POPC were a
compact asymmetric TM1/TM5-7 dimer (configuration B, population 26%), a TM1/TM5

Fig 2. Spontaneously assembled CXCR4 dimers. (a) Sampled CXCR4 dimer configurations in pure POPC bilayers after 3 μs (left), and in mixed POPC:
cholesterol bilayers after 6 μs simulation time at 10% (middle) and 30% cholesterol content (right). The β and χ angles are defined relative to the crystal
TM5,6/TM5,6 interface (central blue dots, see Methods Section for the exact definition of the angles β and χ). (b) Relative populations for the dimer
configurations defined in (a) and (c). (c) Representative dimer configurations corresponding to labeled maxima A to G in (a) are shown in cylindric
representation and colored equally as in Fig 1. Symmetric structures (C1 and C2 corresponding to TM1/TM5 and TM5/TM1, respectively) are distinguished
by indices 1 and 2. The reference structure for all dimer configurations is indicated by green and blue axes.

doi:10.1371/journal.pcbi.1005169.g002
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dimer (C, 24%), a loosely bound configuration via terminal TM5/TM5 contacts (A, 20%), and
a symmetric TM1/TM1 dimer (D, 13%). Interconversions between initially formed dimer
interfaces were hardly observed with the exception of transitions between interfaces B and C
(compare S2 Table).

The most populated dimer configuration B (TM1/TM5-7) is in excellent agreement with
one of the available CXCR4 dimer crystal structures (marked as blue spots in Fig 2a, root mean
square deviation, RMSD, 3.9 Å, for a molecular view see Fig 3): The crystal structure (pdb
entry 3OE8 [17]) has a symmetric TM5,6/TM5,6 interface in a trimeric complex, but also con-
tains an interface formed by TM1 of one monomer and residues of TM5, TM6, and TM7 of the
second receptor (Figs 1b and 3a). Specifically, at the N-terminal side of the receptor, Lys38
(TM1) and the aromatic Phe276 form a π-H pair and Ile261 (TM6) interacts with the backbone
of Lys38. The central part of the interaction interface is built up by hydrophobic interactions
between leucines at positions 50 (TM1) and 253 (TM6). Contacts between Val54, Leu58, and
Val62 of TM1 and Leu216, Cys220, Ile223, and Ser224 of TM5 complete this dimeric CXCR4
interface at the C-terminal side.

The second most populated dimer configuration (C) contains an asymmetric TM1/TM5
interface. A similar interface was reported for the CCR5 chemokine receptor [25], although
there TM4 contributed as well to the interface. The symmetric TM1/TM1 interface (observed
for 13% of all spontaneously formed dimers in pure POPC, D) is also seen in the contact region
between two TM5,6/TM5,6 dimers in the crystal structure (compare Fig 1b, pdb entry 3OE9).
This dimer interface is mainly built by Thr43 and Ile47 of each receptor (RMSD between crys-
tal and simulated TM1/TM1 amounts to 4.1 Å, Fig 3b).

In contrast to the well reproduced TM1/TM5-7 and TM1/TM1 crystal dimers, the rather
compact TM5,6/TM5,6 crystal interface was not sampled in the simulations regardless of the
cholesterol concentration. The formation of this dimer interface was found to be hindered by sig-
nificant differences in the tilt of TM5 between the monomeric CXCR4 form (tilt of upper part of
TM5, Asp193-Met205, 28°; lower part of TM5, Val206-Ser227, 35°) and the TM5,6/TM5,6

Fig 3. TM1/TM5-7 and TM1/TM1 dimer interfaces and structure alignments. Structure alignments between spontaneously formed TM1/TM5-7
dimer (a) as well as TM1/TM1 dimer (b), obtained from a 3 μs simulation in pure POPC and backmapped to atomistic resolution (colored TM helices),
and the crystal structures of TM1/TM5-7 and TM1/TM1 found in PDB-entries 3OE8 and 3OE9, respectively (light grey). The interacting residues are
highlighted as sticks and labeled.

doi:10.1371/journal.pcbi.1005169.g003
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crystal dimer (tilts of 12° and 22°, respectively), a result that was obtained independent of the
membrane thickness (S2 Fig, S1 Table). I.e., under crystallization conditions the TM5 helix in the
symmetric TM5,6 dimer is oriented more parallel to the (hypothetical) membrane normal as
compared to CXCR4 monomers in a phospholipid membrane. This finding suggests that the for-
mation of the crystal compact TM5,6/TM5,6 dimer in biological membranes requires either
prior or induced receptor tilting upon dimerization or conformational receptor rearrangements
resulting in an altered TM5 tilt. Additionally, atomistic simulations of the crystal TM5,6/TM5,6
dimer showed an asymmetric orientation of the TM5 helix at the interface, suggesting a reduced
stability of the crystal TM5,6/TM5,6 CXCR4 dimer symmetry in a membrane environment
(S3 Fig).

A different picture emerges for the TM1/TM5-7 and TM1/TM1 dimer configurations.
Here, the TM5 helices of the simulated crystal dimers adopt similar orientations to those
observed in CXCR4 monomer simulations.

Cholesterol-conditioned changes of the CXCR4 dimerization interface

The presence of cholesterol in the lipid bilayer significantly affected the preference for the for-
mation of different dimers. While the population of dimer A (loose TM5/TM5 dimer) was only
slightly affected, the population of dimers including helices TM1 and TM5-7 (dimers B, C, and
D) decreased significantly with increasing cholesterol concentration. At high cholesterol con-
centration, the formation of dimers B and D (found in crystal structures) is impeded resulting
in relative populations of only⇡ 5%. On the other hand, in the presence of cholesterol dimers
interacting via the TM3,4 interface (dimers F, G) are substantially enhanced. The abundance of
the asymmetric dimer G (TM1,7/TM3-5 interface) was already enhanced at 10% cholesterol
content while the occupancy of the symmetric dimer F (TM3,4/TM3,4), hardly sampled in a
pure POPC membrane (⇡ 1%), increased to⇡ 20% at high cholesterol concentration. These
changes in the dimerization profile were largely induced by specific cholesterol-receptor inter-
actions (see below).

Cholesterol binding sites on CXCR4. As shown in Fig 4 and in S4 Fig, cholesterol binds
to distinct areas on the CXCR4 monomer. The highest cholesterol occupancy, with cholesterol
bound for 65% of the simulation time, was observed for a binding spot between helices TM1
and TM7 (shown in detail in the insert of Fig 4 and named lower TM1,7). This binding spot
involves residues Ile47, Leu50, Thr51, Val54, Leu58 on TM1, as well as Cys296 and Ile300 on
TM7. The average contact time of a bound cholesterol molecule at the TM1,7 binding spot was
6 ns. On the upper part of the TM1 helix another cholesterol binding spot (upper TM1) is
located. This spot involves residues Ile39, Pro42, Thr43, Ser46, and Ile47 and the average con-
tact time of bound cholesterol was 5.8 ns. Also the TM5 helix shows strong cholesterol binding
as in total three cholesterol binding spots could be identified: The first, upper TM5, consists of
Leu194, Val198, Phe201, and Gln202 and cholesterol was on average for 5.1 ns in contact with
these residues. The second cholesterol binding spot, termed central TM4,5, is formed by resi-
dues Met205, Val206, Ile209, and Leu210 on TM5 as well as by Pro163 and Leu167 on TM4.
The average cholesterol contact time for this spot was 2.7 ns, as compared to 4.5 ns for the
third binding spot termed lower TM5. The latter cholesterol binding region is formed by
Leu216, Ser217, Cys220, Ile221, Ile223, Ser224, and Lys225. Cholesterol binding became more
pronounced and less specific for higher cholesterol concentrations (S5 Fig).

Overall, cholesterol binds to the protein mainly via hydrophobic interactions, i.e. hydropho-
bic residues showed the highest cholesterol occupancies. The spatial distribution functions of
cholesterol and its polar headgroup around the receptor revealed that the orientation of bound
cholesterol molecules is quite restricted for each binding hot spot (see S4 Fig). Consequently,
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cholesterol appears to associate with the receptor due to shape-driven interactions allowing the
molecules to cover certain parts of the rugged surface of CXCR4.

The specific cholesterol binding spot on TM1,7 is responsible for the reduction of CXCR4
dimerization discussed above via TM1 and TM7 by partial steric blocking of these interaction
surfaces.

The reported conserved cholesterol consensus motif (CCM, primarily located on TM4),
that was found for the β2 adrenergic receptor [43], could not be identified. In addition,
enhanced binding to possible cholesterol recognition amino acid consensus (CRAC) motifs, as
suggested for the serotonin 5-hydroxytryptamine(1A) receptor [44], did not appear in the sim-
ulations, eventhough three CRAC motifs could be identified in the sequence of CXCR4. These
observations are in agreement with a cholesterol docking study on CXCR4 [45].

Cholesterol intercalation stabilizes a symmetric TM3,4/TM3,4 dimer interface of
CXCR4. Cholesterol additionally temporarily occupied the TM3,4 interface. However, the
steroid does not specifically bind at the dimerization interface but rather fills up free volume at

Fig 4. Cholesterol occupation hotspots on CXCR4. Cholesterol binding occupancy in simulations of CXCR4 dimerization at 10% cholesterol
concentration. The color and thickness coded residue-resolved occupancy scale ranges from 0 to 65% time occupancy (red, thick). The inset
shows a detailed view on the main cholesterol binding site at the TM1,7 interface with the main involved residues in stick representation.
Additionally, a bound cholesterol molecule is depicted (gray).

doi:10.1371/journal.pcbi.1005169.g004
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this interface. As shown in Fig 5, two symmetrically bound cholesterol molecules intercalate,
together with a few water molecules, into the TM3,4 interface (compare also S6 Fig). Phospho-
choline lipids can neither fill this space from the top nor from the bottom layer because the cav-
ity is isolated within the bilayer hydrophobic core.

The presence of cholesterol molecules at TM3,4 is responsible for the cholesterol-induced
increase of the populations of dimers G and F. For the former, asymmetric one, only one inter-
action interface is formed by helices TM3,4. As only one cholesterol molecule is required for
this dimer to be formed, even low cholesterol concentrations are sufficient to enhance the for-
mation of dimer G. In case of the symmetric dimer F (two TM3,4 interfaces) two cholesterol
molecules have to be bound simultaneously to smoothen the interaction surface (S2 Video).
Therefore, the probability of this compact dimer increases with increasing cholesterol
concentration.

Discussion

The function of several G protein coupled receptors was shown before to be coupled to dimer-
ization. Recent pieces of evidence further prompted to the existence of multiple dimer inter-
faces, and the selective importance of individual interfaces for signaling. In addition,
crystallographic studies suggest that GPCRs may adopt type-specific dimer configurations,
despite their structural similarity.

Here, based on ensembles of dimerization simulations, a high plasticity of the dimer inter-
face of the chemokine receptor CXCR4 is reported. Three compact dimer structures emerged
as main configurations in a cholesterol-free membrane, involving a TM1/TM5-7 interface, a
TM1/TM5 interface, as well as a symmetric TM1/TM1 configuration. Interestingly, the sym-
metric and compact dimer including helices TM5 and partially TM6, predominant in crystals
of the receptor, could not be reproduced in the membrane environment. The reason for this
difference could be ascribed to the different orientations of the TM5 helix in the membrane-
embedded CXCR4 monomer and the crystal TM5,6/TM5,6 dimer.

In cholesterol-depleted membranes CXCR4 is known to be inactive [15]. GPCR activation
and desensitization are connected with movements of TM6 and TM7, respectively [41]. There-
fore, in the absence of cholesterol, the involvement of these helices in the dimerization inter-
face, as reported here, is likely to hinder their activation-related movements resulting in
chemotaxis-inactive dimers. This interpretation is further supported by a FRET study [15] that
reported only a small reduction of FRET signals (15–20%) between CXCR4 proteins upon
depletion of cholesterol, while the CXCR4 chemotaxis response to CXCL12 was completely
abolished. Either the binding of the CXCL12 ligand (or its dimer) is disabled or the G protein
signaling is disrupted.

Addition of cholesterol drastically affected the dimerization pattern: The cholesterol binding
between TM1 and TM7 mostly disabled the formation of the TM1/TM5-7 dimer. In turn, a
new cholesterol-induced symmetric TM3,4 dimer was enabled. This novel TM3,4 CXCR4
binding mode in cholesterol-rich membranes is corroborated by the experimental finding that
addition of TM4 peptides weakened CXCR4 interactions and signaling in malignant cells [15];
the binding of TM4 peptides to CXCR4 likely competes with dimerization at this interface.

Additional experimental support for the functional role of dimerization for signaling is pro-
vided by earlier work of Percheranicer et al. on HEK cells: Using BRET the authors demon-
strated a CXCL12-induced rearrangement of CXCR4 homodimers coupled to the activation of
the receptor [16]. TM6 and TM7 peptides did not affect these CXCL12-induced configu-
rational changes, however, addition of these transmembrane peptides significantly lowered the
receptor signaling.
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Fig 5. Cholesterol intercalation at the cholesterol-induced dimeric interface. TM3,4/TM3,4 dimer F
with two symmetrically intercalated cholesterols (shown as hotpink sticks) (structure after 100 ns atomistic
MD simulation). The surrounding membrane is shown in light orange (POPC) and teal (cholesterol) sticks. In
the insert, the two intercalating cholesterol molecules are highlighted together with their surroundings and
water molecules (shown as spheres) forming bridges between the cholesterols and between Thr168 and
cholesterol.

doi:10.1371/journal.pcbi.1005169.g005
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Together with our results, this experiment may be interpreted as follows: We assume a pool
of different dimers, both active or activatable and inactive, formed by CXCR4 in cholesterol
containing cells. Upon addition of CXCL12 the preformed TM3,4 homodimers are stabilized
by the interaction with the ligand, shifting the pool towards this dimer configuration and
resulting in the observed increased BRET intensity and receptor signaling. Addition of TM4
peptides impedes the formation of this complex resulting in drastically decreased BRET inten-
sity and receptor signaling [15, 16]. In turn, addition of TM6 and TM7 peptides hardly affect
the formation of the activation-competent TM3,4 dimer but probably blocked receptor activa-
tion by binding to the activation site. Therefore, not the BRET intensity but the activity is influ-
enced by the presence of TM6 or TM7 peptides in the experiment [16]. This in turn supports
the conclusion derived above, that dimers including TM6 at the interaction interface likely rep-
resent inactive dimers.

Activation-competent CXCR4 dimers are therefore suggested to necessitate binding via the
TM3,4 interface which can only be achieved by cholesterol intercalation as shown here.

To further validate these findings, a number of experiments could be performed to analyse
different aspects of the discussed results. E.g., cross-linking experiments are highly effective in
identifying TM helices that contribute to dimeric interfaces and further to test dimer function.
In a similar way as performed by Guo et al. [34], cross-linking different sets of substituted cys-
teines on distinct TM helices will provide experimental insight in how different dimer inter-
faces can affect agonist-induced activation. Adding agonists to cross-linked TM1/TM5-7
dimers, should result in reduced CXCR4 signaling as compared to adding agonists to cross-
linked TM3,4/TM3,4 dimers. In order to address the functionality of cholesterol-induced
TM3,4/TM3,4 dimers, mutations of residues on TM3 and TM4 can be introduced that stabilize
this interface in the absence of cholesterol, e.g. mutations that insert bulky and hydrophobic
residues in order to pad the otherwise cholesterol-filled volume at the interface (e.g.
Leu166Phe, Thr168Trp or Ile169Phe). According to our observations, CXCR4 signaling is sug-
gested to be less cholesterol-dependent for these mutants.

In summary, our results suggest a highly dynamic dimerization pattern for the chemokine
receptor CXCR4, and provide evidence for a modulation of the dimerization pattern by the
membrane composition. In agreement with experiments, the total dimerization is only slightly
affected by cholesterol while the specificity of the interaction interface and thus probably the
signaling capability are drastically altered.

Materials and Methods

All dimerization molecular dynamics simulations were prepared using DAFT [30] and per-
formed with GROMACS 4.6.x [46] using the coarse-grained Martini force field [47]. In total,
three CXCR4 (Fig 1a) dimerization assays with 0%, 10%, and 30% cholesterol content in a
POPC lipid bilayer were studied, comprising⇡ 500 independent simulations each. The simula-
tion lengths were 3 μs each for the pure POPC bilayer systems and 6 μs for the mixed POPC:
cholesterol membranes (consisting of POPC:cholesterol in 9:1 ratio and in 7:3 ratio) in order to
account for the reduced diffusion and dimerization kinetics of the receptors.

The orientation of CXCR4 monomers in membranes of varying thickness as well as the
preferential cholesterol binding sites were addressed in additional simulations at both CG and
atomistic resolution. Moreover, for analysis of the dimer interfaces and lipid-protein interac-
tions selected CG structures were converted back to atomistic resolution [48] and relaxed
atomistically.

For an overview over all performed CG and atomisitic simulations see Tables 1 and 2,
respectively.
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Table 1. Overview over all performed coarse-grained simulations.

Coarse-grained systems Number of simulations Simulation length

Dimerization set-ups

POPC 501 3 μs

POPC/10%Cholesterol 501 6 μs

POPC/30%Cholesterol 499 6 μs

Monomers

POPC 10 200 ns

POPC/10%Cholesterol 10 1 μs

POPC/30%Cholesterol 10 200 ns

DEPC 10 200 ns

GMO/6%Cholesterol 10 200 ns

Membranes

POPC 1 200 ns

POPC/10%Cholesterol 1 200 ns

POPC/30%Cholesterol 1 200 ns

DEPC 1 200 ns

GMO/6%Cholesterol 1 200 ns

TM5,6/TM5,6 crystal dimer

POPC 1 3 μs

POPC/10%Cholesterol 1 3 μs

POPC/30%Cholesterol 1 3 μs

TM1/TM5-7 crystal dimer

POPC 1 3 μs

POPC/10%Cholesterol 1 3 μs

POPC/30%Cholesterol 1 3 μs

TM1/TM1 crystal dimer

POPC 1 3 μs

POPC/10%Cholesterol 1 3 μs

POPC/30%Cholesterol 1 3 μs

doi:10.1371/journal.pcbi.1005169.t001

Table 2. Overview over all performed atomistic simulations.

Atomistic systems Number of simulations Simulation length

Monomers in POPC

CHARMM36 1 500 ns

Amber14/Lipid14 1 200 ns

pure POPC membranes

CHARMM36 1 500 ns

Amber14/Lipid14 1 510 ns

TM5,6/TM5,6 crystal dimer in pure POPC

CHARMM36 1 200 ns

Amber14/Lipid14 1 200 ns

TM3,4/TM3,4 dimer in POPC/30%Cholesterol

GROMOS54a7 1 100 ns

doi:10.1371/journal.pcbi.1005169.t002
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System preparation

The dimer crystal structure 3OE0 [17] was obtained from the Protein Data Bank and adjusted
in the following way: First, all non-protein atoms, one monomer, and lysozyme (cocrystallizing
agent) were removed. Then, the mutations of residues L125W and T240P, required for crystal-
lization, were mutated back to represent the wild type protein. In the end, two missing intracel-
lular loops were modelled by MODELLER [49] (The loop comprising K67, K68, L69, and R70
was not resolved in the crystal structure and in place of residues S229 and K230 lysozyme was
present in the crystal structure.). The MODELLER output structure was energy-minimized
using the GROMOS54a7 force field [50]. Because the termini were not resolved in the crystal
structure, the final model contained 279 (25–303) of the 352 residues of the CXCR4 protein.

Coarse-grained simulations

The DAFT procedure involved the following steps: First, atomistic structures of CXCR4 were
converted to the Martini2.2 CG force field [47] using martinize [47]. The secondary and ter-
tiary structure of the protein was assured to be stable by applying a RubberBand network for all
backbone bead pairs within the distance of 0.9 nm and excluding the i − i + 1 and i − i + 2 pairs
(which are connected by bonds and angles within the Martini force field). The RMSD of the
TM helices of CXCR4 was as low as 1.5 Å (500 ns, CHARMM36 force field) or even 1.0 Å
(Amber14sb/Lipid14) in atomistic simulations of CXCR4 (see below). Therefore, the applica-
tion of structural restraints in the coarse-grained model is not expected to influence the results
on receptor dimerization.

CG proteins were randomly rotated around the z-axis and placed in pairs with the mini-
mum distance of circumscribed spheres of 3.5 nm into a rhombic box. In the next step a CG
lipid bilayer [51], either pure POPC or mixed POPC/cholesterol with 9:1 or 7:3 ratio, and CG
water [52] were added by insane [53, 54]. Those systems were then passed to martinate [55]
where they underwent 500 steps of steepest-descent energy minimization and 10 ps of position
restrained NVT simulation with a 2 fs time step. Furthermore, 100 ps of MD simulation in an
NpT ensemble with a 20 fs time step were performed to heat the system to 310 K and adjust
the pressure to 1 bar. Production runs succeeded in an NpT ensemble, where the temperature
was kept at 310 K by applying the Berendsen thermostat [56] with a 1 ps time constant. The
pressure was controlled in a semi-isotropical manner (xy and z were independent) to 1 bar
using the Berendsen barostat [56] with a 3 ps time constant. The relative permittivity was set to
be 15 and the electrostatic interactions were shifted to 0 between 0 and 1.2 nm. The van der
Waals forces were described by the 12-6 Lennard-Jones potential that was shifted to zero
between 0.9 and 1.2 nm. The integration time step was 20 fs and the movement of the center of
mass of the system was removed linearly every 10 steps.

CG dimerization simulations. A typical dimerization setup contained two copies of
CXCR4, a lipid membrane made either out of approx. 320 POPC, 375 POPC/40 cholesterols
(POPC/10% cholesterol) or out of 255 POPC/110 cholesterols (POPC/30% cholesterol) sur-
rounded by about 7,000 CG water molecules, corresponding to a ratio of about 1:20 lipid:CG
water.

CG crystal dimer simulations. The three different crystal dimers were extracted from the
crystal structures 3OE9 (TM5,6/TM5,6 and TM1/TM1 dimers) and 3OE8 (TM1/TM5-7
dimer) and the sequence (both length and mutations required for crystallization) was adjusted
to equal the sequence used for the DAFT setup described above. The crystal dimer simulations
were performed in all three membrane compositions of interest (build by insane [53, 54]) and
the protein:lipid:water ratios as well as the simulation procedure were chosen similar to the
DAFT dimerization simulations.
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CG monomer simulations. The positioning and dynamics of single CXCR4 molecules in
membranes of different thickness and composition, was addressed in assays of 10 simulations
each of 200 ns length. Cholesterol binding hotspots on CXCR4 in a membrane were studied at
a reduced cholesterol content (POPC/10% cholesterol) for 1 μs. All single protein simulations
included one CXCR4 receptor, about 250 lipids, and were solvated by approx. 4,300 CG water
molecules.

CG pure bilayers. Similarly, for comparison of lipid diffusion and the bilayer thickness in
an unperturbed membrane, pure membrane systems (260 POPC, 304 POPC/32 cholesterols
(POPC/10% cholesterol), 214 POPC/92 cholesterols (POPC/30% cholesterol), 246 DEPC, and
365 GMO/22 cholesterols (GMO/6% cholesterol) each solvated by about 4,300 CG water mole-
cules) were simulated for 200 ns each.

A summary of all coarse-grained simulations is given in Table 1.

Atomistic simulations

Atomistic simulation systems were set up in Gromacs 5.0.4 [57] by backmapping relaxed
coarse-grained systems to an atomistic resolution (either CHARMM36 [58, 59] or Amber14sb/
Lipid14 [60–62] force fields) using backward [48]. In case of crystal structure simulations the
corresponding monomer or dimer crystal structures were fitted on the backmapped structures
and energy minimized. Before production run simulations, 2 ns simulations were performed
with position restraints applied on the protein. The final simulation runs were performed in
the NpT ensemble, where the temperature was kept constant at 310 K using the v-rescale ther-
mostate [63] with a coupling time constant of 0.5 ps. The pressure was controlled semiisotropi-
cally to stay at 1 bar. The center of mass motion was removed for the whole simulation system.
The simulation of the TM3,4/TM3,4 dimer in POPC with 30% cholesterol content was pre-
pared in GROMACS 4.6.5 using the GROMOS54a7 [50] force field. The particle mesh Ewald
summation [64] was applied to compute the long-range electrostatics. For further simulation
details see Pluhackova et al [65]. A summary of all atomistic simulations is given in Table 2.

Analysis

Dimerization criterium. Two proteins were considered to be a dimer, if the interaction
energy (sum of Lennard-Jones and Coulomb interaction energy) between their TM helices
(defined in Fig 1) was below -50 kJ/mol.

Dimer binding free energy. Based on the time evolution of the number of dimerized sim-
ulations, the reaction rate constant k and the dissociation constant KD were estimated as fol-
lows: The dimerization reaction rate constant k was directly derived from the concentration of
monomers in all simulations as a function of simulation time (Fig 6) assuming a first-order
reaction. The rate constants decrease with the increased amount of cholesterol in the mem-
brane (Table 3).

The dissociation constants KD and the corresponding binding free energiesΔG were
approximated according to [66]:

KD à
P0

P1c↵NAv V
:

c⊘ is the standard concentration of 1 mol/l, NAv the Avogadro constant, and V the volume of
the lipid-protein double layer. P0,1 are the fractions of simulation time in monomeric and
dimeric states, respectively. The above equation is valid in thermodynamic equilibrium; there-
fore, only those monomer states were counted that arose from dissociation of receptor dimers.
Dissociation events were defined as a change of the protein-protein interaction energy from
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Fig 6. Concentration of receptor monomers as a function of simulation time. The first 500 ns were discarded for equilibration purposes.

doi:10.1371/journal.pcbi.1005169.g006

Table 3. Reaction rate constants, dissocation constants as well as binding free energies.

Setup k in 106 s−1 a P0/P1
b V in nm3 c KD

d ΔG in kJ/mol e

POPC 0.274 0.0309 566.4 9.06 � 10−5 -23.98

POPC/10%Cholesterol 0.156 0.0858 610.2 2.34 � 10−4 -21.54

POPC/30%Cholesterol 0.057 0.1733 605.6 4.75 � 10−4 -19.71

a Dimerization reaction rate constants k derived from Fig 6.
b P0/P1 denotes the ratio between times spent in monomeric states (after dissociation) and dimeric states in the simulation setups.
c V is the total volume of the protein-lipid bilayer.
d Estimated dissociation constants KD.
e The binding free energies ΔG should be considered as lower bounds for the true binding free energies as the number of dissociation events decreases

with increased simulation times.

doi:10.1371/journal.pcbi.1005169.t003
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values below -50 kJ/mol to more than -1 kJ/mol. Histograms of these monomer lifetimes are
shown in Fig 7 and the results for KD and ΔG = RTlnKD are summarized in Table 3.

Orientation analysis. Ensembles of simulations were analyzed to characterize the relative
binding of the receptors. To that end, the configurations of the receptors were assigned a center
of mass and principal components defining an internal coordinate frame (described in detail in
[30]). From the superimposition of the coordinate frames, the COM distance and five angles
were computed that describe the relative orientation of the proteins. The angles used in this
work are graphically illustrated in Fig 8.

The position, angle β, defines the binding position of the partner to the reference protein.
The rotation of the partner around its own z-axis is called phase and denoted as φ. The angle χ,

Fig 7. Histograms of monomer lifetimes after dissociation of dimers.

doi:10.1371/journal.pcbi.1005169.g007
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calculated as χ = (180° + β − φ)mod360, describes under which angle the reference protein
binds on the partner protein. Examples of two binding modes are shown in Fig 9. Panel a
shows the so called back-to-face or also face-to-back binding mode corresponding to binding
of helices TM5/TM1 or TM1/TM5 and angles β = 0°, χ = 180° or β = 180°, χ = 0°, respectively.
In panel b the face-to-face binding of TM5,6/TM5,6 corresponding t o β = 0° and χ = 0° is
shown. The β and χ angles were calculated for all spontaneously formed dimers for the last 50
ns of the simulation time. Subsequently, the kernel densities of all points in the β/χ-space were
computed, which resulted in the density height-fields shown in Fig 2. Here the angles β and χ

Fig 8. Relative orientation angles used to describe the orientation of the monomers in the receptor dimer. β describes the position of monomer B
with respect to monomer A, φ is the rotation of monomer B around its z-axis, χ the angle under which monomer B “sees” monomer A. The axes x and y
were placed into the monomer in a way that the symmetric TM5,6/TM5,6 dimer results in β = 0 and χ = 0.

doi:10.1371/journal.pcbi.1005169.g008
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were sampled on the x and y axis, respectively. The probability of occurrences is the height
encoded by color (white—red—yellow).

Finding label boundaries. The height-field resulting from the orientation angle analysis
was examined more closely using methods from image processing.

First, the most frequent binding modes were found by computing the local maxima of the
height-field. To examine the spreading of these maxima the watershed transform [67], a
method originally used in image segmentation, of the height-field was computed. The basic
idea is to consider the negative height-field as a topographic surface which is gradually filled
with water and use the arising watersheds, where the water flows from one basin to another, as
borders of the area of influence for the maximum assigned to each basin.

Simulated immersion [67] was adapted here to compute the watershed transform. There-
fore, the pixels are sorted descending by height and a label image is initialized with distinct
label values for each maximum. Subsequently, the 4-neighborhood of the sorted pixels was
examined iteratively and the pixels were assigned to either one of the labels, if this label was
unique in its neighborhood, or watershed, if two or more different labels were present. Pixels
that could not be assigned in the first step, were processed in a second iteration where the
neighborhood size was increased in case of slow convergence.

As angles are circular data, the infinite repetition of the height-field in x and y direction had
to be taken into account. By adding up the probabilities for all angle combinations falling into
one area, the spreading of its maximum was computed. Results thereof are shown in Fig 10. In
a next step, all simulation-frames were assigned to the different labels allowing for further dif-
ferentiated analyses of dimer characteristics like the number of intercalating cholesterol
molecules.

Lipid and protein lateral diffusion. Lateral self-diffusion coefficients of both lipids and
proteins were calculated from the slope of the mean square displacement (MSD) of the beads

Fig 9. Relative orientation angles for TM5/TM1 or TM1/TM5 dimers a, corresponding to β = 0˚, χ = 180˚ or β = 180˚, χ = 0˚, respectively. The
symmetric TM5,6/TM5,6 dimer b binds with β = 0˚ and χ = 0˚.

doi:10.1371/journal.pcbi.1005169.g009
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averaged over the trajectories of each molecule, using the Einstein relation (see Table 4):

Ds à lim
t!1

hDrÖtÜ2i
4t

where Δr(t) is the distance that the bead travelled in time t. The slope of the MSD was fitted on
the time window between 5–20 ns. The MSD was calculated on the initial 200 ns for those sim-
ulations that were not dimerized after 250 ns. The center of mass motion of the membrane-
protein system was substracted prior to the MSD calculation.

Cholesterol binding sites. A cholesterol molecule was considered as bound, if one of the 8
cholesterol beads was located within 0.62 nm of the protein. This distance corresponds to the
size of the first solvation shell of cholesterol beads around the protein as obtained by the radial
distribution function (RDF) calculation. The calculation was performed in an interval from
200 to 1000 ns for both cholesterol concentrations. The first 200 ns were discarded in order to
exclude random protein-cholesterol contacts due to membrane construction around the pro-
teins. In order to detect cholesterol binding residues, the average time for which any cholesterol

Fig 10. Spreading of each maximum in different dimerization set-ups.

doi:10.1371/journal.pcbi.1005169.g010

Table 4. Diffusion constants.

Membrane Molecule 0a 1b 2c

POPC protein 0.44 ± 0.14 0.51 ± 0.13

POPC 5.53 3.94 ± 0.21 3.67 ± 0.15

POPC/10% cholesterol protein 0.33 ± 0.03 0.47 ± 0.12

POPC 4.75 3.31 ± 0.06 3.26 ± 0.13

Chol 6.23 4.15 ± 0.21 4.14 ± 0.31

POPC/30% cholesterol protein 0.22 ± 0.07 0.26 ± 0.06

POPC 2.78 2.12 ± 0.13 1.93 ± 0.08

Chol 3.39 2.56 ± 0.10 2.26 ± 0.12

Protein and lipid diffusion coefficients in 10−7cm2/s (average and standard deviation).
a Pure bilayer simulations.
b Simulations including one copy of CXCR4 in the membrane.
c Simulations including two copies of CXCR4 in the membrane.

doi:10.1371/journal.pcbi.1005169.t004
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was in contact with this residue was calculated. A similiar approach was used in [44]. Addition-
ally, the number of cholesterol molecules located at the dimer interface in simulations with
10% and 30% cholesterol content was determined by analysis of cholesterol molecules bound
to both monomers at the same time.

Bilayer thickness. The thickness (S1 Table) of phospholipid membranes was calculated as
the difference of the maxima of the PO4 bead (or P atom in atomistic simulations) density pro-
file along the membrane normal. In case of GMO, the density of its first bead (GL1) was
utilized.

The bilayer thickness in the vicinity of the protein was calculated for lipids within 1 nm dis-
tance to the protein in each trajectory frame by substracting the z position of the PO4 bead (or
GL1 bead for GMO or P atom in atomistic simulations) in the upper and lower leaflet by a
home written script.

Supporting Information

S1 Video. Video of an example dimerization of CXCR4 in a pure POPC membrane. After
approximately 1 μs a stable dimer had assembled. The dimeric TM1/TM5-7 interface is shown
in a coarse-grained representation first and later at atomistic resolution.
(MOV)

S2 Video. Video of an example dimerization of CXCR4 in a POPC membrane with 30%
cholesterol content. The dimer was formed after approximately 5 μs. The symmetric TM3,4/
TM3,4 dimer interface with intercalating cholesterol molecules is shown in a coarse-grained
representation and is then backmapped into an atomistic model.
(MOV)

S1 Fig. Evolution of number of dimers in time. Number of CXCR4 dimers formed in 500
simulations of two monomers each in phospholipid bilayers (POPC) at 0%, 10%, and at 30%
cholesterol content as a function of simulation time. The receptors were defined to have formed
a dimer if the intermolecular interaction energy between the two transmembrane domains
decreased below a threshold of -50 kJ/mol.
(TIF)

S2 Fig. TM5 tilt angles in coarse-grainedsimulations. Tilt angles between the first principal
axis of the upper part (Asp192-Met205) or the lower part of TM5 (Val206-Ser277) and the
membrane normal. For every environment (POPC, POPC/10% cholesterol, and POPC/30%
cholesterol), the tilt angles of both monomers, shown for label A (TM5/TM5), B (TM1/TM5-
7), and D (TM1/TM1), were calculated for the last 50 ns of the simulation and are shown in
red. Angles of the best corresponding crystal dimer structures, calculated over the first 500 ns
of CG simulations, are shown in blue (monomer A) and green (monomer B). In the inset, the
tilt angles of receptors in monomer configuration are compared for different lipid environ-
ments of the receptor. The vertical lines denote the mean tilt angles as determined from the ini-
tial 500 ns of CG simulation of the given crystal CXCR4 dimers in pure POPC. Overall, the
TM5 tilts are similar between monomer and the different spontaneously assembled dimers.
These angles differ significantly from those for the TM5 orientation of simulations of the crys-
tal symmetric TM5,6/TM5,6 dimer for all studied lipid compositions.
(TIF)

S3 Fig. TM5 tilt angles in atomistic simulations. Comparison of tilt angles of upper (top) and
lower (bottom) TM5 subhelices relative to the membrane normal in monomers and the
TM5,6/TM5,6 dimer between coarse-grained and atomistic simulation. Overall, the TM5 tilt
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angles of the monomeric CXCR4 agree well between CG and atomistic simulations using the
Amber14/Lipid14 force field combination. Atomistic simulations of the symmetric crystal
dimer configuration exhibit asymmetric distributions for the tilt of the upper part of TM5, sug-
gesting instability of this symmetry. The tilt angles of the lower part of TM5 show a very good
agreement between CG and atomistic resolution using the Amber14/Lipid14 combination.
(TIF)

S4 Fig. Spatial distribution function of cholesterol around CXCR4. The spatial distribution
functions of the five nearest cholesterol molecules around CXCR4 are shown in light orange,
distribution functions of the polar headgroup of cholesterol (ROH beads) are colored dark red.
CXCR4 is colored according to the scheme established in Fig 1. The increasing cartoon thick-
ness codes the residue-resolved cholesterol occupancy (compare Fig 4).
(TIF)

S5 Fig. Cholesterol occupancy in POPC with 30% of cholesterol. Cholesterol binding occu-
pancy in simulations of CXCR4 dimerization at 30% cholesterol concentration. The increasing
cartoon thickness and coloring scheme code the relative cholesterol occupancies, from 0%
(thin, blue) to 100% (thick, red).
(TIF)

S6 Fig. Intercalation of cholesterol at dimer interfaces. Probability of finding at least one
cholesterol molecule at different dimer interfaces for both mixed bilayers (top panel) and the
number of intercalating cholesterol molecules (bottom panel). The analysis was performed
over the final 50 ns of all simulations.
(TIF)

S1 Table. Monomer tilt angles and membrane thickness. Tilt angles between the main princi-
ple axis of the protein’s transmembrane domain and the membrane normal, as well as mem-
brane thicknesses.
a Total number of simulations in the respective set-up used for the analysis.
b Tilt angle of the principle axis of a CXCR4 monomer relative to the membrane normal (aver-
age and standard deviation).
c The thickness of the lipid bilayer in a 1 nm surrounding of the receptor.
d The thickness of the bilayer in protein-free simulations (one simulation per bilayer type and
representation was performed). The CG membranes were simulated for 200 ns and the thick-
ness was calculated over the last 100 ns.
e The simulation of a pure POPC bilayer using the (atomistic) CHARMM36 force field was car-
ried out for 110 ns.
The preferred bilayer thickness around CXCR4 monomers in CG simulations was determined
to⇡ 4.25 nm. Accordingly, CXCR4 locally thins membranes displaying a larger thickness in
the simulations (POPC/30% cholesterol and 1,2-Dierucoyl-sn-glycerol-3-phosphocholine
(DEPC) membrane), and increases the thickness of thin membranes (POPC). Interestingly, the
thickness of a glycerol monoleate (GMO) environment for CXCR4 monomers is not signifi-
cantly influenced by the presence of the receptor. The probable reason for this behavior is the
missing charged phosphocholine headgroup of GMO. It is interesting to note, that CXCR4 was
crystallized in a GMO/10% cholesterol PEG stabilized matrix. POPC membranes in atomistic
simulations were found to be 2–3 Å thinner as compared to their CG counterparts. Accord-
ingly, the thickness of atomistic POPC membranes was as well enlarged in the vicinity of the
protein (at most for the Lipid14 parameters by 3 Å). The TM5,6/TM5,6 crystal dimer was
observed to significantly thin both POPC and POPC/10% cholesterol membranes.
(PDF)
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S2 Table. Interconversions between different dimer interfaces. Comparison of the number
of initially formed and final CXCR4 dimer configurations in pure POPC, POPC at 10% choles-
terol, and POPC at 30% cholesterol content. Configurations marked by ‘n’ did not belong to
any of the seven defined dimer configurations (labels A through G). Additionally, the total
number of respective dimer configurations at the end of the microsecond association simula-
tions is provided. In most of the simulations, the initially formed dimer configurations were
stable, i.e. remained unchanged on the microsecond timescale.
(PDF)
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7. Jazin EE, Söderström S, Ebendal T, Larhammar D. Embryonic expression of the mRNA for the rat
homologue of the fusin/CXCR-4 HIV-1 co-receptor. J Neuroimmunol. 1997; 79:148–154. doi: 10.1016/
S0165-5728(97)00117-3 PMID: 9394787

8. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, et al. Involvement of chemokine receptors
in breast cancer metastasis. Nature. 2001; 410:50–56. doi: 10.1038/35065016 PMID: 11242036

9. Kang H, Watkins G, Douglas-Jones A, Mansel RE, Jiang WG. The elevated level of CXCR4 is corre-
lated with nodal metastasis of human breast cancer. Breast. 2005; 14:360–367. doi: 10.1016/j.breast.
2004.12.007 PMID: 16216737

10. Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 Entry Cofactor: Functional cDNA Cloning of a
Seven-Transmembrane, G Protein-Coupled Receptor. Science. 1996; 272:872–877. doi: 10.1126/
science.272.5263.872 PMID: 8629022

11. Babcock GJ, Farzan M, Sodroski J. Ligand-independent dimerization of CXCR4, a principal HIV-1 cor-
eceptor. J Biol Chem. 2003; 278:3378–3385. doi: 10.1074/jbc.M210140200 PMID: 12433920

12. Toth PT, Ren D, Miller RJ. Regulation of CXCR4 receptor dimerization by the chemokine SDF-1α and
the HIV-1 coat protein gp120: a fluorescence resonance energy transfer (FRET) study. J Pharmacol
Exp Ther. 2004; 310:8–17. doi: 10.1124/jpet.103.064956 PMID: 15014135

13. Veldkamp CT, Seibert C, Peterson FC, De la Cruz NB, Haugner JC, Basnet H, et al. Structural basis of
CXCR4 sulfotyrosine recognition by the chemokine SDF-1/CXCL12. Sci Signal. 2008; 1:ra4. doi: 10.
1126/scisignal.1160755 PMID: 18799424

14. Nguyen DH, Taub D. CXCR4 function requires membrane cholesterol: implications for HIV infection. J
Immunol. 2002; 168:4121–4126. doi: 10.4049/jimmunol.168.8.4121 PMID: 11937572

15. Wang J, He L, Combs CA, Roderiquez G, Norcross MA. Dimerization of CXCR4 in living malignant
cells: control of cell migration by a synthetic peptide that reduces homologous CXCR4 interactions.
Mol Cancer Ther. 2006; 5:2474–2483. doi: 10.1158/1535-7163.MCT-05-0261 PMID: 17041091

16. Percherancier Y, Berchiche YA, Slight I, Volkmer-Engert R, Tamamura H, Fujii N, et al. Biolumines-
cence resonance energy transfer reveals ligand-induced conformational changes in CXCR4 homo-
and heterodimers. J Biol Chem. 2005; 280(11):9895–9903. doi: 10.1074/jbc.M411151200 PMID:
15632118

17. Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V, et al. Structures of the CXCR4 chemokine
GPCR with small-molecule and cyclic peptide antagonists. Science. 2010; 330:1066–1071. doi: 10.
1126/science.1194396 PMID: 20929726

18. Rosenbaum DM, Rasmussen SGF, Kobilka BK. The structure and function of G-protein-coupled
receptors. Nature. 2009; 459:356–363. doi: 10.1038/nature08144 PMID: 19458711

19. Katritsch V, Cherezov V, Stevens RC. Diversity and modularity of G protein-coupled receptor struc-
tures. Trends Pharmacol Sci. 2012; 33:17–27. doi: 10.1016/j.tips.2011.09.003

20. Park JH, Scheerer P, Hofmann KP, Choe HW, Ernst OP. Crystal structure of the ligand-free G-protein-
coupled receptor opsin. Nature. 2008; 454:183–187. doi: 10.1038/nature07063 PMID: 18563085

21. Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SGF, Thian FS, Kobilka TS, et al. High-Reso-
lution Crystal Structure of an Engineered Human β2-Adrenergic G Protein-Coupled Receptor. Science.
2007; 318:1258–1265. doi: 10.1126/science.1150577 PMID: 17962520

22. Wu H, Wacker D, Mileni M, Katritch V, Han GW, Vardy E, et al. Structure of the human κ-opioid recep-
tor in complex with JDTic. Nature. 2012; 485:327–332. doi: 10.1038/nature10939 PMID: 22437504

23. Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, et al. Crystal Structure of Rho-
dopsin: A G Protein-Coupled Receptor. Science. 2000; 289:739–745. doi: 10.1126/science.289.5480.
739 PMID: 10926528

24. Fotiadis D, Liang Y, Filipek S, Saperstein DA, Engel A, Palczewski K. The G protein-coupled receptor
rhodopsin in the native membrane. FEBS Letters. 2004; 564:281–288. doi: 10.1016/S0014-5793(04)
00194-2 PMID: 15111110

25. Tan Q, Zhu Y, Li J, Chen Z, Won Han G, Kufareva I, et al. Structure of the CCR5 Chemokine Receptor-
HIV Entry Inhibitor Maraviroc Complex. Science. 2013; 341:1387–1390. doi: 10.1126/science.
1241475 PMID: 24030490

26. Huang J, Chen S, Zhang JJ, Huang XY. Crystal Structure of Oligomeric β1-Adrenergic G Protein-Cou-
pled Receptors in Ligand-Free Basal State. Nat Struct Mol Biol. 2013; 20:419–425. doi: 10.1038/nsmb.
2504 PMID: 23435379

27. Qin L, Kufareva I, Holden LG, Wang C, Zheng Y, Zhao C, et al. Structural biology. Crystal structure of
the chemokine receptor CXCR4 in complex with a viral chemokine. Science. 2015; 347(6226):1117–
1122. doi: 10.1126/science.1261064 PMID: 25612609

Dynamic Cholesterol-Conditioned Dimerization of the G Protein Coupled Chemokine Receptor Type 4

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005169 November 3, 2016 23 / 25

http://dx.doi.org/10.1016/S0165-5728(97)00117-3
http://dx.doi.org/10.1016/S0165-5728(97)00117-3
http://www.ncbi.nlm.nih.gov/pubmed/9394787
http://dx.doi.org/10.1038/35065016
http://www.ncbi.nlm.nih.gov/pubmed/11242036
http://dx.doi.org/10.1016/j.breast.2004.12.007
http://dx.doi.org/10.1016/j.breast.2004.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16216737
http://dx.doi.org/10.1126/science.272.5263.872
http://dx.doi.org/10.1126/science.272.5263.872
http://www.ncbi.nlm.nih.gov/pubmed/8629022
http://dx.doi.org/10.1074/jbc.M210140200
http://www.ncbi.nlm.nih.gov/pubmed/12433920
http://dx.doi.org/10.1124/jpet.103.064956
http://www.ncbi.nlm.nih.gov/pubmed/15014135
http://dx.doi.org/10.1126/scisignal.1160755
http://dx.doi.org/10.1126/scisignal.1160755
http://www.ncbi.nlm.nih.gov/pubmed/18799424
http://dx.doi.org/10.4049/jimmunol.168.8.4121
http://www.ncbi.nlm.nih.gov/pubmed/11937572
http://dx.doi.org/10.1158/1535-7163.MCT-05-0261
http://www.ncbi.nlm.nih.gov/pubmed/17041091
http://dx.doi.org/10.1074/jbc.M411151200
http://www.ncbi.nlm.nih.gov/pubmed/15632118
http://dx.doi.org/10.1126/science.1194396
http://dx.doi.org/10.1126/science.1194396
http://www.ncbi.nlm.nih.gov/pubmed/20929726
http://dx.doi.org/10.1038/nature08144
http://www.ncbi.nlm.nih.gov/pubmed/19458711
http://dx.doi.org/10.1016/j.tips.2011.09.003
http://dx.doi.org/10.1038/nature07063
http://www.ncbi.nlm.nih.gov/pubmed/18563085
http://dx.doi.org/10.1126/science.1150577
http://www.ncbi.nlm.nih.gov/pubmed/17962520
http://dx.doi.org/10.1038/nature10939
http://www.ncbi.nlm.nih.gov/pubmed/22437504
http://dx.doi.org/10.1126/science.289.5480.739
http://dx.doi.org/10.1126/science.289.5480.739
http://www.ncbi.nlm.nih.gov/pubmed/10926528
http://dx.doi.org/10.1016/S0014-5793(04)00194-2
http://dx.doi.org/10.1016/S0014-5793(04)00194-2
http://www.ncbi.nlm.nih.gov/pubmed/15111110
http://dx.doi.org/10.1126/science.1241475
http://dx.doi.org/10.1126/science.1241475
http://www.ncbi.nlm.nih.gov/pubmed/24030490
http://dx.doi.org/10.1038/nsmb.2504
http://dx.doi.org/10.1038/nsmb.2504
http://www.ncbi.nlm.nih.gov/pubmed/23435379
http://dx.doi.org/10.1126/science.1261064
http://www.ncbi.nlm.nih.gov/pubmed/25612609


28. Periole X, Huber T, Marrink SJ, Sakmar TP. G Protein-Coupled Receptors Self-Assemble in Dynamics
Simulations of Model Bilayers. J Am Chem Soc. 2007; 129:10126–10132. doi: 10.1021/ja0706246
PMID: 17658882

29. Provasi D, Boz MB, Johnston JM, Filizola M. Preferred Supramolecular Organization and Dimer Inter-
faces of Opioid Receptors from Simulated Self-Association. PLoS Comput Biol. 2015; 11:e1004148.
doi: 10.1371/journal.pcbi.1004148 PMID: 25822938

30. Wassenaar TA, Pluhackova K, Moussatova A, Sengupta D, Marrink SJ, Tieleman DP, et al. High-
Throughput Simulations of Dimer and Trimer Assembly of Membrane Proteins. The DAFT Approach. J
Chem Theory Comput. 2015; 11:2278–2291. doi: 10.1021/ct5010092 PMID: 26574426

31. Prasanna X, Chattopadhyay A, Sengupta D. Cholesterol modulates the dimer interface of the β-adren-
ergic receptor via cholesterol occupancy sites. Biophys J. 2014; 106:1290–1300. doi: 10.1016/j.bpj.
2014.02.002 PMID: 24655504

32. Johnston JM, Wang H, Provasi D, Filizola M. Assessing the relative stability of dimer interfaces in G
protein-coupled receptors. PLoS Comput Biol. 2012; 8:e1002649. doi: 10.1371/journal.pcbi.1002649
PMID: 22916005

33. Periole X, Knepp AM, Sakmar TP, Marrink SJ, Huber T. Structural determinants of the supramolecular
organization of G protein-coupled receptors in bilayers. J Am Chem Soc. 2012; 134:10959–10965. doi:
10.1021/ja303286e PMID: 22679925

34. Guo W, Shi L, Filizola M, Weinstein H, Javitch JA. Crosstalk in G protein-coupled receptors: Changes
at the transmembrane homodimer interface determine activation. Proc Natl Acad Sci USA. 2005;
102:17495–17500. doi: 10.1073/pnas.0508950102 PMID: 16301531

35. Xue L, Rovira X, Scholler P, Zhao H, Liu J, Pin JP, et al. Major ligand-induced rearrangement of the
heptahelical domain interface in a GPCR dimer. Nat Chem Biol. 2015; 11:134–140. doi: 10.1038/
nchembio.1711 PMID: 25503927

36. Mancia F, Assur Z, Herman AG, Siegel R, Hendrickson WA. Ligand sensitivity in dimeric associations
of the serotonin 5HT2c receptor. EMBO Reports. 2008; 9:363–369. doi: 10.1038/embor.2008.27
PMID: 18344975

37. Liu W, Chun E, Thompson AA, Chubukov P, Xu F, Katritch V, et al. Structural basis for allosteric regu-
lation of GPCRs by sodium ions. Science. 2012; 337(6091):232–236. doi: 10.1126/science.1219218
PMID: 22798613

38. Zhang K, Zhang J, Gao ZG, Zhang D, Zhu L, Han GW, et al. Structure of the human P2Y12 receptor in
complex with an antithrombotic drug. Nature. 2014; 509(7498):115–118. doi: 10.1038/nature13083
PMID: 24670650

39. Manglik A, Kruse AC, Kobilka TS, Thian FS, Mathiesen JM, Sunahara RK, et al. Crystal structure of
the μ-opioid receptor bound to a morphinan antagonist. Nature. 2012; 485:321–326. doi: 10.1038/
nature10954 PMID: 22437502

40. Huang W, Manglik A, Venkatakrishnan AJ, Laeremans T, Feinberg EN, Sanborn AL, et al. Structural
insights into μ-opioid receptor activation. Nature. 2015; 524(7565):315–321. doi: 10.1038/nature14886
PMID: 26245379
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