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Chemokines and their receptors regulate cell migration during
development, immune system function, and in inflammatory dis-
eases, making them important therapeutic targets. Nevertheless,
the structural basis of receptor:chemokine interaction is poorly
understood. Adding to the complexity of the problem is the
persistently dimeric behavior of receptors observed in cell-based
studies, which in combination with structural and mutagenesis data,
suggest several possibilities for receptor:chemokine complex stoi-
chiometry. In this study, a combination of computational, func-
tional, and biophysical approaches was used to elucidate the
stoichiometry and geometry of the interaction between the CXC-type
chemokine receptor 4 (CXCR4) and its ligand CXCL12. First, relevance
and feasibility of a 2:1 stoichiometry hypothesis was probed using
functional complementation experiments with multiple pairs of
complementary nonfunctional CXCR4 mutants. Next, the impor-
tance of dimers of WT CXCR4 was explored using the strategy of
dimer dilution, where WT receptor dimerization is disrupted by
increasing expression of nonfunctional CXCR4 mutants. The results
of these experiments were supportive of a 1:1 stoichiometry,
although the latter could not simultaneously reconcile existing
structural and mutagenesis data. To resolve the contradiction,
cysteine trapping experiments were used to derive residue proxim-
ity constraints that enabled construction of a validated 1:1 receptor:
chemokine model, consistent with the paradigmatic two-site hy-
pothesis of receptor activation. The observation of a 1:1 stoichiome-
try is in line with accumulating evidence supporting monomers
as minimal functional units of G protein-coupled receptors, and
suggests transmission of conformational changes across the dimer
interface as the most probable mechanism of altered signaling by
receptor heterodimers.

chemokine receptor | GPCR dimerization | molecular docking |
functional complementation | cysteine trapping

he chemokine receptor CXCR4 regulates cell migration

during many developmental processes (1, 2). Along with
CCRS, it serves as one of the principal coreceptors for HIV entry
into leukocytes (3), and is one of the most important chemokine
receptors involved in cancer metastasis (4). Stromal-cell derived
factor 1 (SDF-1 or CXCL12) was its only known ligand until
recently, when CXCR4 was also shown to bind CXCL14 (5) and
extracellular ubiquitin (6). Although structures of CXCR4 (7)
and CCRS (8) have been solved with synthetic antagonists, the
structural basis for the interaction of CXCR4 (or any other
chemokine receptor) with their natural ligands has yet to be
determined. Numerous mutagenesis and NMR studies indicate
that receptor:chemokine interactions involve two distinct sites
(9-12), which has led to a two-site hypothesis of receptor acti-
vation (13). The so-called chemokine recognition site 1 (CRS1)
(14) includes the N terminus of the receptor interacting with the
globular core of the chemokine, whereas chemokine recognition
site 2 (CRS2), located within the transmembrane (TM) domain
pocket of the receptor, accommodates the flexible N terminus of

www.pnas.org/cgi/doi/10.1073/pnas.1417037111

the chemokine. Mutations in CRS1 typically reduce the binding
affinity of the chemokine, whereas CRS2 is critical not only for
binding but also for chemokine-induced activation (9, 10, 12, 15—
20). Similarly, mutations to the core domain of the chemokine
generally affect receptor-binding affinity, but truncations or
modifications of as little as one amino acid in the N-terminal
“signaling” domain frequently alter both ligand binding and
pharmacology.

The two-site model has been envisioned in the context of a
monomeric receptor. However, like many other G protein-coupled
receptors (GPCRs) (21), CXCR4 has been shown to dimerize
in cell membranes. Evidence supporting CXCR4 dimerization
includes immunoprecipitation (22), bioluminescence and fluores-
cence resonance energy transfer [BRET (23) and FRET (24),
respectively], fluorescence and luminescence complementation
assays (25), and bivalent ligands (26). Dimerization of a WT
CXCR4 with a C-terminally truncated mutant causing the “warts,
hypogammaglobulinemia, infections and myelokathexis” (WHIM)
syndrome has been implicated in its resistance to desensitization
and enhanced signaling in heterozygous WHIM patients (27).
CXCR4 has also been shown to heterodimerize with other che-
mokine receptors and with GPCRs outside the chemokine family
(28-32), with consequences including transinhibition of ligand
binding (28) and changes in G protein and p-arrestin coupling
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(30, 33, 34). These observations establish the dimeric nature of
CXCR4; however, the functional role of CXCR4 dimers has yet to
be elucidated.

In agreement with its persistently dimeric behavior, CXCR4
formed structurally similar parallel dimers in five crystal struc-
tures (7), despite being solved in different space groups and with
different synthetic ligands. The cell-based and structure-based
observations of CXCR4 dimers raised the key question as to
whether CXCL12 binds to a single receptor subunit or to both
subunits of the dimer, in a manner consistent with the two-site
model. Several possible stoichiometries of the complex were
suggested (7, 35, 36); among them, a 1:1 receptor:chemokine
stoichiometry, a 2:1 stoichiometry with one chemokine molecule
simultaneously binding to both subunits of a CXCR4 dimer, and
a 2:2 stoichiometry with a chemokine dimer binding to the
CXCR4 dimer. With respect to the latter, although CXCL12
dimers bind and act as partial agonists of CXCR4 (37), full ag-
onist signaling requires a monomeric chemokine (37, 38). Con-
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sequently, the distinction between a 1:1 and a 2:1 receptor:
chemokine stoichiometry is the most relevant question, and
constituted the focus of the present study.

Our initial molecular modeling efforts encompassed the
available structural information in the form of (i) the NMR
structure of a cross-linked CXCL12 dimer in complex with an
N-terminal peptide of CXCR4 (residues M1-K38) (39), and (ii)
the X-ray structures of full-length CXCR4 (7). The former
structure contains components of the CRSI1 interaction (Fig.
1A4), whereas the latter contains the receptor side of the CRS2
interaction. Although the crystallization constructs used in the
CXCR4 X-ray study contained the intact N terminus of the re-
ceptor, only residues P27-S319 could be detected in the electron
density; thus, the overlap between the NMR and X-ray structures
was limited to residues P27-K38. Modeling demonstrated that
a 2:1 receptor:chemokine model with decoupled CRS1 and CRS2
best accommodated the structural and mutagenesis data. In this
model, the globular core of the chemokine interacts with the CRS1

_CXCL12

ﬁ N-term

it B

functional

increasing
co-transfection
of mutant

mutant mutant

cross-linking?
no cross-linking?
validates geometry

supports 1:2

Fig. 1. Molecular models and experimental designs used in the present study. (A) NMR structure of CXCL12 (skin mesh) in complex with the N terminus of

CXCR4 (residues M1-K38, ribbon) (39). Chemokine N terminus (green) and N-loop (blue) correspond to the expected interactions in CRS2 and CRS1, re-
spectively. Receptor residues K25-R30 are shown as spheres, labeled, and colored in order from blue to red. CRS1 residue proximities observed in the NMR
structure and maintained throughout the docking simulations include the interaction of CXCR4 K25 (blue sphere) with CXCL12 S16, while the subsequent
receptor residues up to R30 (red sphere) are directed away from the chemokine N-loop (blue surface) toward the chemokine C-terminal helix; these prox-
imities are shown as thin black lines. (B) A hybrid 2:1 model of the receptor:chemokine interaction accommodates both NMR proximity restraints (black lines)
and the mutagenesis data. (C) A hydrid 1:1 model that accommodates NMR proximity restraints (black lines) is inconsistent with mutagenesis and with the
two-site interaction hypothesis, because the N terminus of the chemokine invariably points away from the receptor CRS2. (D) A 1:1 model consistent with the
two-site interaction hypothesis contradicts NMR proximity restraints, as receptor residues K25-R30 are directed along the chemokine N-loop toward its N
terminus. (E-G) Conceptual designs of the functional complementation (E), dimer dilution (F), and cysteine trapping (G) experiments used in this study to
probe the receptor:chemokine stoichiometry and geometry hypotheses.
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of one receptor subunit and the N-terminal residues of the che-
mokine reach into CRS2 of its dimeric partner (Fig. 1B). In ad-
dition to being spatially consistent, this model provides a direct
explanation for the negative cooperativity in chemokine binding
that is frequently observed with receptor heterodimers (28, 40),
and with the notion that CXCL12 triggers CXCR4 dimerization
(41), stabilizes preformed dimers (42), or induces confor-
mational changes within the dimers (23). The model is also
consistent with the original two-site hypothesis of receptor
activation. On the other hand, a 1:1 model, in which CXCL12
interacts with CRS1 and CRS2 of the same receptor subunit,
required significant deviations from the CRS1 component of the
CXCR4:CXCL12 interaction suggested by the NMR structure
(39) to orient the CXCL12 N-terminal signaling domain toward
the receptor binding pocket (Fig. 1 C and D).

Three strategies were devised to elucidate the stoichiometry of
the receptor:chemokine interaction. The first approach was
based on functional complementation and designed to specifi-
cally probe the relevance of the 2:1 hypothesis. Functional
complementation provides one of the strongest arguments for
the existence and physiological role of GPCR dimers. In this type
of experiment, different aspects of receptor function are restored
by coexpression of two mutants of the receptor in question, each
of which is incapable of producing the functional response when
expressed alone (Fig. 1E). Functional rescue through dimerization
has been demonstrated for several GPCRs. For example, domain
swapping of histamine H1 receptor dimers reconstituted func-
tional receptors from nonfunctional mutant components (43), and
a related mechanism led to reconstitution of functional muscarinic
and adrenergic receptors from receptor chimeras (44). Similarly,
the binding site in the angiotensin II receptor was successfully
reconstituted (45), and the function of the luteinizing hormone
receptor was rescued by coexpression of two nonfunctional
mutants (46). In the present study, the functional complementa-
tion strategy was used to probe the possibility of simultaneous
interaction of CXCL12 with two CXCR4 monomers in the dimer.

Another strategy for exploring the role of dimers in general,
and the stoichiometry of GPCR interactions with ligands and
effectors in particular, is based on dimer dilution. In this ap-
proach, functional responses or binding events that are de-
pendent on GPCR dimers are reduced or completely ablated by
introducing increasing amounts of a mutant that is capable of
dimerizing with the WT receptor but incapable of mediating the
functional or binding response (Fig. 1F). The mutant receptors
compete with WT receptors for dimer formation and lead to an
increase in the surface density of WT/mutant dimers, with a si-
multaneous decrease in WI/WT dimers (47). In contrast, if
dimers are unnecessary for the functional response or binding
event, one should see no change with increasing concentration of
mutant; thus, this approach distinguishes 1:1 vs. 2:1 interactions.
There are important caveats associated with this strategy, as in-
creasing expression of mutant receptors may interfere not only
with formation of WI/WT dimers, but also with the expression
of WT receptors because of expression competition. In this
study, a modified dimer dilution strategy that addressed these
problems was designed.

The above strategies are based on functional readouts and
provide indirect evidence in favor of, or against, the different
stoichiometries. We therefore complemented them by cysteine
trapping studies, where pairs of cysteine mutations are in-
troduced at different positions in the ligand and in the receptor,
and spontaneous formation of disulfide bonds is monitored.
These studies provide direct spatial proximity restraints that can
be combined with modeling to determine the stoichiometry and
geometry of the receptor:chemokine complex (Fig. 1G).

The results of all three complementary experimental strategies
were supportive of a 1:1 and not a 2:1 receptor:chemokine
stoichiometry. These results also informed further molecular
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modeling efforts, which led to construction of an experimentally
validated model of the CXCR4:CXCL12 complex. The model
elucidates key features of the receptor:chemokine interaction
and may facilitate further structure-function studies to under-
stand the molecular basis for CXCR4:CXCL12 signaling.

Results

Structural Constraints Are Incompatible with Mutagenesis in the
Context of a 1:1 CXCR4:CXCL12 Model. Using molecular modeling
and chemical field-guided docking (48), we attempted recon-
struction of the hybrid structure of the CXCR4:CXCL12 complex
by simultaneously satisfying restraints from the X-ray structure of
the CXCR4 TM domain (7) and the NMR structure of the
CXCL12 dimer in complex with a CXCR4 N-terminal peptide (39)
(Fig. 14). The former set of restraints included the relative posi-
tioning of the CXCR4 TM helices, as well as a disulfide bond
between the N-terminal cysteine (C28) of the receptor and its
extracellular loop 3. The latter set involved harmonic distance
restraints (thin black lines in Fig. 1 4-C) imposed between the Cg
atoms in the least uncertain portion of the receptor N terminus in
the NMR structure (residues K25-R30, shown as spheres in Fig. 1
A-D and colored in order from blue to red) and the Cy atoms of
proximal chemokine residues F14-S16 (N-loop), I51-K56 (the loop
connecting p3 and the C-terminal helix), and I58-E60 (C-terminal
helix). As observed in the NMR structure, these restraints included
the interaction of the receptor residue K25 (blue sphere in Fig. 14—
D) with residue S16 in the chemokine N-loop (blue patch in Fig. 1
A-D), whereas the subsequent receptor residues up to R30 (red
sphere in Fig. 1 A-D) were directed away from the N-loop and
toward the chemokine C-terminal helix (Fig. 14).

Docking simulations were carried out by explicit conforma-
tional sampling of CXCL12 and the N-terminal residues K25-
R30 of CXCR4 in internal coordinates (49), with the remaining
parts of the receptor represented by the potential grid maps (50).
These simulations sought to optimize electrostatic, van der
Waals, hydrogen bonding, and surface interactions within and
between the two molecules while simultaneously satisfying the
constraints from the existing structures. Despite allowing full
flexibility in the N-terminal parts of both molecules, the simu-
lations invariably resulted in models that were inconsistent with
existing mutagenesis studies (9, 16, 18-20, 51-54) when un-
dertaken in the context of the 1:1 stoichiometry hypothesis.
Specifically, the N-terminal signaling domain of the chemokine
was forced out of the receptor CRS2, separating the critical
interacting residues by as much as 50 A (Fig. 1C). In contrast,
models built to test the 2:1 stoichiometry hypothesis appeared
spatially compatible with the mutagenesis, as the N terminus of
the chemokine could be freely directed into the CRS2 of one
CXCR4 dimer partner when the core domain was bound to
CRS1 of the other (Fig. 1B). Although coarse-grained and ap-
proximate, this modeling exercise raised the question of what the
actual interaction stoichiometry is.

Design and Testing of a CXCR4-Free Cell Line for Functional
Complementation Experiments. For the purpose of testing loss-of-
function CXCR4 mutant pairs in the functional complementation
experiments, it was essential to use a cell line devoid of endog-
enous CXCR4 expression. However, we discovered that many
cells commonly used in chemokine functional assays endoge-
nously express CXCR4 (Fig. S1 A-E and Table S1) and mobilize
calcium in response to CXCL12 (Fig. S1 F-I and Table S1).
Among the few immortalized cell lines that did not express en-
dogenous CXCR4, only Chinese hamster ovary (CHO) cells
displayed both a robust transfection efficiency and signaling re-
sponse using Ca** mobilization as a readout (Fig. S1 E and I).
The latter was significantly improved when the cells were stably
transfected with human Gays protein (55) (Fig. S1 J-P), which
resulted in creation of a CHO-Ga;5 cell line.
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Design, Surface Expression, and Function of CXCR4 Point Mutants in
CHO-Gays. CXCR4 mutants defective in chemokine binding and
signaling were designed taking into account earlier mutagenesis
studies (9, 16, 18-20, 51-54) and the residue contacts in the
structural models of the complex. To disrupt CXCR4:CXCL12
interactions in CRS1, two mutants were generated: one with
alanine substitutions in the positions of the three sulfotyrosines
known to affect ligand binding (56) and signaling (57) (Y7A/
Y12A/Y21A, further referred to as YYY), and another where 14
and 16 were also mutated to alanine (37) (I4A/I6A/Y7A/Y12A/
Y21A, further referred to as IIYYY). To disrupt interactions in
CRS2, the following mutations were introduced one at a time:
D97N, D171A, D187A, and E288A (Fig. 24). Mutants were
cloned into multiple receptor constructs as described in SI Text.

It was expected that CRS1 mutations would impact CXCL12
binding affinity without affecting the maximal signaling capacity
of the receptor, whereas CRS2 mutations would mainly disrupt
signaling. Some of the CRS2 mutants have been shown to bind
CXCL12 with affinities similar to the WT receptor; specifically,
E288A and D187A bind CXCL12 with ICs, values of 4.4 nM and
4.7 nM, respectively, compared with 2.2 nM for WT CXCR4 in
a radioligand competition binding assay (19). Similarly, Wong
et al. reported K, values of 47.6 nM and 44.1 nM for D97N and
E288A, respectively, compared with 35.8 nM for WT CXCR4 in
competition binding assays (20).

Using flow cytometry experiments described in SI Text, we
found that all mutants were expressed similarly to WT when
transiently transfected in CHO-Guys cells (Fig. 2B). The CRS1
YYY and ITYYY mutants were able to elicit a full Ca** mobili-
zation response at high CXCL12 concentrations but had an ~10-
fold lower ECs, than WT CXCR4. Two of the CRS2 mutations,
D171A and D187A, were significantly impaired in both ECsy and
maximal Ca®* responses, whereas the remaining two, D97N and
E288A, were completely signaling-dead (Fig. 2C). These mutants
therefore seemed viable candidates for use in the functional
complementation and dimer dilution experiments.

CXCR4 Mutants Dimerize with Each Other and with WT CXCR4. An
important control for the functional complementation and dimer
dilution experiments is that the mutants retain the ability to form
dimers. BRET YFP titration experiments, which are commonly
used to assess GPCR dimerization (58, 59), confirmed that none
of the above mutations affected the oligomerization propensity of
the receptor (Fig. 3). In these experiments, receptors C-terminally
tagged with Renilla luciferase (Rluc) are expressed at a constant
level, whereas expression of YFP-tagged receptors is increased.
This results in a hyperbolic increase in BRET,,; values if the in-
teraction is specific; in contrast, a low linearly increasing sig-
nal is indicative of a nonspecific random interaction (60). The
fluorescence/luminescence ratio at which the BRET,, value is half
maximal (BRETs) is an indicator of affinity, whereas the BRET .«
value depends on the conformation of the interacting receptors as
well as the distance between the YFP and Rluc molecules in the
complex (58). Mutant/mutant and mutation/WT combinations used
in functional complementation and dimer dilution experiments are
shown in Fig. 3 4 and B, respectively. The BRETj values for the
different combinations indicate that none of the mutations ad-
versely affected receptor dimerization capacity.

Dimerization of mutant and WT receptors was also confirmed
using coimmunoprecipitation (Fig. 3C). Following precipitation
with anti-Flag affinity resin, bands indicating the presence of
HA-tagged receptors were found in all samples coexpressing
Flag-tagged WT and HA-tagged WT or mutant receptors, with
the intensity of the bands correlating with the amount of trans-
fected HA-tagged receptor. No coimmunoprecipitation was ob-
served in the control sample where lysates of cells independently
expressing the two types of receptors were mechanically mixed.

E5366 | www.pnas.org/cgi/doi/10.1073/pnas.1417037111

Mutant Functional Complementation Experiments Do Not Support 2:1
Model. Functional complementation experiments were designed
to specifically test the 2:1 model of the CXCR4:CXCL12 in-
teraction shown in Fig. 1B. In the model, the globular core of
CXCL12 interacts with CRS1 of one CXCR4 subunit in a dimer,
and the N terminus of CXCL12 interacts with CRS2 of the other
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Fig. 2. CXCR4 mutants used in this study. (A) Location of mutated residues
in the CXCR4 structure. Side view along the membrane plane and top view
across the membrane plane from the extracellular side are shown. (B) Sur-
face expression of mutants in HA-tagged and T7-tagged constructs when
transiently expressed in CHO-Gays cells as determined by flow cytometry
analysis of anti-HA and anti-T7 antibody staining. Data are presented as
percent of WT receptor expression and represents the average and SD of
relative geometric mean fluorescence intensity in at least two independent
experiments. (C) Mutant functionality measured as the ability of CHO-Gas
cells transiently transfected with the mutants to mobilize intracellular Ca®*
in response to stimulation with varying concentrations of CXCL12. Data are
presented as percent maximal response elicited by the WT receptor and
represents the average and SD of all replicates from at least two inde-
pendent experiments.
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pair WT CXCR4-Rluc with CXCR4-YFP was used as a positive control and WT CXCR4-Rluc and GBR2-YFP was used as a negative control for nonspecific BRET.
Data are from three independent experiments. In C, HA-tagged mutant receptors were pulled down with Flag-tagged WT receptors using anti-Flag affinity
resin when the receptors were coexpressed in HEK293 cells, but not when lysates of two cell populations independently expressing the receptors were mixed
(control). The amount of coimmunoprecipitated mutant receptor correlated with the levels of transfection (maximum vs. 50% max HA-tagged mutant).

subunit. Therefore, these experiments were designed such that
a binding-deficient CRS1 mutant was coexpressed with a non-
functional CRS2 mutant. If the 2:1 hypothesis is correct, one
would expect that coexpression would partially rescue the Ca®*
mobilization response to CXCL12 stimulation (Fig. 1E). However,
no rescue response was observed with any of the CRS1/CRS2
mutant combinations tested (four representative combinations are
shown in Fig. 4 A-D). As a control experiment, mutant coex-
pression was monitored by costaining the cells with antibodies
conjugated to different fluorophores and specific to the two tags
on the mutants; such coexpression was found efficient in all cases
(Fig. 4 E-H). These data therefore suggest that the 2:1 receptor:
chemokine hypothesis is incorrect, and that the CXCR4:CXCL12
stoichiometry is more likely 1:1.

Dimer Dilution Experiments Support the 1:1 Model. To confirm that
the stoichiometry of the CXCR4:CXCL12 complex is 1:1, dimer
dilution experiments were performed in which nonfunctional
CXCR4 mutant expression was systematically increased by tran-
sient transfection into HEK293 cells that stably express WT
CXCR4, effectively “diluting” WT/WT CXCR4 homodimers with
nonfunctional mutants (Fig. 1F). Empty vector complementation
was used so that all cells were transfected with the same amount of
DNA. The Ca** mobilization response of these cells was then
tested after addition of 20 nM or a saturating concentration (100
nM) of CXCLI12. If the 1:1 stoichiometry hypothesis is correct,
then increasing amounts of mutant receptor to dilute WT CXCR4
homodimers should not reduce the s1gna11ng response. Indeed,
there was no significant change in Ca** mobilization after diluting
with either CRS1 or CRS2 mutants (Fig. 5 A-D). Importantly, we
established that increasing expression of mutant receptors did not
alter WT CXCR4 expression (which may have artificially resulted
in decreased signaling), and moreover that the amount of mutant
receptor exceeded that of WT CXCR4 by a factor sufficient to
effectively dilute WT/WT dimers (Fig. 5 E-H). By costaining
the cell population with antibodies conjugated to different
fluorophores and directed against distinct tags on WT and mu-
tant receptors, it was possible to ensure that the expression of
WT CXCR4 was constant whereas the mutant CXCR4 con-
structs systematically increased, and that both constructs were
coexpressed in the vast majority of cells (Fig. 5 I-L). Taken to-
gether, these data strongly support the 1:1 stoichiometry of in-
teraction of monomeric CXCL12 with CXCR4.

Cysteine Trapping Experiments Support the 1:1 Stoichiometry and

Guide 1:1 Model Development. To obtain validation of the 1:1
CXCR4:CXCL12 complex stoichiometry and insight into the
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structure of the complex, cysteine trapping experiments were de-
veloped. In these experiments, individual residues of CXCL12 and
CXCR4 were mutated to cysteine, and the mutant pairs were
coexpressed in Spodoptera frugiperda (Sf9) insect cells, purified by
a His-tag on the receptor, and analyzed by SDS/PAGE and
Western blotting for the presence of copurified chemokine. This
approach assumes that when coexpressed, mutant receptors and
chemokines bind in near-native geometry; and if this geometry
brings the artificially introduced cysteines in proximity to one an-
other, a disulfide bond spontaneously forms, resulting in an irre-
versible complex. As shown in Fig. 64, cysteine trapping confirmed
the proximity of K25 in CXCR4 with S16 in CXCL12, consistent
with their relative orientation in the NMR structure (39) (Fig. 6D).
However, multiple other residue pairs that were proximal in the
NMR structure did not cross-link. Negative results were obtained
for the following CXCR4:CXCL12 pairs: 16/N30, T8/L29, S9/L.29,
Y12/T31, P27/Q59, and F29/Q59 (Fig. 6 A and D). Systematic
exploration of proximities in the CXCL12 region E15-V18 to
CXCR4 K25 confirmed the initial finding of K25/S16; the nearby
residues showed less or no cross-linking, providing evidence of
specificity (Fig. 6B).

Based on this finding, we constructed second-generation 1:1
complex models by molecular docking, as described above, with
one modification involving the introduction of a single disulfide
bond between CXCR4 K25C and CXCL12 S16C instead of the
NMR proximity restraints (Figs. 1D and 6F). The obtained models
still featured the interaction of receptor residue K25 with S16 in
the chemokine N-loop; however, the subsequent receptor residues
up to R30 were directed along the N-loop, toward the chemokine
N terminus, and away from the chemokine C-terminal helix. To
functionally validate this prediction, we attempted cysteine trap-
ping of residue pairs that were distant in the NMR structure but
proximal in the new models (Fig. 6D). This included pairs of F29/
F13, E31/R8, and E32/R8, which all showed positive cross-linking
(although less efficient than with K25/S16) (Fig. 6 C, D, and F). We
therefore concluded that the interactions observed in the NMR
structure between the CXCL12 dimer and the N-terminal peptide
of CXCR4 are different from those in the context of the full-length
receptor. Our data suggest that the approximate complex geometry
CXCL12 with full-length CXCR4 may be better represented by the
computational model shown in Figs. 1D and 6F.

Discussion

Evidence firmly establishing class A GPCR dimerization in
general, and chemokine receptor dimerization in particular, has
accumulated for over a decade (23, 28, 41, 61). However, for
most GPCRs, the functional purpose of dimerization is unclear.
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In the case of chemokine receptors, despite numerous reports
suggesting functional interactions between receptors in both
homodimers and heterodimers, the structural causes and func-
tional consequences of such interactions remain unknown.
CXCL12 stimulation was shown to cause conformational changes
in the CXCR4 homodimer (23). Furthermore, chemokines and
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small-molecule antagonists were shown to transinhibit other
receptors within heterodimers of chemokine receptors (28, 62),
and chemokine receptors with other GPCRs (63, 64). The first
report of a chemokine receptor crystal structure also showed that
CXCR4 formed dimers (7), and moreover suggested that based on
existing data, a 2:1 receptor:chemokine stoichiometry was a viable
alternative to 1:1. Interesting examples in which a single GPCR
agonist binds and activates a receptor homodimer with 2:1
receptor:ligand stoichiometry have been reported (46, 65). If
confirmed for chemokine receptors, 2:1 stoichiometry could
explain the observed dimer-mediated alteration of ligand binding
and responses. On the other hand, definitively demonstrating
a 1:1 stoichiometry between chemokines and their receptors
would provide the impetus for investigating other, more com-
plicated explanations for these phenomena.

Of the two possibilities, only the 2:1 stoichiometry was consis-
tent with the NMR-based CXCL12 structure, the CXCR4 crystal
structure, and the prevailing two-site model of receptor activation.
Functional complementation experiments were designed to vali-
date the 2:1 model, but the lack of functional rescue strongly
suggested that such a model is incorrect and that the stoichiometry
is more likely 1:1. Furthermore, dimer dilution experiments also
supported the 1:1 interaction stoichiometry. Of note, although
studying the functional importance of dimerization by coexpressing
WT and nonfunctional mutant receptors is not new (27, 47, 64, 66,
67), care must be taken to ensure that the expression level of the
WT receptor stays constant with increasing expression of mutant,
and that the expression levels of the mutants are sufficient to ef-
fectively dilute WT/WT dimers. In the present study, such pre-
cautions were taken such that we could confidently conclude that
dimerization of WT CXCR4 with CRS1 or CRS2 mutants does not
alter its functional response, consistent with the 1:1 stoichiometry.

Finally, we used cysteine trapping experiments to elucidate the
geometry of the 1:1 CXCR4:CXCL12 complex. These experi-
ments confirmed that in the context of the full-length receptor,
the pairwise residue proximity is different from that observed in
the NMR structure (39) and is more consistent with a 1:1 model
generated by computational docking with a single disulfide re-
straint. Similar contradictions are also present in other compu-
tationally generated 1:1 models of chemokine:receptor complexes
(68, 69). One possible explanation for the inconsistency is that the
NMR structure contains a dimer of CXCL12 in complex with two
copies of the N-terminal CXCR4 peptide, rather than a monomer
of CXCL12 complexed to a single receptor peptide. In fact, the
CXCL12 dimer is known to be a partial agonist of CXCR4, and
the NMR complex may be more representative of this alternative
signaling complex (39). Alternatively, in the context of the full-
length receptor, there may be some sort of rearrangement after
docking of the CXCL12 globular domain to the CXCR4 N ter-
minus, and engagement of the CXCL12 N terminus within the
CXCR4 transmembrane binding pocket for activation.

The 1:1 stoichiometry and complex geometry suggested by our
study answers a fundamental question regarding CXCR4:CXCL12,
and likely most receptor:chemokine complexes. The results add to
the accumulating data regarding the role of receptor monomers
and not dimers in interactions with the various components of
signaling complexes. Studies of rthodopsin (70), B,-adrenergic (71),
neurotensin (72), and p-opiod (73) receptors demonstrate that
monomeric GPCRs are fully capable of activating G proteins.
Monomeric rhodopsin can be phosphorylated by rhodopsin kinases
and binds to visual arrestin in native disk membranes (74); and the
structures of the p,-adrenergic receptor in complex with a hetero-
trimeric G protein (75) and f-arrestin; (76) also suggest a 1:1 in-
teraction. Along with the present work, these studies support
receptor monomers as fully competent signaling units.

On the other hand, our results do not dismiss previously ob-
served dimer-mediated phenomena, such as the conformational
changes within CXCR4 homodimers upon CXCL12 stimulation
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Fig. 5. Diluting WT-WT dimers by increasing transfection of loss-of-function mutants does not lead to a decrease in signaling. (A-D) Peak fluorescence values
from Ca* mobilization experiments in which CXCR4 HEK293 tetracycline-inducible cells transfected with the indicated amounts of CRS1 and CRS2 mutants
were stimulated with the indicated CXCL12 concentrations. Data for four representative mutants are shown along with averages and SDs of replicates in two
to four independent experiments. (E-H) WT and mutant receptor expression levels were monitored by flow cytometry; in all cases, the WT expression was
constant and the transfected mutant expression exceeded it two- to sixfold. WT and mutant receptors N-terminally tagged with Flag and HA tags, re-
spectively, were codetected on the cell surface with APC-conjugated anti-Flag antibody and PE-conjugated anti-HA antibody. To normalize geometric mean
fluorescence intensity between the two antibodies, a series of samples coexpressing Flag-tagged and HA-tagged WT receptor was costained with these
antibodies and also (independently) with anti-CXCR4 antibody (data now shown). (I-L) Coexpression of the two constructs was monitored by flow cytometry.

(23), and ligand binding transinhibition within CXCR4 hetero-
dimers with CCR2 and CCRS (28, 62). Our data suggest that
these phenomena must have other explanations than simulta-
neous binding of the chemokine to two protomers in the dimer.
For example, they may originate from a conformational change
that occurs upon 1:1 receptor:chemokine binding that is trans-
mitted across the receptor dimer.

Similarly, our evidence adds to the interpretation of emerging
data on regulation of CXCR4:CXCL12 signaling by the atypical
chemokine receptor ACKR3 (CXCR7). CXCR4 and CXCR7
not only share CXCL12 as a chemokine ligand, but also het-
erodimerize in live cells. Such heterodimerization has been
reported to negatively regulate CXCL12-mediated G protein
signaling (77); for example, dilution of CXCR4:CXCR4 homo-
dimers with CXCR4:CXCR?7 heterodimers reduces G protein-
mediated cellular responses to CXCL12 (30). Alteration of
functional responses of one receptor by selective ligands of an-
other has been reported as well (78-81). Our results suggest that
these cross-talk phenomena occur because of propagation of
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conformational changes across the heterodimer interface and
not because of in trans binding of CXCL12 to both receptors in
the dimer. It is also possible that a heterodimer presents a new
intracellular interface that supports altered signaling responses.

Finally, our data do not exclude the possibility that receptor
oligomerization contributes to other processes, such as regula-
tion of pharmacology and trafficking of homo- versus hetero-
oligomers (82, 83). It may also contribute to the coordination
and efficiency of sequential steps in the GPCR lifecycle.

Materials and Methods

Molecular Modeling. Initial 1:1 and 2:1 receptor:chemokine models were
generated by chemical field-guided molecular docking (48) of CXCL12 into
the binding pocket of the CXCR4 monomer (for 1:1 model) or dimer (for 2:1
model) using the CXCR4 structures PDB ID codes 30EO and 30DU (7). For the
2:1 models, CXCR4 dimers were derived from both chains in PDB ID code
30DU or from chain A and its similarly oriented crystallographic neighbor in
PDB ID code 30EO0. Chemical fields were generated from the structures of
the cocrystallized ligands (IT1t and CVX15) as described in refs. 48 and 84
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Fig. 6. Cysteine trapping experiment with CXCR4 and CXCL12 coexpressed in insect Sf9 cells. (A-C) Nonreducing Western blot analysis of extracts from Sf9
cells coexpressing single Cys mutants of Flag-tagged CXCR4 with single Cys mutants of HA-tagged CXCL12 or its antagonist version, CXCL12(P2G) (15).
Molecular weight shift and positive HA-tag staining in the purified material (green circles) indicates spontaneously formed disulfide bond and suggests spatial
proximity of the two cysteine residues in the complex, whereas the absence of a chemokine band (red circles) is indicative of spatially distant position of the
probed residues. Open circles indicate weak/inconclusive cross-linking. (A) Coexpression samples were probed with HRP-conjugated anti-FLAG and anti-HA
antibodies (Top and Bottom, respectively). Flag-CXCR4(K25C) efficiently cross-linked with CXCL12-HA(P2G-516C) as evidenced by the molecular weight shift
and by positive staining with both anti-FLAG and anti-HA antibodies; other probed mutant pairs did not cross-link. (B and C) LI-COR IRDye conjugated
secondary antibodies were used to differentially identify Flag-CXCR4 and CXCL12-HA on a single blot. (B) Specificity of the cross-linking reaction in the vicinity
of CXCR4 K25 and CXCL12 S16. Flag-CXCR4(K25C) forms strong complexes with CXCL12-HA(S16C) and (E15C), a much weaker complex with CXCL12-HA(H17C)
and no complex with CXCL12-HA(V18C). (C) Validation of residue proximities observed in the second-generation 1:1 model of the CXCR4:CXCL12 complex.
Flag-CXCR4(F29C) forms a medium strength complex with CXCL12-HA(F13C); Flag-CXCR4(E31C) and (E32C) both form weak complexes with CXCL12-HA(R8C)
and (F13Q), but not at all with CXCL12-HA(Q59(Q). (D) C;s-C; distances observed between the probed CXCR4:CXCL12 residue pairs in the NMR structure (39) and
second-generation 1:1 complex models. Averages and SDs were calculated using the 20 structures of the NMR ensemble (PDB ID code 2K05) or two top-
scoring model conformations. (E and F) Positive and negative cross-links mapped onto 3D structures of CXCR4:CXCL12 complex in the context of the NMR

structure (39) (E) or a second-generation 1:1 complex model in Fig. 1D (F). Chemokine orientation is identical between E and F.

and attenuated for ligand atoms that are not in direct contact with the
receptor. The ensemble of initial conformations of CXCL12 was generated
from all available X-ray and NMR structures in the PDB; in cases where
N-terminal residues of CXCL12 were missing from electron density, they
were constructed ab initio. The receptor pocket was represented with po-
tential grid maps as described in ref. 50, with the N-terminal residues K25—
R30 and the side chains of residues E179-D182, 1185, D187, F189, and D193
excluded from the calculations because of the uncertainty of their positions.
A full-atom peptide representing CXCR4 residues K25-R30 was generated ab
initio. For generation of models compatible with the NMR structure of the
CXCL12 complex with the CXCR4 N terminus (39), this peptide was restrained
to the Cy atoms of proximal CXCL12 residues in the structure (F14-516, I151-
K56, and 158-E60) using soft harmonic restraints with target distances specified
as observed in the structure. For second-generation NMR-independent models,
a restraint was introduced in the form of the experimentally validated disul-
fide bond between CXCR4 K25C and CXCL12 S16C. The C-terminal part of the
peptide was restrained to the positions of CXCR4 residues C28-R30 in the
crystal structure, which are in turn tethered by a disulfide bond from C28 to
C274 in the extracellular loop 3. Multiple orientations of CXCL12 were gen-
erated from each starting conformation by systematically flipping it along its
principal axes. The system was then extensively sampled with a Biased Prob-
ability Monte Carlo search as implemented in the Internal Coordinate Me-
chanics software (49). During sampling, the backbone of chemokine residues
P10-N67 was kept fixed except for switching between the multiple preselected
conformations described above, and the side chains of these residues were
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sampled explicitly. Both backbone and side chains of the CXCR4 N-terminal
peptide (residues K25-R30) and the chemokine N terminus (residues K1-C9)
were sampled explicitly.

Ca>* Mobilization Assay in CHO-Gays and HEK293 CXCR4 Tet-On Cells for
Functional Complementation and Dimer Dilution Experiments, Respectively.
Calcium mobilization assays were carried out using the FLIPR Calcium 4 As-
say Kit (Molecular Devices). Cells were cultured and transfected with relevant
CXCR4 WT and mutant constructs as described in S/ Text. For functional
complementation experiments, CHO-Ga;s cells were lifted from dishes 6-8 h
after transfection using sterile PBS containing 5 mM EDTA, plated at a den-
sity of 9 x 10 cellsiwell in poly-p-lysine-coated 96-well black/clear-bottom
plates (Becton Dickinson Labware), cultured for another 16-20 h, and then
tested using an adherent cell assay format. For dimer dilution experiments in
HEK293 cells, cell culture media was replaced with fresh DMEM containing
10% (vol/vol) FBS 6-8 h after transfection, cells were cultured for another
16-20 h, and then tested in a detached cell assay format.

For adherent CHO-Gas cell assay, cell culture media in the 96-well plates
was replaced with 112.5 pL per well of Ca®>* mobilization assay buffer con-
sisting of 1x HBSS (Gibco), 20 mM Hepes, 0.1% BSA, and 4 mM probenecid.
For detached HEK293 cell assay, cells were lifted from the culture dishes
using PBS containing 5 mM EDTA, washed, resuspended in Ca®>* mobilization
assay buffer consisting of 1x HBSS, 20 mM Hepes, and 0.1% BSA, and ali-
quoted into poly-p-lysine—coated 96-well black/clear-bottom plates at a
density of 1.5 x 10° cells per well in 112.5 uL buffer. For both assay formats,
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112.5 pL of the calcium indicator was added to the plate and mixed by gentle
pipetting; detached cells were evenly settled at the bottom of the wells by
centrifuging the plates at 250xg for 3 min. Following 75-min incubation of
the plates at 37 °C with 5% CO,, ligand stimulation and response recordings
were carried out using a FlexStation 3 plate reader (Molecular Devices). For
functional complementation experiments, dose-response curves were gen-
erated with CXCL12 concentrations extending beyond the point of signal
saturation. For dimer dilution experiments, CXCL12 concentrations of 0 nM,
20 nM, and 100 nM were tested. Triplicate measurements were made for
each concentration, and each experiment was performed at least twice on
different days. All responses were expressed as percent maximal response
elicited by WT in the same experiment. The reported values are averages
with SD of all replicates from all experiments for each concentration of
CXCL12. Data were analyzed in Prism 6 (GraphPad Software) using a sig-
moidal dose-response curve with variable slope as a model.

BRET and Co-Immunoprecipitation Experiments to Assess CXCR4 Mutant
Dimerization Propensity. BRET experiments were conducted with CXCR4-
Renilla luciferase (CXCR4-Rluc) and CXCR4-YFP constructs possessing the
same mutations as those used in the functional complementation and dimer
dilution experiments. The BRET assay as applied to chemokine receptor di-
merization was described previously (23, 59). Briefly, HEK293T cells were
transfected with constant amounts of CXCR4-Rluc constructs and increasing
amounts of CXCR4-YFP constructs, keeping the total amount of DNA
transfected into each sample constant by empty vector complementation.
After 48 h, cells were lifted from the culture plates with PBS containing 0.1%
p-glucose, cell concentrations were normalized, and 10° cells were plated
into each well of a 96-well white clear-bottom tissue-culture assay plate (BD
Falcon). Fluorescence readings (excitation: 485 nm, emission: 538 nm) were
recorded using a SpectraMax M5 fluorescent plate reader (Molecular Devices).
Coelenterazine was then added to a final concentration of 5-uM, white
backing tape (Perkin-Elmer) applied to the bottom of the assay plate, and
both unfiltered and filtered luminescence (emission: 460 nm, 535 nm)
readings were recorded with a VICTOR X Light 2030 luminometer (Perkin-
Elmer). BRET ratios were calculated by dividing the luminescence signal at
535 nm by the signal at 460 nm. BRET, . values were calculated by sub-
tracting the BRET ratio of Rluc-only transfected cells from all BRET ratios.
BRET,et data were graphed as a function of increasing fluorescence/
luminescence ratio. Resultant BRET YFP titration data were fit to a one
site binding (hyperbolic) model in Prism (GraphPad Software).

For coimmunoprecipitation experiments, Flag-CXCR4-Tet-On and HEK293T
cells were plated in a six-well plate and transiently transfected the next day
with increasing amounts of HA-tagged WT and mutant CXCR4. Transfection
media was replaced 6 h later with fresh culture media. Next, 16-18 h later, the
culture media was removed, cells were rinsed with PBS, and lysed directly on
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the plate using 400 pL of cold lysis buffer [20 mM Tris-HCI, pH 7.5, 200 mM
NacCl, 10% (vol/vol) glycerol, 1% DDM, 1x Protease Inhibitor mixture
(Sigma)]. Lysates were transferred to 1.5-mL tubes, incubated with rocking
at 4 °Cfor 1 h, and cleared by centrifugation for 20 min at 20,000 x g at 4 °C.
Cleared lysates were incubated with anti-Flag affinity resin (Sigma) at 4 °C
for 2 h with rocking, after which resin was washed four times with fresh lysis
buffer, bound proteins were eluted with 150 ng/uL of 3x Flag peptide
(Sigma), and analyzed by Western blot using high-affinity HRP-conjugated
rat anti-HA antibody (3F10; Roche).

Analysis of Disulfide-Trapped Complexes Between Cysteine Mutants of Flag-
CXCR4 and CXCL12-HA. For the cysteine-trapping experiments, Flag-CXCR4
and CXCL12-HA cysteine mutant proteins were coexpressed in Sf9 insect cells
and purified as described in S/ Text. Purified protein samples were analyzed
by nonreducing 10% SDS/PAGE gel where molecular weight shift and the
relative band intensity were used as indicators of presence and relative
abundance, respectively, of the irreversibly trapped complex. Western
blotting was used to confirm the nature of Flag-CXCR4 and CXCL12-HA
bands. For that process, ~5 pL of purified sample was run on a 10% SDS/
PAGE and transferred to a nitrocelluolose membrane. The membrane was
blocked in TBS-T with 5% (wt/vol) milk for 1 h at room temperature. Primary
staining was performed using 5 pL of mouse anti-Flag M2 primary antibody
(Sigma) and 5 pL rat anti-HA 3F10 primary antibody (Roche) for the receptor
and chemokine, respectively, in 10 mL of fresh TBS-T with 5% (wt/vol) milk
for 1 h at room temperature. Secondary staining was done with 1 pL of
IRDye 680 conjugated donkey anti-mouse 1gG and IRDye 800 conjugated
goat anti-rat IgG (LI-COR Biosciences) in 10 mL of TBS-T with 5% (wt/vol) BSA
for 1 h at room temperature. Following incubation, the membrane was
washed three times with 10 mL of fresh TBS-T for 10 min, transferred
into 1x sterile PBS, and imaged using the Odyssey IR imaging system (LI-
COR Bioscience).
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