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Biased agonism at G protein-coupled receptors constitutes a
promising area of research for the identification of new thera-
peutic molecules. In this study we identified two novel biased
ligands for the chemokine receptors CCR2 and CCR5 and char-
acterized their functional properties. We showed that J113863
and its enantiomer UCB35625, initially identified as high affin-
ity antagonists for CCR1 and CCR3, also bind with low affinity
to the closely related receptors CCR2 and CCR5. Binding of
J113863 and UCB35625 to CCR2 or CCR5 resulted in the full or
partial activation of the three Gi proteins and the two Go iso-
forms. Unlike chemokines, the compounds did not activate G12.
Binding of J113863 to CCR2 or CCR5 also induced the recruit-
ment of �-arrestin 2, whereas UCB35625 did not. UCB35625
induced the chemotaxis of L1.2 cells expressing CCR2 or CCR5.
In contrast, J113863 induced the migration of L1.2-CCR2 cells
but antagonized the chemokine-induced migration of L1.2-
CCR5 cells. We also showed that replacing the phenylalanine
3.33 in CCR5 TM3 by the corresponding histidine of CCR2 con-
verts J113863 from an antagonist for cell migration and a partial
agonist in other assays to a full agonist in all assays. Further
analyses indicated that F3.33H substitution strongly increased
the activation of G proteins and �-arrestin 2 by J113863. These
results highlight the biased nature of the J113863 and
UCB35625 that act either as antagonist, partial agonist, or full
agonist according to the receptor, the enantiomer, and the sig-
naling pathway investigated.

G protein-coupled receptors (GPCRs)3 are one the largest
classes of cell surface receptors in the human genome, and they
collectively constitute the targets of �30 – 40% of currently
marketed drugs. Over the past years, a new paradigm has
emerged in the field, assuming that GPCRs can activate differ-
entially selective signaling pathways according to the specific

conformation stabilized by the bound ligand (1, 2). Differences
in ligand responses may occur through differential activation of
heterotrimeric G proteins or differential recruitment of scaf-
folding proteins, like arrestins or PDZ-proteins, interacting
with a number of signaling proteins. The recruitment of cyto-
solic proteins can also modify receptor trafficking and com-
partmentalization that in turn may impact on the nature of
cellular signaling (3). This concept of biased or selective signal-
ing has gained a lot of attention due to its potential in drug
development, and it is anticipated that biased drugs able to
selectively target a specific signaling pathway without affecting
others would benefit from an improved efficacy and/or a lack of
side effects (4). Some biased molecules are presently in clinical
development, including the angiotensin receptor 1 (ATR1)
ligand TRV027 for the treatment of acute heart failure and the
MOR opioid receptor ligand TRV130 for acute pain relief
(5– 8). We and others have previously shown that chemokine
receptors constitute a good model system for the study of
biased agonism (9 –11). Chemokines are key regulators of leu-
kocyte migration and function, and they play important roles
both in the physiology of immune responses and pathological
dysregulations of these responses. The system includes about
40 chemokines, which engage a panel of �20 different chemo-
kine receptors. There is an apparent redundancy in the system
as many chemokines bind multiple receptors and more than
one receptor can interact with each chemokine (12). However,
some studies reported different signaling or trafficking
responses of a receptor to individual chemokines, suggesting
that redundancy may not be as widespread as previously
thought. Binding of CCL22 to CCR4 activates arrestin recruit-
ment and receptor down-regulation, whereas binding of
CCL17 does not promote arrestin recruitment and induces a
weaker down-regulation (13, 14). CCL17 also induces calci-
tonin-gene related peptide expression much more efficiently
than CCL22 (15). In a more recent study, Karin and co-workers
(16) showed that CXCL9/10 binding to CXCR3 biased T cell
polarization into Th1/Th17 effector cells, whereas CXCL11
binding drives T cell polarization into IL-10 producing Treg,
and they linked this behavior to differences in STATs activa-
tion. In contrast, for other receptors such as CCR2 or CCR5, the
apparent selectivity of chemokines for one particular pathway
appears relatively subtle (9, 10). Nevertheless, CCR5 response
may be biased toward the activation of one particular pathway
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with N-terminally modified forms of chemokines. Binding of
AOP-RANTES triggers receptor internalization but not mono-
cyte chemotaxis (17, 18). Similarly, 5P14-RANTES promotes
efficient CCR5 internalization but no apparent G protein-me-
diated signaling (19). The CCR5 response may also be biased
with synthetic small molecules. For instance, YM-370749 and
ESN-196 promote strong calcium mobilization and receptor
internalization but not cell migration (20, 21). However, the
signaling pathways activated by synthetic small molecules at
chemokine receptors remains often unknown. Here, we identi-
fied the small molecule enantiomers J113863 and UCB35625 as

biased agonists for the chemokine receptors CCR2 and CCR5.
These molecules were originally identified as high affinity
bispecific antagonists for the closely related receptors CCR1
and CCR3 (22–25). Our data revealed that these enantiomers
also bind to CCR2 and CCR5 with low affinity and display the
properties of biased ligands, acting as full agonists, partial ago-
nists, or antagonists according to the molecule, receptor, and
functional assay considered. We also showed that amino acid
3.33 in CCR5 TM3 is key for the activation of the receptor by
these molecules.

Results

J113863 and UCB35625 Bind to and Activate CCR2 and
CCR5—The synthetic enantiomers J113863 and UCB35625
were originally identified as CCR1- and CCR3-bispecific high
affinity antagonists (Fig. 1A). Here, we tested whether they also
interact with the closely related receptors CCR2 and CCR5 by
performing binding competition assays and showed that
J113863 and UCB35625 fully competed for the binding of 125I-
CCL2 and 125I-CCL4 with IC50 values in the micromolar range
(Fig. 1, B and C, Table 1). We next investigated the functional
properties of the enantiomers and showed that J113863
induced the migration of L1.2 cells expressing CCR2 with a
characteristic bell-shaped curve (Fig. 1D). In contrast, J113863
did not induce the migration of L1.2 cells expressing CCR5 at
any concentration tested (Fig. 1E). Yet, J113863 fully antago-
nized cell chemotaxis triggered by CCL4, confirming its effec-
tive binding to CCR5 (Fig. 1E). By comparison, the enantiomer
UCB35625 promoted at high concentrations the migration
L1.2 cells whether they express CCR2 or CCR5 (Fig. 1, D and E).
These results on CCR2 and CCR5 contrast with previous data
obtained for CCR1 and CCR3, showing that both J113863 and
UCB35625 antagonized the chemotaxis of cells expressing
these receptors (22–25). Thus, we further examined the func-
tional properties of UCB35625 and J113863 in a calcium mobi-
lization assay. None of the molecules activated CCR1 and CCR3
(Fig. 2, A and B), but both molecules fully inhibited the activa-
tion of CCR1 and CCR3 triggered by chemokines, confirming
their antagonist properties on these two receptors (Fig. 2, C and
D). In striking contrast, J113863 activated both CCR2 and
CCR5, although the maximal response for CCR5 was partial
and reached only 20% of the maximal response triggered by
CCL4 (Fig. 2, E and F). UCB35625 also behaved as a weak ago-
nist of CCR2 and CCR5, not reaching full activation at 100 �M.
Altogether, these data suggested that J113863 and UCB35625
might display the behavior of “biased ligands” acting as antag-
onists or (partial) agonists according to the tested receptor and

FIGURE 1. J113863 and UCB35625 activate CCR2 and CCR5. A, structure of
the small molecule enantiomers J113863 and UCB35625. B and C, competi-
tion binding assays performed on cells expressing CCR2 or CCR5 incubated,
respectively, with 0.1 nM

125I-CCL2 or 125I-CCL4 as tracers and increasing con-
centrations of unlabeled CCL2 (Œ), CCL4 (f), UCB35625 (F), or J113863 (E) as
competitors. The data were normalized for nonspecific binding (0%) in the
presence of 300 nM concentrations of unlabeled chemokine and specific
binding in the absence of competitor (100%). D and E, chemotactic response
of L1.2 cells stably expressing CCR2 or CCR5 in the presence of increasing
concentrations of CCL2 (Œ), CCL4 (f), UCB35625 (F), or J113863 (E). L1.2 cells
expressing CCR5 were also co-stimulated with 50 �M J113863 and increasing
concentrations of CCL4 (�). The data represent the mean values � S.E. of
three independent experiments.

TABLE 1
Binding and signaling parameters of J113863 and UCB35625
Binding and functional parameters were measured on cells expressing CCR2 or CCR5. The pIC50 and pEC50 and Emax values were obtained from experiments as displayed
in Figs. 1 and 2. Values represent the mean � S.E. of at least three independent experiments. NT, not tested; ND, not determined.

Ligands

CCR2 CCR5
125I-CCL2 Ca2� 125I-CCL4 Ca2�

pIC50 pEC50 Emax pIC50 pEC50 Emax

CCL2 9.7 � 0.1 9.4 � 0.1 99 � 5 NT NT NT
CCL4 NT NT NT 9,4 � 0,1 8.2 � 0.1 67 � 5
J113863 5.5 � 0.1 6.4 � 0.1 101 � 4 5,9 � 0.1 5.8 � 0.1 16 � 1
UCB35625 5.4 � 0.1 ND ND 5,6 � 1,3 ND ND
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the functional assay. These results prompted us to further
investigate whether J113863 and UCB35625 activate the same
signaling pathways as chemokines, through CCR2 and CCR5.

Activation of G Proteins by J113863 and UCB35625—We first
investigated whether J113863 and UCB35625 activate the same
G proteins as chemokines by using G protein BRET biosensors,
directly monitoring the activation of G protein subtypes. CCR2
and CCR5 were transiently expressed in HEK293T cells with 10
different biosensors belonging to the 4 major classes of G pro-
teins (G�s, G�i/o, G�q/11, and G�12/13) and stimulated either
with chemokines or the chemical enantiomers. In agreement
with our previous study, stimulation of CCR2 by CCL2 at 100
nM activated all the G�i and G�o isoforms as well as G�12,
whereas stimulation of cells expressing the biosensors without
CCR2 generated much weaker signals (Fig. 3) (9). Similarly,
stimulation of CCR2 by the inverse agonist TAK-779, used as

the negative control, generated very weak signals. Stimulation
of CCR2 by J113863 at 100 �M activated all G�i and G�o iso-
forms but not G�12, indicating that J113863 activates a distinct
G protein subset as compared with chemokines (Fig. 3). Stim-
ulation of CCR2 by UCB35625 at 100 �M activated much fewer
G proteins, G�i1, G�i3, and G�oa being the only sensors for
which activation reached statistical significance (Fig. 3). By
comparison, stimulation of CCR5 by J113863 and UCB35625 at
100 �M activated all G�i and G�o isoforms with no major dif-
ferences between the two enantiomers (Fig. 4). No significant
BRET signal was detected for the G�q, G�11, G�s, or G�13 sen-
sors upon stimulation of CCR2 and CCR5 by J113863 or
UCB35625 (data not shown). Dose response curves performed
with G�i2 and G�oa biosensors revealed that activation by
J113863 and UCB35625 occurred with potencies in line with
their binding affinity (Fig. 5, Table 2). Nevertheless, stimulation
of CCR2 by UCB35625 activated G�i2 with a low efficacy com-
pared with J113863, whereas both enantiomers activated G�oa
with similar efficacies. In contrast, stimulation of CCR5 by
J113863 and UCB35625 activated G�i2 and G�oa proteins with
similar potencies, although with an efficacy lower than CCL4
(Fig. 5, Table 2).

Activation of �-Arrestin 2 by J113863 and UCB35625—It is
well known that ligand binding can trigger the activation of G
protein-independent but �-arrestin-dependent signaling path-
ways. We investigated the ability of J113863 and UCB35625 to
recruit �-arrestin 2 by using a BRET proximity assay, which
measures the energy transfer between �-arrestin-2-Rluc and a
receptor fused to the yellow fluorescent protein Venus (9).
J113863 induced the recruitment of �-arrestin 2 to CCR2 with
the same kinetics than CCL2 used as control (Fig. 6). Dose-
response curves also indicated that the potency of J113863 in
this assay is similar to that observed for G protein activation. In
contrast, J113863 induced a weak recruitment of �-arrestin 2 to
CCR5 as compared with CCL4, and UCB35625 did not pro-
mote the recruitment of �-arrestin 2 to CCR2 or CCR5 at any
concentration tested (Fig. 6). Collectively, these results show
that J113863 and UCB35625, although binding with the same
affinity, stabilize different receptor conformations and that
CCR2 and CCR5 display a differential selectivity for the enan-
tiomers. The two molecules also possess their own signaling
signature compared with chemokines.

Quantification of Ligand Bias at CCR2 and CCR5—We per-
formed a quantitative analysis of bias by using the operational
model to derive transduction ratios (Table 3 and 4) and the
resulting bias factors Table 5 and 6) (26). Bias factors were
determined with the exception of the cases where signaling
parameters could not be determined. Not surprisingly,
UCB35625 and J113863 showed a reduced efficacy relative to
the reference chemokine (Tables 3 and 5). Comparison of bias
factors between the different pathways also indicated that
J113863 showed at CCR5 a significant bias for G�i2 relative to
G�oa and calcium mobilization (Table 5). In contrast, J113863
displayed no bias at CCR2 for the pathways tested (Table 6).

Role of Aromatic Residues within the TM2-TM3 Interface in
Receptor Activation—The ability of J113863 to induce cells che-
motaxis varies greatly whether it binds to CCR2 or CCR5.
Because CCR2 and CCR5 share �90% of sequence identity

FIGURE 2. A and B, UCB35625 and J113863 do not activate CCR1 and CCR3 as
measured by calcium mobilization. Cells stably expressing apoaequorin and
CCR1 (A) or CCR3 (B) were stimulated with CCL3 (�) CCL11 (�), UCB35625 (F),
or J113863 (E), and luminescence was recorded for 30 s. The results were
normalized for basal luminescence in the absence of agonist (0%), and max-
imal response was obtained with 50 �M ATP (100%). C and D, UCB35625 and
J113863 inhibited the activation of CCR1 and CCR3 triggered by chemokines.
Cells stably expressing apoaequorin and CCR1 (C) or CCR3 (D) were incubated
for 15 min with increasing concentrations of UCB35625 (F) or J113863 (E)
before stimulation with 2 nM CCL3 or CCL11, and the luminescence was
recorded for 30 s. The results were normalized for basal luminescence in the
absence of agonist (0%), and maximal response was obtained with 2 nM

chemokine only (100%). E and F, UCB35625 and J113863 activate CCR2 and
CCR5 as measured by calcium mobilization. Cells stably expressing apoae-
quorin and CCR2 (E) or CCR5 (F) were stimulated with CCL2 (f), CCL4 (Œ),
UCB35625 (F), or J113863 (E), and luminescence was recorded for 30 s. The
results were normalized for basal luminescence in the absence of agonist
(0%), and maximal response was obtained with 50 �M ATP (100%). All the data
represent the mean � S.E. of three independent experiments.
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within their transmembrane segments, we investigated which
amino acid variations might be responsible for the different
behavior. We tested CCR5 mutants in which aromatic residues
of TM2 and TM3 were substituted by the corresponding amino
acids of CCR2. Previously, we showed that these aromatic res-
idues at the TM2-TM3 interface played a key role in the activa-
tion of CCR5 by chemokines (27). Here, we showed that the
F2.39L, Y2.63S, F3.28L, and F3.36Y substitutions significantly
decreased the calcium mobilization triggered by CCL4, in
agreement with our previous study (Fig. 7A) (see “Numbering
Scheme of GPCRs” under “Discussion”). We also showed that
these mutations decreased the activation of CCR5 by J113863,
indicating that this aromatic cluster is also important for the
activation of CCR5 by this chemical compound (Fig. 7B). The
F2.39L and F3.28L substitutions also decreased the activity of

UCB35625, whereas Y2.63S and F3.28L had no effect, suggest-
ing that the interaction of the two enantiomers with the CCR5
binding pocket is different (Fig. 7C). However, the impact of
these mutations on UCB35625 signaling should be interpreted
with caution, as the signal did not saturate at 100 �M. In
contrast, we showed that the F3.33H substitution strongly
increased the activation of CCR5, converting J113863 from a
partial agonist to a full agonist. By comparison, the F3.33H
mutation did not impact significantly on the activation of CCR5
by CCL4 and inhibited the response triggered by UCB35625.
Competition binding assays showed that the F3.33H substitu-
tion did not significantly modify the affinity of UCB35625 and
J113863 for CCR5 (Fig. 8). We further investigated the func-
tional consequences of the F3.33H substitution and showed
that it also drastically increased the chemotaxis of L1.2 cells

FIGURE 3. Panel of G proteins activated by CCR2 upon stimulation by CCL2, J113863, or UCB35625. Real-time measurement of BRET signal in HEK293T
cells coexpressing CCR2 and G protein biosensors (black bars) or G protein biosensors only (open bars) and stimulated for 1 min with 100 nM CCL2, 1 �M TAK779,
100 �M UCB35625 (UCB), or 100 �M J113863 (J). Results are expressed as the difference in BRET signal measured in the presence and absence of stimulation.
Data represent the mean values � S.E. of six independent experiments. Statistical significance between cells expressing or not CCR2 (***, p � 0.001; **, p � 0.01)
and between ligands (###, p � 0.001) was assessed using Tukey’s test.

FIGURE 4. Panel of G proteins activated by CCR5 upon stimulation by CCL4, J113863, or UCB35625. Real-time measurement of BRET signal in HEK293T
cells coexpressing CCR5 and G protein biosensors (black bars) or G protein biosensors only (open bars) and stimulated for 1 min with 100 nM of CCL4, 1 �M

TAK779, 100 �M UCB35625 (UCB), or 100 �M J113863 (J). Results are expressed as the difference in BRET signal measured in the presence and absence of
stimulation. Data represent the mean values � S.E. of six independent experiments. Statistical significance between cells expressing or not CCR2 (***, p � 0.001;
**, p � 0.01; *, p � 0.1) and between ligands (##, p � 0.01; #, p � 0.1) was assessed using Tukey’s test.
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toward J113863, converting the molecule from an antagonist to
a potent agonist (Fig. 9A). By comparison, the F3.33H substitu-
tion inhibited the migration of cells triggered by UCB35625
(Fig. 9B). Then, we investigated the impact of the F3.33H muta-
tion on the activation of G proteins and �-arrestin 2. F3.33H
strongly increased the activation of G�i2 and �-arrestin 2 (Fig.
9, C and E) but had no significant impact on the activation of
G�i2 and �-arrestin 2 in response to UCB35625 (Fig. 9, D and
F). Taken together, these results indicate that the nature of the
residue at position 3.33 in CCR5 is key for the agonist activity of
J113863 and the activation of G proteins and �-arrestins.

Discussion

J113863 and its enantiomer UCB35625 are acknowledged as
high affinity antagonists of CCR1 and CCR3. By using a combi-
nation of assays, we showed here that these enantiomers bind
also, although with much lower affinity, to the closely related
receptors CCR2 and CCR5. In contrast to CCR1 and CCR3, the
enantiomeric ligands were able to activate at least partially
CCR2 and CCR5, therefore acting as antagonists or agonists
according to the nature of the receptor. Binding of chemokines

to CCR2 and CCR5 activated the Gi/o proteins as well as G12,
whereas binding of J113863 and UCB35625 only activated Gi/o
proteins. Chemokines also induced the recruitment of �-arres-
tin 2 to CCR2 and CCR5, whereas UCB35625 did not, indicat-
ing that the signaling pathways activated by J113863 and
UCB35625 differ significantly from those activated by chemo-
kines. We also showed that the efficacy of J113863 as an ag-
onist varied considerably between CCR2 and CCR5. J113863
behaved as a full agonist of CCR2, activating calcium mobiliza-
tion, �-arrestin 2, and cell migration as efficiently as chemo-
kines, whereas it behaved as a very partial agonist of CCR5,
poorly activating calcium mobilization and �-arrestin 2 and not
at all cell chemotaxis. Comparison of the bias factors for each
ligand relative to a reference chemokine revealed that J113863
showed at CCR5 a significantly bias for Gi2 over Goa or calcium
mobilization. It is, however, more difficult to estimate the bias
for UCB35625 because of the lack of concentration-response
curves at the concentrations of ligand tested. J113863 and

FIGURE 5. Activation of Gi2 and Goa by CCR2 and CCR5 upon stimulation
by J113863 or UCB35625. Real-time measurement of BRET signal in
HEK293T cells coexpressing CCR2 (A and B) or CCR5 (C and D) and G protein
biosensors and stimulated with increasing concentration of CCL2 (Œ), CCL4
(f), UCB35625 (F), or J113863 (E). Results are expressed as the difference in
BRET signal measured in the presence and absence of stimulation. Data rep-
resent the mean � S.E. of three independent experiments.

FIGURE 6. Recruitment of �-arrestin 2 by CCR2 and CCR5 upon stimula-
tion by J113863 or UCB35625. Real-time measurement of BRET signal in
HEK293T cells expressing either �-arrestin2-RLuc8 and CCR2-Venus (A and B)
or �-arrestin2-RLuc8 and CCR5-Venus (C and D) and stimulated with CCL2 (Œ),
CCL4 (f), UCB35625 (F), or J113863 (E). For kinetics, BRET signals were mea-
sured after the addition of 100 nM of chemokine or 100 �M J113863 or
UCB35625. For dose-response curves, BRET was recorded 30 min after stimu-
lation with various concentrations of ligands. Results are expressed as net
BRET, corresponding to the difference in BRET signal between cells express-
ing arrestin plus receptor and cells expressing arrestin only. Data represent
the mean � S.E. of three independent experiments.

TABLE 2
Signaling parameters of J113863 and UCB35625
Functional parameters were measured on cells expressing CCR2 or CCR5. The pEC50 and Emax values were obtained from experiments as displayed in Figs. 5 and 6. Values
represent the mean � S.E. of at least three independent experiments. NT, not tested; ND, not determined.

Ligands

CCR2 CCR5
G�i2 G�oa �-Arr2 G�i2 G�oa �-Arr2

pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax

CCL2 8.45 � 0.13 0.17 � 0.01 8.61 � 0.22 0.05 � 0.01 8.50 � 0.06 0.14 � 0.06 NT NT NT NT NT NT
CCL4 NT NT NT NT NT NT 8.46 � 0.29 0.08 � 0.01 8.55 � 0.20 0.05 � 0.01 7.85 � 0.11 0.10 � 0.04
J113863 5.68 � 0.27 0.14 � 0.02 5.17 � 0.33 0.05 � 0.01 5.17 � 0.08 0.16 � 0.01 6.74 � 0.29 0.03 � 0.01 5.36 � 0.27 0.04 � 0.02 6.80 � 0.28 0.02 � 0.01
UCB35625 5.18 � 0.56 0.04 � 0.01 5.29 � 0.38 0.05 � 0.01 ND ND 5.87 � 0.22 0.05 � 0.01 5.87 � 0.22 0.04 � 0.02 ND ND
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UCB35625 activated distinct signaling pathways through CCR2
or CCR5. As said above, binding of J113863 to CCR2 activated
Gi2 protein and �-arrestin 2 more efficiently than UCB35625.
UCB35625 induced the migration of L1.2 cells expressing
CCR5, whereas J113863 antagonized the cell migration trig-
gered by chemokines. These results constitute, to our best
knowledge, the first description of chemokine receptor ligands
displaying enantioselective properties. Ligands with enantiose-
lective properties have been described for other GPCRs. The
�-opioid receptor ligand levometorphan acts as a narcotic anal-
gesic, whereas dextromethorphan shows no analgesic activity
but displays an antitussive action (28). The adrenergic blockers
R(�) and S(�) carvedilol are equally effective in blocking �-ad-
renergic activity, whereas the S(�) enantiomer of carvedilol is
100-fold more potent as an antagonist of �-adrenergic recep-
tors (29 –31). More recently, it was also reported that carvedilol
antagonizes the activation of Gs protein while stimulating �-ar-
restin signaling, but detailed properties of S(�) and R(�) enan-
tiomers were not investigated (32). Collectively, these studies

show that the racemic nature of compounds targeting GPCRs
may be of crucial importance in the frame of biased agonism.
This is of therapeutic importance as many drugs, including
molecules targeting GPCRs, are marketed as racemates consist-
ing of a mixture of enantiomers (33). The chiral separation of
racemic compounds targeting GPCRs might thus be used to
identify novel drugs with biased properties and improved ther-
apeutic benefits. Finally, we also showed here that changing a
single amino acid of CCR5 by the corresponding amino acid of
CCR2 (F3.33H) converts J113863 from an antagonist of cell
chemotaxis and a weak agonist in other assays to a full agonist
as efficient as chemokines, acting both through G proteins and
�-arrestins. In contrast, the F3.33H substitution impacts
weakly the activation of G proteins and �-arrestin by
UCB35625, suggesting that each enantiomer binds and acti-
vates CCR5 in a somehow different manner. However, it is
unlikely that the nature of the amino acid at position 3.33 would
drive activation in the whole CCR family, as CCR1 and CCR3
contain, respectively, a tyrosine and a histidine in position 3.33.

TABLE 3
Transduction ratios log(�/KA) of CCL4, UCB35625, and J113863 at CCR5
Data were analyzed by non-linear regression using the operational model equation to determine the transduction ratios (log(�/KA)). �log(�/KA) ratios were calculated from
log(�/KA) values considering CCL4 as the reference ligand. The RE of ligands toward each pathway, relative to CCL4, corresponds to the inverse logarithm of the �log(�/KA)
ratio. Data are the mean � S.E. of 3– 6 experiments. ND, not determined.

Ligand
Gi2 G

oa
Ca2� �-Arrestin 2

Log �Log RE Log �Log RE Log �Log RE Log �Log RE

CCL4 8.68 � 0.44 0.00 � 0.63 1 8.65 � 0.21 0.00 � 0.29 1 7.88 � 0.19 0.00 � 0.27 1 8.15 � 0.09 0.00 � 0.12 1
UCB35625 5.88 � 0.21 �2.81 � 0.49 0.0016a 5.05 � 0.18 �3.60 � 0.27 0.0002a ND ND ND ND ND ND
J113863 7.10 � 0.72 �1.58 � 0.84 0.0261 5.23 � 0.32 �3.42 � 0.42 0.0004a 4.43 � 0.44 �3.46 � 0.47 0.0003a ND ND ND

a p � 0.05.

TABLE 4
Transduction ratios (log(�/KA)) of CCL2, UCB35625, and J113863 at CCR2
Data were analyzed by non-linear regression using the operational model equation to determine the transduction ratios (log(�/KA)). �log(�/KA) ratios were calculated from
log(�/KA) values considering CCL2 as the reference ligand. The RE of ligands toward each pathway, relative to CCL2, corresponds to the inverse logarithm of the �log(�/KA)
ratio. Data are the mean � S.E. of 3– 6 experiments. ND, not determined.

Ligand
Gi2 G

oa
Ca2� �-Arrestin 2

Log �Log RE Log �Log RE Log �Log RE Log �Log RE

CCL2 8.24 � 0.22 0.00 � 0.31 1 8.40 � 0.29 0.00 � 0.41 1 9.41 � 0.08 0.00 � 0.11 1 8.41 � 0.09 0.00 � 0.13 1
UCB35625 ND ND ND 5.40 � 0.46 �3.13 � 0.54 0.0007a ND ND ND ND ND ND
J113863 3.42 � 0.30 �4.82 � 0.37 0.00002a 5.02 � 0.28 �3.38 � 0.40 0.0004a 6.44 � 0.07 �2.97 � 0.11 0.0011a 5.82 � 0.09 �3.59 � 0.13 0.003a

a p � 0.05.

TABLE 5
Bias factors for CCL4, UCB35625, and J113863 at CCR5
��log(�/KA) ratios between the pathways were calculated from the �log(�/KA) values (Table 3). The ligand bias factors (BF), relative to CCL4, correspond to the inverse
logarithm of the ��log(�/KA) ratios. Data are the mean � S.E. of 3– 6 experiments. ND, not determined.

Ligand
Gi2/Goa Gi2/Ca2� Gi2/arrest Goa/Ca2�

��Log BF ��Log BF ��Log BF ��Log BF

CCL2 0.00 � 0.69 1 0.00 � 0.40 1 0.00 � 0.29 1 0.00 � 0.40 1
UCB35625 0.80 � 0.56 6.2 ND ND ND ND ND ND
J113863 1.84 � 0.92 69.0

a
1.87 � 0.61 74.8a ND ND 0.03 � 0.61 1.1

a p � 0.05.

TABLE 6
Bias factors for CCL2, UCB35625, and J113863 at CCR2
��log(�/KA) ratios between the pathways were calculated from the �log(�/KA) values (Table 4). The ligand bias factors (BF), relative to CCL2, correspond to the inverse
logarithm of the ��log(�/KA) ratios. Data are the mean � S.E. of 3– 6 experiments. ND, not determined.

Ligand
Gi2/Goa Gi2/Ca2� Gi2/arrest Goa/Ca2� Goa/arrest Ca2�/arrest

��Log BF ��Log BF ��Log BF ��Log BF ��Log BF ��Log BF

CCL2 0.00 � 0.51 1 0.00 � 0.44 1 0.00 � 0.17 1 0.00 � 0.43 1 0.00 � 0.43 1 0.00 � 0.17 1
UCB35625 ND ND ND ND ND ND ND ND ND ND ND ND
J113863 �1.44 � 0.55 0.04 �1.85 � 0.42 0.01 �1.23 � 0.17 0.06 �0.41 � 0.42 0.39 0.21 � 0.42 1.62 0.00 � 0.17 1
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It appears more likely that each chemokine receptor possessed
its own set of key residues required for the activation by J113863
and UCB35626. In line with this hypothesis, mutation of tyro-
sine 3.32 to alanine in CCR1 leads to resistance to UCB35625
blockade, whereas the same mutation in CCR3 converts
UCB35625 from an antagonist to a partial agonist (24). Conver-
sion of an antagonist into an agonist has also been reported as a
consequence of mutations in TM6 and TM7 of CCR5. Muta-
tion of tryptophan 6.48 to phenylalanine in CCR5 leads to par-
tial resistance to SCH-C blockade, whereas it converts Aplavi-
roc from an antagonist to an agonist for the Gi pathway (34).
Similarly, mutation of glycine 7.42 to phenylalanine also con-
verts Aplaviroc from an antagonist to an agonist (34). Collec-
tively, these data illustrate that the functional properties of syn-
thetic small molecules targeting chemokine receptors are much
more complex than initially thought. They also show that the
border between agonist and antagonist activities for chemokine
receptors is very thin and that single amino acid polymor-
phisms may drastically change the properties of synthetic
molecules.

In summary, we show that J113863 and UCB35625 initially
identified as CCR1 and CCR3 antagonists also bind to CCR2
and CCR5 and act as full agonist, partial agonist, or antagonist
according to the nature of the receptor, the enantiomer consid-

ered, and the signaling pathway investigated. A large number of
synthetic molecules targeting GPCRs are currently in use or in
clinical trials. However, the classification of these drugs as
GPCR blockers or agonists often relies on the use of a restricted
number of functional assays, leaving unaddressed their protean
nature. Revisiting properties of some of these molecules could,
therefore, unveil unexpected biased signaling, with putative
influence on their use in vivo.

Experimental Procedures

Materials and Cell Lines—Chemokines and small molecules
J113863 and UCB35625 were purchased from BioTechne.
TAK779 was provided by the National Institutes of Health
AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID. Plasmids encoding G protein and arrestin con-
structs were kindly provided by C. Galés (INSERM, Equipe 8,
Toulouse, France). Human embryonic kidney cells HEK293T

FIGURE 7. Functional response of CCR5 mutants in which aromatic resi-
dues in TM2 and TM3 were substituted by the corresponding amino
acids of CCR2. Calcium mobilization measured in cells stably expressing
apoaequorin and wild type CCR5 (black bar) or mutant forms of CCR5 bearing
F2.39L, Y2.63S, F3.28L, F3.33H, or F3.36Y substitutions. Cells were stimulated
either with CCL4 (A), UCB35625 (B), or J113863 (C), and luminescence was
recorded for 30 s. The results were normalized for the basal luminescence
in absence of agonist (0%) and the maximal response obtained with 50 �M

APT (100%). Data represent the mean � S.E. of three independent exper-
iments. Statistical significance was assessed using Tukey’s test (***, p �
0.001; *, p � 0.1).

FIGURE 8. F3.33H substitution does not impact significantly the binding
of UCB35625 and J113863 to CCR5. Competition binding assays performed
on cells expressing wild type CCR5 (A) or CCR5F3.33H (B) incubated with 0.1
nM

125I-CCL4 as tracer and increasing concentrations of unlabeled CCL4 (f),
UCB35625 (F), or J113863 (E) as competitors. The data were normalized for
nonspecific binding (0%) in the presence of 300 nM of unlabeled chemokine
and specific binding in the absence of competitor (100%).

FIGURE 9. Impact of F3. 33H substitution on cell chemotaxis, G protein
activation, and arrestin recruitment. A and B, chemotactic response of L1.2
cells stably expressing CCR5 (F) or CCR5F3.33H (E) in the presence of increas-
ing concentrations of J113863 (A) or UCB35625 (B). The data represent the
mean values � S.E. of three independent experiments. C and D, real-time
measurement of BRET signal in HEK293T cells coexpressing the Gi2 biosensor
and CCR5 (F) or CCR5F3.33H (E) and stimulated with increasing concentra-
tions of J113863 (C) or UCB35625 (D). Results are expressed as the difference
in BRET signal measured in the presence and absence of stimulation. Data
represent the mean � S.E. of three independent experiments. E and F, real-
time measurement of BRET signal in HEK293T cells expressing �-arrestin2-
RLuc8 and CCR5-Venus (F) or �-arrestin2-RLuc8 and CCR5F3.33H-Venus (E)
and stimulated with J113863 (E) or UCB35625 (F). Results are expressed as net
BRET, corresponding to the difference in BRET signal between cells express-
ing arrestin plus the receptor and cells expressing arrestin only. Data repre-
sent the mean � S.E. of three independent experiments.
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were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Gibco), 100 units/ml pen-
icillin, and 100 �g/ml streptomycin (Invitrogen). CHO-K1 cells
were cultured in Ham’s F-12 medium supplemented with 10%
fetal bovine serum (GIBCO), 100 units/ml penicillin and 100
�g/ml streptomycin (Invitrogen). CHO-K1 cells stably express-
ing apoaequorin, G�16 and receptors were cultured in presence
of 10 �g/ml Zeocin and G418 (Invitrogen). L1.2 cells were cul-
tured in RPMI medium supplemented with 10% fetal bovine
serum (Gibco), 100 units/ml penicillin, and 100 �g/ml strepto-
mycin (Invitrogen). L1.2 cells stably expressing receptors were
cultured in the presence of 10 �g/ml G418 (Invitrogen).

Numbering Scheme of GPCRs—In this work we used a general
numbering scheme identifying residues located at the same
position in the transmembrane segments of different receptors
(35). Each residue is numbered according to the helix (1–7) in
which it is located and to the position relative to the most con-
served residue in that helix, arbitrarily assigned to 50. For
instance, Phe-3.33 is the phenylalanine in transmembrane helix
3 (TM3) 17 residues before the highly conserved arginine
Arg-3.50.

Binding Assays—Binding experiments were performed as
previously described (36). CHO-K1 cells were incubated for 45
min at 25 °C in the assay buffer (50 mM HEPES, pH 7.4, 1 mM

CaCl2, 5 mM MgCl2, 250 mM sucrose, 0.5% BSA, 0.01% NaN3)
with 0.1 nM 125I-CCL2 or -CCL4 as tracers and variable concen-
trations of unlabeled competitors. Tubes were incubated for 45
min at 25 °C, and bound tracer was separated by filtration
through GF/B filters presoaked in 1% polyethyleneimine. Fil-
ters were counted in a �-scintillation counter. Binding param-
eters were determined with the PRISM software (Graphpad
Software) using nonlinear regression applied to a single site
model.

G Protein BRET Assay—G protein activation was assayed by
BRET as previously described (9). Briefly, plasmids encoding G
protein biosensors and receptors of interest were cotransfected
into HEK293T cells by using the calcium phosphate method.
Forty-eight hours after transfection cells were washed twice
with PBS, detached, and resuspended in PBS plus 0.1% (w/v)
glucose at room temperature. Cells were then distributed (80
�g of proteins per well) in a 96-well microplate (Optiplate,
PerkinElmer Life Sciences). BRET2 between RLuc8 and GFP10
was measured 1 min after the addition of coelenterazine 400a/
Deep blue C (5 �M, Gentaur). BRET readings were collected
using an Infinite F200 reader (Tecan). The BRET signal was
calculated as the ratio of emission of GFP10 (510 –540 nm) to
RLuc8 (370 – 450 nm).

�-Arrestin BRET Assay—�-Arrestin recruitment was mea-
sured by a BRET proximity assay as previously described (9).
Plasmids encoding Rluc-�-arrestin 2 and receptors fused to
Venus were cotransfected into HEK293T cells by using the cal-
cium phosphate method. Twenty-four hours post-transfection,
cells were collected and seeded in 96-well microplates (165306,
Nunc) and cultured for an additional 24 h. Cells were then
rinsed once with PBS and incubated in PBS plus 0.1% (w/v)
glucose at 25 °C to slow down the kinetics of arrestin recruit-
ment and improve temporal resolution. BRET1 between RLuc
and Venus was measured after the addition of coelenterazine h

(5 �M, Promega). Ligands were added 5 min after coelentera-
zine h, and BRET readings were collected using a Mithras
LB940 Multilabel Reader (Berthold Technologies). The BRET
signal was calculated as the ratio of emission of Venus (520 –
570 nm) to RLuc (370 – 480 nm).

Intracellular Calcium Mobilization Assay—Calcium mobili-
zation was measured in CHO-K1 cells stably expressing
chemokine receptors. Cells expressing apoaequorin and the
receptor of interest were incubated for 4 h in the dark in the
presence of 5 �M coelenterazine h (Promega) then diluted
before use to reach the appropriate cell density. The cell sus-
pension (25,000 cells/well) was added to wells containing vari-
ous concentrations of chemokines, and luminescence was
recorded for 30 s in an EG&G Berthold luminometer (Perkin-
Elmer Life Sciences).

Chemotaxis Assay—The migration of L1.2 cells stably
expressing receptors was performed in 96-well Costar transwell
chambers (5 �m pore size, Corning). A suspension of 103 cells
in RPMI 1640 supplemented with 10% FCS was added to each
insert in a well containing a solution of ligands. Wells contain-
ing medium without ligands were used as controls. After 1 h at
37 °C, cells in the bottom of the wells were counted by using the
ATPlite luminescence assay kit (PerkinElmer Life Sciences).
The results are expressed as chemotaxis index, i.e. the ratio of
cells migrating in response to the chemoattractant over cells
migrating toward the medium alone.

Bias Analysis—The operational model (26) was used to
determine the transduction ratios (�/KA) of the ligands using
Equation 1 as described in van der Westhuizen et al. (37),

E � Basal �
	Em 	 Basal


1 � ��1 �
�A�

10logKA�
10logR�A�

�
n (Eq. 1)

where E is the effect of the ligand, [A] is the concentration of
agonist, Em is the maximal response of the system, Basal is the
basal level of the response in the absence of agonist, log KA
denotes the logarithm of the functional equilibrium dissocia-
tion constant, n is the slope of the transducer function, and log
R is the logarithm of the transduction ratio (�/KA). The relative
efficacy (RE) of a ligand (lig) to activate signaling pathway rela-
tive to a reference agonist (ref) was calculated by using Equa-
tions 2 and 3.

� log� �

KA
� � � log� �

KA
�

Lig

	 � log� �

KA
�

ref

(Eq. 2)

and

RElig,ref � 10� log� �

KA
� (Eq. 3)

The bias index (BF) of a ligand through pathway a and path-
way b relative to a reference agonist was calculated using Equa-
tions 4 and 5 as the difference between the �log(�/KA) values
derived from Equation 2.

�� log � �

KA
�

ab

� � log � �

KA
�

a

	 � log � �

KA
�

b

(Eq. 4)
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and

BFab � 10�� log � �

KA
�

ab (Eq. 5)

Statistical analyses were performed where appropriate using
one-way analysis of variance with Dunnett’s post-test test, and
statistical significance related to the reference balanced ligand
was taken as p � 0.05.

Author Contributions—J.-Y. S. conceived and designed the experi-
ments. J. C., A. H., and J.-Y. S. performed the experiments. J. C.,
C. G., M. P., and J.-Y. S. analyzed the data. MP and J.-Y. S. wrote the
paper.
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