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Abstract

Chemokines play critical roles in numerous physiological and pathological processes through their
action on seven-transmembrane (TM) receptors. The N-terminal domain of chemokines, which is
a key determinant of signaling v/a its binding within a pocket formed by receptors’ TM helices,
can be the target of proteolytic processing. An illustrative case of this regulatory mechanism is the
natural processing of CXCL12 that generates chemokine variants lacking the first two N-terminal
residues. While such truncated variants behave as antagonists of CXCR4, the canonical G protein-
coupled receptor of CXCL12, they are agonists of the atypical chemokine receptor 3 (ACKR3/
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CXCRY), suggesting the implication of different structural determinants in the complexes formed
between CXCL12 and its two receptors. Recent analyses have suggested that the CXCL12 N-
terminus first engages the TM helices of ACKR3 followed by the receptor N-terminus wrapping
around the chemokine core. Here we investigated the first stage of ACKR3-CXCL12 interactions
by comparing the activity of substituted or N-terminally truncated variants of CXCL12 toward
CXCR4 and ACKR3. We showed that modification of the first two N-terminal residues of the
chemokine (K1R or P2G) does not alter the ability of CXCL12 to activate ACKR3. Our results
also identified the K1R variant as a G protein-biased agonist of CXCR4. Comparative molecular
dynamics simulations of the complexes formed by ACKR3 either with CXCL12 or with the P2G
variant identified interactions between the N-terminal 3-5 residues of CXCL12 and a pocket
formed by receptor’s TM helices 2, 6 and 7 as critical determinants for ACKR3 activation.

Summary sentence:

Three to five N-terminal residues of CXCL12 are critical for binding to ACKR3 and required for
activation of both CXCR4 and ACKR3

Keywords

ACKR3; CXCR4; CXCL12; chemokine variants; GPCR signaling; pluridimensional efficacy

Subject Category:

Receptors; Signal Transduction and Genes

INTRODUCTION

Chemokines are small secreted proteins that direct cell migration through their cognate G-
protein coupled receptors (GPCRS) [1]. Originally isolated from murine bone marrow
stromal cells [2], the chemokine, CXCL12, is now known to be expressed in a wide range of
tissues and upregulated by inflammatory cues [3]. Thus, besides its function in regulating
leukocyte trafficking, CXCL12 also plays a broader role in regulating cell positioning in
health as well as in pathological conditions including chronic inflammation and cancers [4].
CXCL12 is the ligand of CXCR4 and ACKR3, the latter of which also binds to CXCL11, a
ligand that is shared with CXCR3 [5-7]. While CXCR4 is ubiquitously expressed in various
cells and tissues, the expression pattern of ACKR3 remains poorly understood, because its
predominantly intracellular localization makes detection of ACKR3 in native tissues
challenging [8]. ACKR3 expression is usually low at steady state and highly upregulated in
pathological contexts; this includes several types of cancers where ACKR3 can be detected
in the primary tumor as well as in the tumor-associated vasculature suggesting its role in
tumorigenesis and cancer metastasis [9-11]. Moreover, like CXCR4, ACKR3 is essential to
mouse development, but both receptors perform complementary and non-redundant
functions in response to CXCL12 [12-14]. Although in contrast to canonical chemokine
receptors, ACKR3 does not activate G proteins [5, 7, 15], it can directly engage p-arrestins
and trigger arrestin-mediated signaling upon CXCL12 binding [6, 16]. Several lines of
evidence have also underscored the regulatory role of ACKR3 in the CXCL12/CXCR4
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signaling axis by modifying chemokine gradients through scavenging of CXCL12 [14, 15,
17-22]. In addition, oligomerization of ACKR3 and CXCR4 has been shown to modulate
CXCR4-mediated signaling [12, 15, 23, 24] although this process is still awaiting direct
evidence in endogenous settings. With CXCRA4, the physiological relevance of dimerization
suggested by crystal structures [25], and by its reported partitioning into microclusters in
native tissues [26], might be required for maximal response to CXCL12 [27]. These
interrelated functions of CXCR4 and ACKR3 raise questions about the underappreciated
binding and signaling peculiarities of CXCL12 in relation to each of its two receptors. A
two-site, two-step model for CXCR4-CXCL12 interactions was proposed, which results in
the introduction of the chemokine N-terminus within the CXCR4 transmembrane (TM)
cavity and triggers receptor activation [28-30]. The crystal structure of CXCR4 and receptor
mutagenesis confirmed this model [25, 31, 32], and functional experiments revealed the
critical role of the two first CXCL12 N-terminal residues (Lysine (K)1 and Proline (P)2) for
CXCR4 activation [28, 33—-35]. For the ACKR3-CXCL12 complex, recent analyses revealed
a contrasting pattern where the P2 residue is not essential for ACKR3 activation [36] and
more distant residues of CXCL12 (e.g. Tyrosine (Y)7) may be important instead [37]. Here
we compared the pharmacological and signaling properties of N-terminally modified
CXCL12 variants in relation to CXCR4 and ACKR3. We used two substituted (K1R and
P2G) and two truncated (4-67 and 5-67) variants of CXCL12, previously described as
CXCR4 antagonists [28, 38, 39]. Our data indicate that neither K1 nor P2 is necessary for
promoting ACKR3-dependent pB-arrestin recruitment or receptor internalization in living
cells. They also reveal that the CXCL12 K1R variant behaves as a partial agonist for
CXCR4-dependent inhibition of cAMP production. Finally, molecular dynamics analyses
allow to propose that the interactions between the three N-terminal residues (Valine (V)3,
Serine (S)4, Leucine (L)5) of CXCL12 and the TM2, 6 and 7 domains of ACKR3 represent
critical determinants for receptor activation.

MATERIALS AND METHODS

Chemokine synthesis

Wild-type CXCL12, CXCL12 4-67, CXCL12 5-67, CXCL12 K1R, CXCL12 P2G were
synthesized by the Merrifield solid-phase method as described previously [40].

Reagents and Plasmids

CXCL11 was obtained from Almac sciences. AMD3100 and T134 were from the NIH
AIDS Research & Reference Reagent Program. Tag-lite® binding assay (CXCL12 labeled
with a red fluorescent probe (red-CXCL12), the Tag-lite labeling medium and SNAP-
Lumi4-Th) were developed by Cishio Bioassays (Bagnols-sur-Céze, France). Poly-L-
ornithine (MW of 30,000-70,000 Da) and forskolin were from Sigma-Aldrich (Saint Louis,
MO).

The Rluc-p-arrestin 2 and Rluc8-p-arrestin 2-YPet expression vectors, previously reported
[41, 42] were a gift from Dr. M.G. Scott (Institut Cochin, Paris) and Dr. C. Couturier
(INSERM U761, Université de Lille 2, France), respectively. The expression vectors
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encoding the ACKR3 and CXCR4 receptors C-terminally tagged with YFP (ACKR3-YFP
and CXCR4-YFP) have been previously described [15].

Cell culture and transfection

HEK?293T cells were grown in culture medium (DMEM supplemented with 10 % (v/v) FBS,
4.5 g/L glucose, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 1 mM glutamine, 20 mM
Hepes) (all reagents are from Invitrogen SARL, Cergy Pontoise, France). HEK293 cells
stably expressing the SNAP-tag-fused CXCR4 or ACKR3 receptors (ST-CXCR4 or ST-
ACKRS cells) were provided by Cisbio Bioassay and were grown in culture medium
supplemented with 0.6 pg/mL geneticin (Invitrogen SARL, Cergy Pontoise, France).
Transient transfections were performed using the transfection reagent FuGene 6 (Roche,
Basel, Switzerland) or Lipofectamine 2000 (Invitrogen, CA, USA) according to the
manufacturer’s protocol.

Homogenous Time-Resolved Fluorescence (HTRF)-based binding assay

The protocol has been adapted from Zwier et al. [43]. Briefly, Lumi4-Tb-labelled-frozen ST-
CXCR4 or ST-ACKR3 cells were thawed quickly at 37°C, suspended in the Tag-lite labeling
medium and dispatched into a black 384-well plate at a density of 104 cells per well.
Competition experiments were performed by incubating ST-CXCR4- or ST-ACKR3-cells
with a fixed concentration of red-CXCL12 (12.5 nM or 6.25 nM, respectively, according to
the respective Kg, see Fig. S1) in presence of increasing concentrations of the indicated
ligands for 1 hour at room temperature. Signal was detected using fluorescence microplate
reader Rubystar (BMG Labtech, Offenburg, Germany) equipped with a HTRF optic module
allowing a donor (terbium) excitation at 337 nm and a signal collection both at 620 nm and
665 nm, wavelengths corresponding to the total donor emission and to the FRET signal,
respectively. The signal was collected using the following time-resolved settings: delay 50
us and integration time 400 ps. HTRF ratios correspond to the ratio between acceptor (665
nm) and donor signal (620 nm) and multiplied by 10000. Concentration-responses curves
were fitted with a non-linear regression dose—response “log [inhibitor] versus response
(three parameters)” using Prism 7.0 software (GraphPad Inc., San Diego, CA) to provide
ICsg and pICsg. The K; values for ligands were calculated from binding competition
experiments according to the Cheng and Prusoff equation: K;j = ICgq X Ky/(Kg + [L]), where
ICsy is the concentration of ligands leading to half-maximal inhibition of specific binding,
Ky is the affinity of fluorescent chemokine for the receptor studied, and [L] is the
concentration of the red-CXCL12 present in the assay. Data are mean +SEM expressed as %
of maximal response for each ligand.

Receptor internalization assay

Internalization assays for CXCR4 and ACKR3 were performed in 96-well culture cell plates
using ST-CXCR4 or ST-ACKR3 cells as previously described [44]. Briefly, upon SNAP
Lumi4-Th labeling, internalization experiments were performed by incubating cells with
Tag-lite labeling medium, either alone or containing ligands (CXCL12, CXCL11, CXCL12-
derivatives or small molecules AMD3100 and T134) in the presence of fluorescein.
Typically, in plates containing SNAP-Lumi4-Th-labeled cells, 10 uL of medium containing
ligands at saturating concentration was added, immediately followed by the addition of 80
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pL of fluorescein (for final in-well concentrations of 1 uM ligand and 20 uM fluorescein).
Plates were incubated for 1 hour at 4°C and signals were detected using fluorescence
microplate reader (Envision, Perkin Elmer) at 37°C. DERET ratios were obtained by
dividing the donor signal (620 nm) by the acceptor signal (520 nm) and multiplying this
value by 10000.

p-Arrestin recruitment

HEK?293T cells (5 x 10° cells/well) were seeded into 6-well plates in culture medium and
transfected using the transfection reagent FuGene 6 (Roche, Basel, Switzerland) or
Lipofectamine 2000 (Invitrogen, CA, USA) according to the manufacturer’s protocol. Cells
were transiently co-transfected with 0.1 pg of Rluc-B-arrestin 2 or Rluc8-p-arrestin 2-YPet
and 1 ug of receptor-YFP expression vectors as previously described [15, 42]. The total
amount of cDNA was kept at 2 ug cDNA/well by addition of an empty vector. Forty-eight
hours after transfection, cells were washed in PBS, detached in PBS-EDTA and suspended
in 300 pL of PBS. Cells were distributed into a white 96-well plate (35 uL/well, Optiplate,
PerkinElmer) at a density of 400 000 cells per well. For dose-response experiments, cells
were incubated with ligands at the indicated concentrations for 10 min at 37°C before
adding 5 uM of coelenterazine h (Interchim, Montlugon, France), as previously reported
[15]. For the B-arrestin biosensor, cells were incubated with 1 pM ligands for 20 min at 37°C
before adding 5 pM of coelenterazine h. BRET values were collected using the Mithras
LB940 reader (Berthold Biotechnologies, Bad Wildbad, Germany) that allows the sequential
integration of luminescence signals detected with two filters settings (Rluc filter, 485 + 20
nm; and YFP filter, 530 + 25 nm). BRET signals were measured and expressed as the ratio
of the light emitted by the acceptor (YPet) divided by the light emitted by the donor (Rluc8).
Averaged BRET values were plotted against log [ligand], and the resulting concentration-
responses curves were fitted with a non-linear regression dose—response “log [ligand] versus
responses” with variable slope using Prism 7.0 software (GraphPad Inc., San Diego, CA) to
provide the Eqax, ECsg and pECsq values. The Epay 0f CXCL12 variants was expressed as
the percentage of the maximal response to 1 pM CXCL12 which was set to 100%.

CAMP measurements—Cyclic AMP (cAMP) levels were determined by HTRF using the
Cisbio “cAMP dynamic” kit according to the manufacturer’s instructions. Briefly, native
cAMP produced by cells is competing with cryptate-labeled cAMP for binding to
monoclonal d2-labeled anti-cAMP antibody. An increase in intracellular cCAMP leads to
disruption of FRET signal, whereas a decrease in intracellular cAMP results in higher FRET
signal. The cCAMP assays were performed on cryopreserved ST-CXCR4 cells that were
rapidly thawed at 37°C and resuspended in cell suspension buffer (HBSS, 20 mM HEPES,
0.1% fatty acid—free BSA). Cells were seeded into a 384-well plate and treated with ligands
diluted in stimulation buffer (HBSS, 20 mM HEPES, 500 uM IBMX, 6.5 pM forskolin).
After 1 hour at room temperature, HTRF detection reagents were added to the cells (5 uL)
and signals were analyzed with an Envision (BGM Labtech, Offenburg, Germany). Signals
emitted at 665 and 620 nm were collected using time-resolved settings for the donor (1500
us delay, 1500 us reading time) and acceptor (150 ps delay, 400 us reading time). Ratio
665/620 (R) was obtained by dividing the acceptor signal (665 nm) by the donor signal (620
nm) at a chosen concentration of the ligand and multiplying this value by 10000. Data are
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expressed as “Inhibition of cAMP production (% of maximal CXCL12 response)” and were
calculated using the following formula: [(” — Amin)/(Amax — AMin)] x 100 where A
corresponds to the ratio observed at a chosen concentration. A nonlinear regression using a
sigmoidal dose response model with three parameters was used to fit the data using Prism
7.0 GraphPad software (Inc., San Diego, CA) to provide the Enax, and (pICsgg) values. The
signal obtained for each ligand was reported as the percentage of the maximal response to 1
UM CXCL12, which was set to 100%.

MD simulations of ACKR3 in complex with WT CXCL12 or CXCL12 P2G

The structure of a starting conformation of the complex between CXCL12 bearing the P2G
mutation and ACKR3 was obtained by side-chain replacement on the model from reference
[37] using UCSF Chimera v1.11 software package [45]. Both this mutant complex and its
WT counterpart were subjected to a 50 ns-long molecular dynamics in a solvated lipid
bilayer environment (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine). First, the
extracellular and cytoplasmic domains of the complexes were solvated with a shell of water
molecules using the SOLVATE program [46]. Lipids were then loosely arranged around the
TM domain by repetition and truncation of a pre-equilibrated periodic patch of POPC
molecules using the Membrane Builder plug-in of the VMD v1.9.2 software package [47].
Extra water molecules were then added so as to fill in a ~90x90x115 A periodic simulation
box, then misplaced water molecules were deleted and random water molecules were
replaced by sodium and chloride ions in order to reach electric neutrality and a 150 mM salt
concentration. Topologies for the chemokine and receptor subunits as well as the lipids
bilayer were generated in the CHARMM?22 [48, 49] and CHARMM27 [50, 51] all-atom
protein and lipid force fields respectively, in combination with TIP3P water model [52]. The
systems were then energy-minimized and progressively equilibrated by running a molecular
dynamics simulation of the lipid tails exclusively for 0.5 ns. Simulation was continued for
0.5 ns while constraining the protein with harmonic forces but freeing the whole lipids and
keeping water molecules outside the bilayer. Eventually, the system was further equilibrated
without any constraint for another 0.5 ns using Langevin dynamics and modified Nosé-
Hoover pressure control [50, 53] as implemented in NAMD v2.12 software package [54,
55]. Production was conducted for 50 ns on each complex under the same conditions. Atom
coordinates were saved every 2 ps for subsequent trajectory analysis. For every frame of
both trajectories and each of the first five N-terminal residues of the chemokine, residues of
ACKR3 possessing an atom located closer than 0.4 A to the residue of interest were listed.
Consecutive frames were then binned by groups of 500 and the number of times during
which a contact exists between pairs of residues being considered was calculated within
each bin. These values were finally plotted as a function of time under the form of colored
bars. Depictions of the structure of molecular dynamics endpoint for each complex were
prepared and rendered with UCSF Chimera v1.11 software package [45].

Statistical analysis

Data and statistical analyses were performed using Prism software version 7.0 (GraphPad
Inc., San Diego, CA). Data from at least three independent experiments performed in
triplicate are expressed as mean = SEM. Unpaired two-tailed t-test was used to analyze the
difference in pICgq values in cAMP assay for each CXCL12 variant using the WT CXCL12
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as reference. For BRET experiments with p-arrestin biosensor, p-arrestin recruitment and
competitive binding assay one-way analysis of variance (ANOVA) with Dunnett’s multiple
comparison test with WT CXCL12 as control was applied.

RESULTS

CXCL12 variants differently bind to CXCR4 and ACKR3

Using a HTRF-based or Tag-Lite ligand binding assay [43], we compared the binding of
CXCR4 and ACKR3 to different chemically synthesized CXCL12 variants, including two
N-terminally truncated (4-67 and 5-67) and two substituted (K1R and P2G) variants (Fig.
1). Dissociation constants (Kg) of CXCL12 for CXCR4 and ACKR3 were determined by
direct saturation binding experiments using fluorescent CXCL12 and donor labeled SNAP-
Tagged CXCR4 or ACKR3 stably expressed in HEK293 cells (Table 1, Fig. S1). We then
investigated the ability of WT CXCL12 and its variants to displace the binding of the
fluorescent chemokine using a HTRF competitive binding assay (Fig. 2). We first confirmed
the higher affinity of CXCL12 for ACKR3 (Fig 2B) as compared to CXCR4 (Fig. 2A) [5-7,
56] and found that this feature was maintained for the CXCL12 variants K1R and P2G:
although their inhibition constants were altered, the relative affinity of the variants to the two
receptors remained the same. By contrast, truncated CXCL12 variants 4—-67 and 5-67 were
much less potent in displacing red-CXCL12 binding to ACKR3 as compared to CXCR4,
which hampered quantification of their binding affinities for ACKR3 (Table 1). These
findings confirm the importance of the first five N-terminal residues of CXCL12 for the
interaction with CXCR4 [28, 57] and indicate a more prominent role of the third and fourth
N-terminal residues of CXCL12 than the first two residues in binding to ACKR3.

CXCL12 K1R is a partial agonist of CXCR4-mediated cAMP inhibition

Efficacy of various ligands towards their receptors can depend upon the effector system
considered, a phenomenon referred as functional selectivity or biased agonism [58]. Ligands
might thus display different potencies and efficacies toward their receptors depending on the
signaling pathways considered. A canonical example is given by a p-blocker propranolol,
which behaves as an inverse agonist on adenylate cyclase signaling cascade but an agonist
on ERK1/2 pathway for both 1 and B, adrenergic receptors [59]. Here we investigated the
ability of CXCL12 K1R and CXCL12 P2G variants to activate Gi protein-dependent
signaling downstream of CXCR4, given that they retained binding affinities in the range of
their WT counterpart. We determined that CXCL12 K1R was able to inhibit forskolin-
stimulated cAMP accumulation downstream of CXCR4, but with a reduced efficacy as
compared to WT CXCL12 (Fig. 3). As expected, neither CXCL11 nor CXCR4 antagonists
AMD3100 or T134 were able to elicit a response. Efficacy of each compound based on its
maximal effective concentration was determined from dose-response curves (Fig. 3). This
data indicated that the CXCL12 K1R variant harbors a similar potency, but a reduced
efficacy (Emax 0f 60%) as compared to the WT chemokine (Table 2) suggesting that it
behaves as a partial agonist of this Gi protein-dependent signaling pathway.

J Leukoc Biol. Author manuscript; available in PMC 2020 October 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jaracz-Ros et al.

Page 8

CXCL12 K1R and P2G variants induce ACKR3 internalization

The binding affinity of N-terminally truncated variants of CXCL12 to CXCR4 does not
necessarily correlate with their ability to activate the receptor. This is illustrated by the
CXCL12 P2G variant that acts as an antagonist while retaining a binding affinity not too
dissimilar from the WT chemokine [25, 28]. Additionally, none of the CXCL12 variants
including K1R were able to induce CXCR4 internalization above the background (Fig. 4A).
In contrast, internalization of ACKR3 in response to CXCL12 variants correlated with their
binding affinity for ACKR3 (Table 1, Fig. 2): the K1R and P2G mutant retained the ability
to induce receptor internalization similar to WT CXCL12, while the truncated variants 4-67
and 5-67 were inactive (Fig. 4B).

CXCL12 N-terminal residues V3 and S4 are necessary for ACKR3-mediated p-arrestin

recruitment

We then investigated whether CXCL12 K1R and P2G variants can promote B-arrestin 2
recruitment to CXCR4 and ACKR3. In the case of CXCR4, B-arrestin 2 recruitment is
believed to be necessary for receptor internalization [60], whereas the relationship of
ACKR3 internalization with p-arrestin 2 recruitment to this receptor is still debated [21, 22,
61]. In our experiments, the ability of chemokine variants to promote p-arrestin 2
recruitment to both receptors was in agreement with the internalization data. In particular, p-
arrestin 2 recruitment to CXCR4 was promoted only by WT CXCL12 (Fig. 5A), whereas in
the case of ACKR3, both K1R and P2G variants were able to promote p-arrestin 2
recruitment in contrast to the CXCL12 truncated mutants (Fig. 5B). Analyses of dose-
response curves indicated that the CXCL12 K1R mutant promoted the recruitment of B-
arrestin 2 to ACKR3 with potency and efficacy comparable to that of the WT chemokine
(Table 3). The P2G variant also promoted p-arrestin 2 recruitment, albeit with weaker
potency and efficacy as compared to WT CXCL12 (Fig 5B, Table 3). Next, we investigated
whether the CXCL12 K1R and P2G variants were able to promote receptor-dependent
intramolecular conformational changes of B-arrestin 2, which is a reliable indicator of
arrestin activation by the receptor [62]. Using an intramolecular BRET approach, we
detected a measurable signal in CXCR4-expressing cells only in response to WT CXCL12
(Fig. 5C). However, for ACKR3-expressing cells, a comparable signal was detected in
response to WT CXCL12 and to the two CXCL12 N-terminal mutants; the signal was
abrogated by the N-terminal truncations 4-67 and 5-67 of CXCL12 (Fig. 5D). These results
point to the third and fourth CXCL12 N-terminal residues (V3 and S4) as important
determinants for the binding of CXCL12 to ACKR3 and activation of the receptor.

Conformational dynamics of ACKR3-CXCL12 complexes revealed the importance of
CXCL12 N-terminal residues 3-5

In order to investigate the hypothesis that residues VV3 and S4 are important for ACKR3
activation and confirm that the first two residues (K1 and P2) are not essential, we compared
MD simulations of ACKR3 in complex with CXCL12 and with the P2G variant. The
simulations with the ACKR3-CXCL12 P2G complex were intended to highlight the
interactions between ACKR3 and the V3, S4, L5 CXCL12 residues. Starting from these
initial conformations [37], RMSD as a function of time (50ns) indicated that the P2G
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mutation affects the overall conformation of the ACKR3-CXCL12 complex although both
complexes reached equilibrated tertiary structures during the 50 ns trajectories (Fig. S2A).
Moreover, RMSF analysis confirmed that the chemokine N-terminus becomes more flexible
(~20% increase) as a consequence of the P2G mutation, suggesting that its conformation
does not play a dominant role in ACKR3 activation (Fig. S2B). We then examined the
contacts between ACKR3 and the V3 N-terminal residue of CXCL12 or of the P2G variant.
These analyses illustrated a striking superposition of the tertiary structures formed by
ACKR3 in complex with CXCL12 and the P2G variant (Fig. 6A) as a consequence of the
conservation over time of the strong contacts and hydrophobic interactions established
between receptor residues and the V3 of both forms of the chemokine (Fig. 6B). More
specifically, the strong contacts identified between V3 of WT CXCL12 and ACKR3 residues
(W1002:60, 9301739, L2977-35 and H2987-36 (Ballesteros-Weinstein numbering in
superscript [63])) were maintained for the P2G variant. Of interest, W100%-60, Q3017-3°
residues were reported to be important for CXCL12-induced p-arrestin recruitment to
ACKR3 [61]. This is illustrated in Figure 6B by similar strength of interactions, which
corresponds to the proportion of time during which a contact exists between ACKR3 and
CXCL12 residues. Such conservation of the positioning of the CXCL12 V3 within a binding
site involving ACKR3 residues localized in TM7 and TM2 dramatically contrasted with the
destruction of strong hydrophobic interactions and hydrogen bonds established between the
first N-terminal K1 residue of CXCL12 and ACKR3 as a consequence of the P2G mutation
(Fig. S3). Along these lines, MD simulations presented in Figure 7 (see also Fig. S4) also
support the importance of CXCL12 N-terminal residues S4 and L5 together with V3 in
establishing strong contacts with ACKR3. They engaged ACKR3 residues Y 268651 and
D275%58 (Fig. 7A), through strong hydrogen bonds with the backbone regions of CXCL12
S4 and L5 in both WT CXCL12 and the P2G variant (Fig. 7B and 7C). Collectively, MD
simulations of ACKR3-CXCL12 complexes allowed identification of a cluster formed by the
N-terminal V3, S4 and L5 residues of CXCL12 that establish strong interactions with
residues of ACKR3 and are likely involved in the activation of the receptor.

DISCUSSION

Models of the receptor-chemokine complex based on crystal structures of CXCR4 [25, 31]
and mutational analyses [25, 31, 32], indicate that beyond the two main chemokine
recognition sites (CRS), which implicate the core (CRS1) and the N-terminus of the
chemokine (CRS2), a continuous interaction interface exists between chemokines and their
receptors. CRS2 interactions in the receptor TM helices are believed to be mostly important
for receptor activation while CRS1 interactions in the receptor N-terminus contribute
primarily to chemokine binding [30]. Recent mutational analyses and ligand association/
dissociation kinetics have suggested that these two stages of interactions are interdependent
within the ACKR3-CXCL12 complex with the N-terminus of CXCL12 first engaging the
TM helices of the receptor followed by the receptor N-terminus wrapping around the
chemokine core [64]. Here we examined in detail the first stage of CXCL12-ACKR3
interactions, by comparing the contribution of the N-terminus of CXCL12 to ACKR3
binding and activation to that of CXCR4. Our findings indicate that the binding of CXCL12
to ACKR3 is critically dependent on the integrity of the first three residues of the chemokine
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whereas the 4-67 truncated CXCL12 variant remains able to bind CXCR4 as previously
shown [28, 65]. However, and according to the two-step/two-site model for CXCL12-
CXCR4 interaction, this truncation resulted in a dramatic loss of CXCL12’s ability to
activate CXCR4. Of importance, we identified the CXCL12 K1R variant as a ligand that still
displays the ability to modulate cyclic AMP downstream CXCR4 although with a reduced
efficacy as compared to the WT CXCL12. However, this variant could not promote either
CXCR4-dependent calcium release or B-arrestin recruitment or receptor internalization, as
also shown by others [28, 66], suggesting that it behaves as a biased agonist for CXCR4-
dependent inhibition of cAMP. MD simulations of CXCR4/K1R complexes and extended
analyses of G protein-dependent pathways downstream CXCR4 could provide further
support with regard to the biased agonist behavior of this N-terminal modified chemokine.

In contrast to this situation, the K1R but also the P2G variant remain capable of promoting
ACKR3-mediated p-arrestin recruitment, considered here as receptor activation (although p-
arrestin-mediated signaling downstream of CXCL12-ACKR3 remains to be demonstrated /in
vivo). This is in agreement with recent observations of the P2G as well as another LRHQ
chemokine variant [64]. The slightly decreased potency and efficacy of the P2G variant that
others have previously shown for CXCL12 N-terminus-derived peptides encompassing the
P2G mutation [36, 56] could arise from the faster dissociation of the P2G variant from
ACKR3 compared to WT CXCL12 [64]. The effects of CXCL12 K1R and P2G variants on
signaling pathways induced by CXCR4 and ACKR3 reported so far are provided in Table
S1. Collectively, our data point to the third and fourth CXCL12 N-terminal residues (V3 and
S4) as important determinants for the binding of the chemokine to ACKR3 and activating
ACKR3-dependent B-arrestin recruitment and receptor internalization. These results are in
line with radiolytic footprinting analyses indicating that the CXCL12 N-terminus contributes
to the binding of the chemokine to ACKR3 [37]. Moreover, the 3-68 CXCL12 natural
variant, resulting from dipeptidylpeptidase IV CD26-dependent proteolytic cleavage [67],
was capable of activating ACKR3, but not CXCR4 [65] indicating that the natural N-
terminal cleavage of CXCL12 might confer differential selectively of the chemokine toward
its two receptors. The fact that the 3-68 CXCL12 natural variant is only partially active
through ACKR3-dependent p-arrestin recruitment as compared to its WT counterpart [65] is
possibly due to the positively charged N-terminus of the V3 that would reduce the strength
of the interaction of this residue with ACKRS3.

MD simulations have strengthened the possibility that V3 serves as a key binding and
activation determinant, by identifying strong contacts and hydrophobic interactions between
this residue and ACKR3 residues W1002-60, 9301739, 1.2977-35 and H2987-36, We propose
that the N-terminal V3, S4 and L5 residue cluster of CXCL12 may initially bind to the
above-mentioned residues in ACKR3 that are involved in the ACKR3 scavenging function
[22, 36, 56, 61, 68]. As suggested by recent data [64], these initial CRS2 contacts are
stabilized by interactions between the receptor N-terminus and CXCL12 core (CRS1),
indicating that rather than being decoupled, the two sites are actually interdependent. Other
atomic-level factors contributing to the interactions of both partners are currently being
sought with similar approaches.
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Chemokine Sequence

CXCL12 KPVSLSYRCPCRFFE
CXCL12 K1R RPVSLSYRCPCRFFE
CXCL12 P2G KGVSLSYRCPCRFFE
CXCL12 4-67 - - - SLSYRCPCRFFE
CXCL12 5-67 ---- LSYRCPCRFFE
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FIGURE 1. Sequences of thefirst 15 N-terminal residues of WT CXCL 12 and the four CXCL 12

variants.

Substitution of Lysine 1 (K1) and Proline 2 (P2) in CXCL12 WT are highlighted in bold.
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FIGURE 2. CXCL 12 N-terminal variants differentially bind to CXCR4 and ACKR3.
HTRF-based competition experiments performed in CXCR4-expressing (A) and ACKR3-

expressing (B) HEK293 cells incubated in the presence of red-CXCL12 and the indicated
concentrations of ligands. Values are mean £SEM of four experiments, each performed in
triplicate expressed as percent of the maximal binding obtained without competitor.
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FIGURE 3. Inhibition of cAMP production induced by CXCL 12 variants.
CAMP levels were accessed by HTRF-based assays in ST-CXCR4 cells treated with

forskolin and stimulated with increasing concentrations of the indicated ligands. HTRF
ratios were plotted as a function of ligand concentrations normalized to the maximal
response to 1 pM WT CXCL12, and expressed as inhibition of cAMP production (% of
maximal CXCL12 response). Data represent the mean +SEM of two experiments performed
in triplicate.
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FIGURE 4. Effect of CXCL 12 variantson receptor internalization.
Cells stably expressing ST-CXCR4 (A) or ST-ACKR3 (B) receptors and labeled with SNAP-

Lumi4Tb fluorescent substrate were incubated in medium (PBS) or in the presence of the
indicated ligands (1 pM). Results represent the mean £SEM of two independent experiments
performed in triplicate. The thresholds corresponding to the signal without ligand are shown
(black dashed line).
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FIGURE 5. CXCL 12 variants differentially induce B-arrestin 2 recruitment to the two receptors

and receptor-dependent B-arrestin 2 activation.

HEK293T cells were transiently co-transfected with Rluc-B-arrestin 2 and CXCR4-YFP (A)
or Rluc-p-arrestin 2 and ACKR3-YFP (B) and stimulated with increasing concentrations of
the indicated ligands. BRET data were expressed as percent of the maximal response
induced by 1 pM of WT CXCL12. Data represent the mean +SEM of three independent
experiments performed in duplicate. (C-D) Intramolecular BRET assay to monitor receptor-
dependent p-arrestin 2 activation. Ligand-promoted conformational changes of p-arrestin 2
were monitored by using Rluc8-p-arrestin 2-Ypet in CXCR4 (C) or ACKR3 (D) transfected
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cells stimulated by the indicated ligands (1 uM). Data represent the mean +SEM of three
independent experiments performed in duplicate.
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FIGURE 6. MD simulations of ACKR3-CXCL 12 complexesrevealed a critical role for the V3 N-
terminal residue of CXCL 12.

(A) Views of the interaction sites established between ACKR3 residues (marked in red) and
the V3 residue of either the WT CXCL12 (left panel) or the P2G variant (right panel).
Bottom panel represents a superposition of both tertiary structures. (B) Plots of the
interaction strength between the V3 residue of either CXCL12 (purple line) or the P2G
variant (green line) and ACKR3 residues as a function of time. ACKR3 residues are listed
on the left side of the chronogram and the horizontal axis corresponds to the time of
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simulation in ns. Interaction strength is represented as a function of color intensity (darker
color indicates stronger interaction).
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FIGURE 7. Interactions of N-terminal CXCL12 V3, $4 and L5 residues within a binding pocket
of ACKRS3.

(A) Views of the interaction sites established between ACKR3 residues (yellow sphere) and
the V3, S4 and L5 residues of the WT CXCL12 (marked in red). (B-C) Plots of the
interactions strength established between the S4 (B) and L5 (C) residues of either WT
CXCL12 (purple line) or the P2G variant (green line) and ACKR3 residues as a function of
time. ACKR3 residues are listed on the left side of the chronogram and horizontal axis
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corresponds to the time of simulation in ns. Interaction strength is represented as a function
of color intensity (darker color indicates stronger interaction).
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Table 1:

Binding properties of CXCL12 and its variants towards CXCR4 and ACKR3

| CXCR4 | ACKR3
Ligands | k(M2 | K, (0M)° | pICs’ Ko )2 | K ()P | pICe’

CXCL12 22.7+0.7 | 16.12 £0.92 | 7.61 £0.02 | 1.1+ 0.2 | 0.21 £0.02 | 8.85+0.05
K1R 132.01 + 6.02 | 6.47 +0.08 1.91+0.19 | 7.84+0.047F
P2G 79.96 + 6.89 | 68+0.17 7 7.09 £ 0.40 | 7.36+0.037
4-67 470.57 + 48.36 | 6.15 + 0.05 d | d
5-67 377.77 £28.32 | 23400377 d | d

AMD3100 16.38 £ 1.44 | 7.60 £0.04 d | d

a L
K( values refer to the dissociation constant

b S
Kj values refer to the inhibitory constant

CpIC5o is the negative logarithm of the half maximal inhibitory concentration (IC50).

pICsQ values are the mean + SEM of three independent experiments performed at least in triplicate. Significantly lowered potency relative to

CXCL12 is noted:

Ak AA

P<0.0001 from one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test.

dNot applicable
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Table 2:
Inhibition of cAMP production induced by CXCL12 and its variants

CXCR4
Ligand a b Co
gands | 1Cqg (NM) pICsy Emac(% CXCL12)
CXCL12 578 | 8.26 +0.23 | 100
K1R 115 | 7.94 +0.09 | 57.73+3.35°
P2G o | o | d
4-67 d | d | d
5-67 o | o | d
CXCL11 d | d | d
AMD3100 o | o | d
T134 d | d | d

aIC5o values refer to the concentrations which induce half-maximal cAMP production inhibition downstream CXCRA4.
prC5o values are the mean + SEM of three independent experiments performed at least in triplicate.

cEmaX values for chemokine variants are shown as a percentage of the maximum values obtained for CXCL12. Significant difference for CXCL12
K1R compared to CXCL12 is noted:

Hook:

*
P<0.001 from unpaired t-test.

dNot applicable
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Recruitment of B-arrestin 2 induced by CXCL12 and its variants

Table 3:

CXCR4 | ACKR3
Ligands | ECs, (nM)2 | PECsY | Ena(% CXCL12) | ECxgo (nM)2 | pECsY | Bl cxcL12)
KIR a | o | d | 200 | 7e6x00s | o266x139
P2G d | d | d | 58.99 | 7.24+0.08” 63.33 + 0.05
4-67 2 d | ¢ | <« | d
5-67 a | o | d | ¢ | o | d
cxcLil 2 d | ¢ | <« | d
AMD3100 a | o | d | ¢ | o | d
T134 a | a | d | ¢« | o | d

aEC5o values (nM) refer to the concentrations which induce half-maximal B-arrestin 2 recruitment downstream ACKR3 and CXCR4.

prC5o (= SEM) were obtained from the nonlinear regression curve of the averaged data.

Page 29

CBRET signal from each ligand were normalized to the maximal response of CXCL12 (%Emax of CXCL12). Emax Was obtained from the
response of CXCL12 at a concentration of 1uM. Values are the mean + SEM of three independent experiments performed at least in triplicate.

Significant difference for CXCL12 variant compared to CXCL12 is noted:
*
P<0.05 from one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test.

dNot applicable
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