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Kinetics of CXCL12 binding to atypical chemokine receptor 3 
reveal a role for the receptor N-terminus in chemokine binding
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3Current Address: Wellcome Centre for Cell-Matrix Research and Lydia Becker Institute of 
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Abstract

Chemokines bind to membrane-spanning chemokine receptors, which signal through G proteins 

and promote cell migration. However, the atypical chemokine receptor 3 (ACKR3) does not 

appear to couple to G proteins and instead of directly promoting cell migration, it regulates the 

extracellular concentration of chemokines that it shares with G protein-coupled receptors (GPCRs) 

CXCR3 and CXCR4, thereby influencing the migration and signaling responses of these 

receptors. How these receptors bind their ligands is important for understanding these different 

processes. Here, we applied association and dissociation kinetic measurements coupled to β-

arrestin recruitment assays to investigate ACKR3:chemokine interactions. Our results showed that 

CXCL12 binding is unusually slow and driven by the interplay between multiple binding epitopes. 

We also found that the N-terminus of the receptor played a key role in chemokine binding and 

activation by preventing chemokine dissociation. It has been previously hypothesized that 

chemokines initially bind receptors through interactions between the globular domain of the 

chemokine and the receptor N-terminus, which then guides the chemokine N-terminus into the 

transmembrane pocket of the receptor to initiate signaling. On the basis of our kinetic data, we 

propose an alternative mechanism in which the N-terminus of the chemokine initially forms 

interactions with the extracellular loops and transmembrane pocket of the receptor followed by the 

receptor N-terminus wrapping around the core of the chemokine to prolong its residence time. 

These data provide insight into how ACKR3 competes and cooperates with canonical GPCRs in 

its function as a scavenger receptor.
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Introduction

Chemokines regulate cell migration and other physiological processes by binding to and 

activating chemokine receptors in the cell membrane (1, 2). For the majority of the 20 

human chemokine receptors, chemokine binding leads to G protein-mediated activation of 

downstream signaling pathways. Phosphorylation by G protein receptor kinases (GRKs) and 

recruitment of β-arrestins often follow and trigger additional signaling pathways as well as 

receptor desensitization and internalization. However, some chemokine receptors do not 

signal through G proteins and are therefore referred to as atypical chemokine receptors 

(ACKRs) (3). ACKR3 (also known as CXCR7), is one such ACKR that interacts with 

CXCL11 and CXCL12, chemokines shared by the G protein-coupled receptors CXCR4 and 

CXCR3, respectively (4, 5). In contrast to most canonical chemokine receptors that promote 

cell migration, one of the main functions of ACKR3 is to regulate extracellular chemokine 

concentrations by ligand scavenging, which in turn maintains responsiveness of cells 

expressing CXCR4 (6, 7). Despite its unique pharmacology, ACKR3 appears structurally 

similar to the canonical G protein-coupled chemokine receptors (8); thus, it is unclear how it 

competes with CXCR4 and CXCR3 for their mutual ligands.

Similar to other Class A GPCRs, the three-dimensional structure of chemokine receptors 

consists of seven transmembrane (7TM) helices, flanked by an extended extracellular N-

terminus and intracellular C-terminus and connected by extracellular and intracellular loops 

(9–12). Chemokines are small soluble proteins comprised of a disordered N-terminus 

appended to a globular core that is stabilized by disulfide bonds. The interaction interface 

between chemokines and their receptors has historically been described in terms of two 

chemokine recognition sites (CRS) (2, 13–15): CRS1 includes interactions between the core 

of the chemokine and the N-terminus of the receptor while CRS2 involves the orthosteric 

pocket and extracellular loops (ECLs) of the receptor and the N-terminus of the chemokine 

(Fig 1A) (16). Crystal structures of CXCR4 in complex with the viral chemokine vMIP-II 

(17), US28 in complex with CX3CL1 (18) and CCR5 in complex with an antagonist version 

of CCL5 (19) confirmed this model but also showed that chemokines have a continuous 

interaction interface with the receptor in the region between CRS1 and 2, which was 

consequently termed CRS1.5 (16, 17). However, the crystal structures all lack information 

about the distal N-terminus of the receptor since this region was not resolved in any of the 

structures. Using radiolytic footprinting experiments to define features of the 

ACKR3:CXCL12 complex, we recently uncovered an additional point of contact between 

this region (residues 2–7 of ACKR3) and the β1 strand of CXCL12 (8), and in analogy with 

previous nomenclature, this region is referred to as CRS0.5 (Fig 1A). Mutagenesis studies in 

combination with binding and functional assays suggest that the receptor N-terminus 

generally contributes primarily to chemokine binding while CRS2 interactions in the 

receptor binding pocket are important for both binding affinity and receptor activation (2, 

13). Nuclear magnetic resonance (NMR) studies show that soluble peptides corresponding to 

receptor N-termini are able to interact with chemokines (20) and that in the case of CXCR4, 

the chemokine can remain bound to the full-length receptor even in the presence of a small 

molecule in the orthosteric pocket (21). Based in part on these observations, the receptor N-

terminus has been hypothesized to act as an initial interface for chemokine docking, which 
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anchors the chemokine and allows the chemokine N-terminus to form interactions within the 

orthosteric pocket of the receptor in a two-step mechanism (13, 14, 21). However, there is 

little experimental data that supports or refutes this model, especially regarding the order in 

which interactions are formed and their relative importance for chemokine association and 

dissociation. More generally, the role that the receptor N-terminus plays in chemokine 

binding and how interactions involving the receptor N-terminus influence those in the 

receptor binding pocket remain to be fully elucidated.

Here, we characterized the contribution of the N-terminus to ACKR3 binding and activation 

by using receptor truncations, chemokine mutants and ligand association/dissociation kinetic 

experiments. The data suggest a modified mechanism for the role of the receptor N-terminus 

in chemokine binding that differs from the previously hypothesized mechanism. Although 

there are no “hot spots” of interaction in the N-terminus, it plays an important role in 

modulating the residence time of the chemokine on the receptor. The data also suggest an 

interdependency of interactions involving the receptor N-terminus with those in the receptor 

binding pocket, and that at least in the case of ACKR3:CXCL12, the chemokine first 

engages the orthosteric pocket, which is followed by interactions with the receptor N-

terminus. The kinetic mechanisms by which ACKR3 binds CXCL12 show key differences 

from CXCR4:CXCL12 that can be reconciled with its function as a scavenger receptor.

Results

Truncation of the receptor N-terminus affected its activation by chemokine but not by a 
small-molecule agonist

To test the contribution of the ACKR3 N-terminus to chemokine binding and activation, 

three N-terminal truncation mutants of ACKR3 were generated. Truncation of the first 29 

residues (ACKR3d29) removed both CRS1 and CRS0.5 regions as well as the disulfide 

between residue 21 and 26 (8); truncation of the first 17 residues (ACKR3d17) removed 

CRS0.5 and part of the CRS1 region; and truncation of the first seven residues (ACKR3d7) 

retained all interactions except those in the CRS0.5 region (Fig 1A). To determine the effect 

of the truncations on receptor function, we then tested the ability of the mutant receptors 

expressed in human embryonic kidney (HEK) 293T cells with Renilla luciferase 3 (Rluc3) 

fused to their C-termini to recruit green fluorescence protein 10 (GFP10)-β-arrestin-2 using 

a bioluminescence resonance energy transfer (BRET) based assay. Stimulation with 

CXCL12WT, ACKR3d7 and ACKR3d17 recruited arrestin with the same potency as 

ACKR3WT and only a slightly lowered efficacy (Fig 1B, C and D). By contrast, truncation 

of the first 29 residues of ACKR3 lead to a significantly lowered potency and efficacy of 

CXCL12-induced arrestin recruitment indicating that the N-terminus, specifically the region 

between residues 17–29, was important for receptor function.

CXCL11 showed important differences from CXCL12: its ability to activate ACKR3 was 

affected by all three truncated receptor variants (Fig 1B, C and D). ACKR3d7 and 

ACKR3d17 had a significantly lowered potency compared to the wild type receptor for 

CXCL11-induced βarrestin-2 recruitment, while ACKR3d29 was severely impaired and only 

recruited β-arrestin-2 at the highest concentration of CXCL11, precluding an accurate 
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determination of potency and efficacy values. These data underscore the strong dependence 

of CXCL11 on the ACKR3 N-terminus for receptor activation.

By contrast to the chemokines, the small molecule CCX662 (22), predicted to bind in the 

orthosteric pocket, recruited β-arrestin-2 with similar potencies and efficacies by activating 

ACKR3WT, ACKR3d17 and ACKR3d29 (Fig 1B, C and D). Furthermore, the efficacies 

approached that observed for activation of ACKR3WT by CXCL12WT (fig S1A, B). This 

result confirmed that the receptor can be activated almost fully even in the absence of the N-

terminus and by a small molecule agonist. It also suggested that all three ACKR3 variants 

are equally expressed at the surface, although this could not be directly tested due to a lack 

of antibodies against ACKR3d17 and ACKR3d29 and the need to keep the receptor N-

terminus free from affinity tags (fig S2A, B, C and D).

Together, these results showed that both CXCL11 and CXCL12 relied on interactions with 

the receptor N-terminus for their function. The key interactions with CXCL12 appeared to 

be concentrated to residues 17–29 whereas CXCL11 required the full N-terminus of the 

receptor (Fig 1B, C and D).

The kinetics of CXCL12 binding to ACKR3 was unusually slow

To further probe the role of the ACKR3 N-terminus on its interaction with chemokine we 

characterized the binding of CXCL11 and CXCL12 to ACKR3WT and the truncation 

mutants ACKR3d17 and ACKR3d29. Ligand binding to chemokine receptors is typically 

measured using equilibrium experiments to obtain IC50 or in some cases Kd values. 

Although informative, these numbers do not provide information on association and 

dissociation rates of ligands, which are important for a complete understanding of the 

binding mechanisms and the effects of mutations. We therefore sought to develop assays to 

determine association and dissociation rates for chemokine binding to receptors.

Chemokine off-rates were measured by co-expressing ACKR3WT with hemagglutinin 

(HA)tagged chemokines expressed in Spodoptera frugiperda Sf9 cells. The chemokines 

were then labeled with Fluorescein isothiocyanate (FITC)-conjugated antibody against HA, 

and following the addition of a large excess of the small molecule CCX777 (8, 23) to 

prevent re-association of the chemokine, time-dependent chemokine dissociation was 

followed by flow cytometry. CXCL12WT had a dissociative half-life of 102 ± 18 min 

(average ± standard error of n=6 independent measurements, represented in Fig 2A), which 

is longer than what has been reported for CCR2:CCL2 (21 min) and CXCR4:CXCL12 (1.4 

min) (24, 25). For example, when assayed by surface plasmon resonance (SPR) (25), 

CXCL12 had an approximately 70-fold faster off-rate from CXCR4 than that observed for 

ACKR3, which was greater than the approximately 10-fold difference in affinity between the 

receptors typically reported from competition binding experiments (Table S1). When tested 

in our assays, CXCL11 had a faster dissociation rate than CXCL12. In fact, using our 

current experimental setup the dissociation was too fast to accurately quantify. These results 

highlight another substantial difference between the two native ligands, CXCL11 and 

CXCL12, in their interaction with ACKR3.
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To assay chemokine association, HA-tagged CXCL12WT was again labeled with a FITC-

conjugated anti-HA antibody. FITC-labeled CXCL12WT was then added to ACKR3WT-

expressing Sf9 cells and association was followed using flow cytometry (fig S3A). Fitting of 

the association data required a multiple component exponential due to an initial fast phase 

corresponding to 35 ± 4 % that was too rapid to quantify using the current methods (fig 

S3B). This fast phase was followed by a slower phase representing the remaining 65% of the 

data, which was characterized by an observed rate (kobs) of 0.019 ± 0.004 min−1 when 10 

nM CXCL12WT was used in the experiment (Fig 2B). Based on the measured off-rate and 

the expression for kobs of a ligand interaction with a single state receptor, this equated to an 

on-rate of 1.8 ± 0.7 × 104 M−1 s−1, which is approximately 25-fold slower than what has 

been measured for CXCR4 (25).

In standard bimolecular binding reactions, kobs is expected to increase linearly with 

increasing ligand concentration. From the association data (Fig 2C) it is not clear if 

CXCL12WT binding follows this ideal behavior since the cell-based experiments did not 

allow for a sufficiently wide range of chemokine concentrations to test this due to high 

receptor-independent binding of chemokines to cells at CXCL12 concentrations above 10 

nM (likely due to interactions with glycosaminoglycans (26)). To determine if the binding 

constants were indicative of a pseudo first-order interaction and to confirm the slow kinetics 

of CXCL12 binding, we therefore utilized SPR. C-terminally biotinylated CXCL12 

(CXCL12-biotin) was immobilized on a SPR chip and the binding of purified ACKR3 

reconstituted into nanodiscs (27) was followed at different concentrations of receptor (Fig 

2D). Fitting of the binding kinetics suggested that the SPR data followed a pseudo first-order 

kinetic model with a single exponential being sufficient to fit the association (fig S4A). 

Association of ACKR3 to CXCL12-biotin occurred on a time scale similar to the dominant 

association phase seen in cells (Fig 2E), whereas dissociation of ACKR3 in nanodiscs was 

faster than that detected by the cell-based methods (Fig 2F). The faster dissociation rate was 

likely an effect of biotin interfering with CXCL12 binding to receptor as previously 

observed for S6-tagged CXCL12 binding to CXCR4 (28). Consistent with this hypothesis, 

the midpoints of thermal unfolding (Tm) of the purified ACKR3:CXCL12-biotin complex 

was reduced relative to ACKR3:CXCL12 (fig S4B). Equivalent SPR experiments with 

ACKR3 reconstituted into n-dodecyl-β-D-maltopyranoside (DDM):cholesteryl 

hemisuccinate (CHS) detergent micelles showed no differences in association or dissociation 

constants compared to the results in nanodics (fig S4C–E).

A single-exponential function was sufficient to fit receptor:chemokine association in the 

SPR experiments whereas association in Sf9 cells fit best to a two-component model. A 

plausible reason for this difference could be the fact that receptors in cell membranes exist in 

different environments, which may affect chemokine association rates. The presence of cell 

surface glycosaminoglycans, which are well-known to bind chemokines (26), may also 

contribute to apparent inhomogeneity. Also, 7TM receptors are known to be inherently 

dynamic and even in the absence of ligand populate multiple active and inactive states (29), 

which can have different ligand association rates (30) and could contribute to the two-phase 

behavior of CXCL12 binding to ACKR3 in Sf9 cells. This effect might be less prominent in 

the SPR experiments since these experiments are done at higher concentrations and with 

purified receptors in solution binding to immobilized chemokines, in contrast to the 
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experiments in Sf9 cells where soluble chemokines bind receptors immobilized in the cell 

membrane. A two-phase behavior similar to that observed for CXCL12 binding to ACKR3 

in Sf9 cells has been observed for live cell ligand binding to the peptide-binding class B 

GPCR, Parathyroid Hormone 1 Receptor (PTH1R), in mammalian cells (31). In the case of 

PTH1R, this behavior was explained by an initial binding step followed by a conformational 

rearrangement of the receptor:peptide complex. Since our binding experiments do not 

distinguish different bound states, it is unlikely that a similar model explains the two-phase 

behavior of ACKR3.

Together, the data showed that the time scale of CXCL12WT binding to ACKR3WT was 

similar in three different membrane-mimicking systems (Sf9 cells, nanodiscs and 

DDM/CHS micelles), with two different experimental setups (flow cytometry and SPR) and 

with detection of receptor binding to immobilized chemokine or chemokine binding 

immobilized receptor. Based on these results we concluded that the slow binding kinetics 

was an inherent feature of the ACKR3:CXCL12 interaction.

To further determine if the measured binding kinetics are relevant in the context of CXCL12 

activation of ACKR3 we tested the rate of arrestin association to the receptor using time-

resolved BRET experiments where arrestin association was quantified at different time 

points after chemokine addition (Fig 2G). When fit to a single exponential, the kobs for 

arrestin recruitment to ACKR3WT induced by 10 nM CXCL12WT was 3-fold faster than the 

observed kobs of the slow phase of binding to Sf9 cells at the same concentration. The faster 

rate could be explained by the higher temperature used in the BRET experiments since 

HEK293T cells were maintained at 37°C during chemokine association and the Sf9 cells and 

SPR experiments were performed at ambient temperature. Nevertheless, comparison of the 

kobs values for arrestin association and CXCL12 binding showed that arrestin recruitment 

happened on similar time scale to CXCL12 association, suggesting that chemokine binding 

could be rate-limiting for arrestin association.

ACKR3 is known to have an approximately 10-fold higher affinity for CXCL12 than 

CXCR4 (Table S1); thus these results suggest that hidden within this relatively modest 

affinity difference are more significant differences in binding kinetics where ACKR3 has a 

slower CXCL12 association rate than CXCR4 but the even slower dissociation rate makes it 

a higher affinity binder.

N-terminal truncations of ACKR3 affected chemokine dissociation but not association

To test the role of the receptor N-terminus in ligand binding we examined truncated versions 

of ACKR3 for their ability to bind ligands in stability and kinetic association/dissociation 

experiments. Stable expression of the truncated receptors required fusion of thermostabilized 

apocytochrome b562 (bril) to the N-terminus of ACKR3, the addition of which did not affect 

the dissociation rate or fold of the receptor (fig S5A, B, C and D). To confirm proper folding 

of the truncated constructs, receptor:ligand complexes were purified from Sf9 cells (Fig 3A) 

and tested in thermostability assays (32). Bril-ACKR3WT, bril-ACKR3d17 and bril-

ACKR3d29 had identical Tm when in complex with the small molecule CCX662 (Fig 3B). 

This confirmed the structural integrity of the truncated complexes and was in perfect 

agreement with CCX662-induced arrestin recruitment experiments (Fig 1B, C and D). In 
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complex with the CXCL12 mutant CXCL12LRHQ, which was selected from a phage display 

library (33) and has the three first residues in its sequence replaced by Leu-Arg-His-Gln, 

bril-ACKR3d29 had a lower Tm compared to the other ACKR3 variants (Fig 3B). This is 

again consistent with the data described above (Fig 1B, C and D) where ACKR3d29 had a 

lower potency and efficacy of arrestin recruitment when stimulated with CXCL12WT. 

CXCL12WT association experiments (Fig 3C) showed that the population of the slow 

receptor binding phase was slightly higher for bril-ACKR3d29 compared to bril-ACKR3WT 

(78% vs 65%, Fig 3D) but there was no significant difference between bril-ACKR3WT and 

bril-ACKR3d17 or bril-ACKR3d29 in the rate of the slow association phase (Fig 3E). 

Consistent with the binding data, time-resolved BRET experiments with 10 nM CXCL12 

(Fig 3F) showed no significant differences in the rate of arrestin recruitment due to the N-

terminal truncations (Fig 3G). In contrast, bril-ACKR3d29 had a 30-fold faster chemokine 

dissociation rate from receptors in Sf9 cells compared to bril-ACKR3WT (Fig 3H and I). 

These data demonstrated that the main effect of the N-terminal truncation on arrestin 

recruitment to ACKR3d29 can be attributed to an increased dissociation rate from the 

receptor. This result also suggests that the role of residues 18–29 of ACKR3 is primarily to 

prevent chemokine dissociation after the chemokine has engaged the receptor (Fig 3J).

The impact of ACKR3 N-terminal truncation was modulated by chemokine dissociation 
rates

Compared to other chemokine receptors, point mutations of the ACKR3 N-terminus have 

been reported to have relatively minor effects on the ability of the receptor to be activated by 

CXCL12 and CXCL11(34, 35). Our data showing that N-terminal truncations of ACKR3 

had major effects on both CXCL11 and CXCL12 activation was therefore surprising. Of the 

two chemokines, CXCL11-mediated β-arrestin-2 recruitment to ACKR3 was more sensitive 

to mutations (34) and truncations of the receptor N-terminus than recruitment induced by 

CXCL12 (Fig 1B, C and D). Additionally, CXCL11 had a faster off-rate from the receptor 

than CXCL12, too fast to measure with our assay. Based on these observations, we 

hypothesized that the dissociation rate of a chemokine may affect how sensitive its potency 

and efficacy of activation are to N-terminal receptor truncations. To test this hypothesis, we 

compared binding kinetics and β-arrestin recruitment of CXCL12WT to the single point 

mutant CXCL12P2G (14) and to CXCL12LRHQ (33). These two variants only differ from 

CXCL12WT in the distal N-terminal region of the chemokine that interacts in the CRS2 

region (orthosteric pocket and extracellular loops) of the receptor. Thus, the interactions that 

the first 29 residues of ACKR3 make with the chemokines are identical and far separated 

from the ACKR3:CXCL12 interactions that are unique to the respective chemokine (Fig 

4A). It has been previously shown that all three CXCL12 variants are high affinity ligands of 

ACKR3 with IC50 values in the pM to low nM range (33). However, preliminary co-

expression experiments suggested different binding kinetics for the three chemokines since 

CXCL12WT and CXCL12LRHQ could be co-purified with ACKR3 from Sf9 cells (27) while 

CXCL12P2G could not, presumably because it rapidly dissociated from the receptor.

To quantify these potential differences we tested the mutant chemokines with bril-

ACKR3WT and bril-ACKR3d29 in dissociation experiments. CXCL12WT, CXCL12P2G and 

CXCL12LRHQ had significantly different off-rates from bril-ACKR3WT ranging from 
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CXCL12P2G, which had a dissociative half-life of 7.2 ± 1.2 min (~15-fold faster than 

ACKR3WT) to CXCL12LRHQ, which had no measurable dissociation during the time scale 

of the experiment (Fig 4B, C). Differences in dissociation rates were even further enhanced 

with the truncated receptor, bril-ACKR3d29. CXCL12LRHQ was fully bound even after 60 

min competition with unlabeled ligand while we were unable to determine detectable 

binding of CXCL12P2G due to its rapid dissociation rate (Fig 4D and E).

Despite differences in dissociation rates from the receptor, all three chemokine mutants 

induced β-arrestin recruitment to ACKR3WT with similar efficacy and potency (Fig 4F, G 

and H). This was consistent with the idea that the exact sequence of the chemokine N-

terminus is not crucial for ACKR3 activation (35), which contrasts with most canonical G 

protein-coupled chemokine receptor:chemokine pairs where specific interactions with the 

chemokine N-terminus play a crucial role in signaling (16). However, significant differences 

in the ability to promote β-arrestin-2 recruitment to the truncated receptor ACKR3d29 was 

observed for the three chemokines (Fig 4G, H and I). CXCL12LRHQ recruited β-arrestin-2 to 

the truncated receptor with higher efficacy and potency than the other chemokines, including 

CXCL12WT, while CXCL12P2G was a very weak agonist that was only able to recruit a 

small amount of β-arrestin-2 even at 2 μM of chemokine (fig S6).

Thus, the chemokine with the slowest dissociation rate was also the one least impacted by 

the N-terminal truncation of the receptor in agreement with the hypothesis that there is a 

correlation between a fast chemokine off-rate and sensitivity to N-terminal receptor 

truncation and mutations. This further suggests that the residence time of agonists on 

ACKR3 affects their ability to recruit β-arrestin-2.

Discussion

On the basis of previous studies, it has been proposed that the chemokine receptor N-

terminus acts as a landing pad for the core of the chemokine, which then orients the 

chemokine N-terminus to activate the receptor through interactions in the orthosteric pocket 

(13, 14). However, the order of binding has never been experimentally demonstrated. Based 

on our studies of CXCL12 binding to ACKR3, we propose a different model where 

interactions are initially formed between the N-terminus of the chemokine and the 

orthosteric pocket and extracellular loops of the receptor (CRS1.5/CRS2 region in Fig 1A). 

This initial interaction is followed by the N-terminus of the receptor wrapping around the 

chemokine to form the CRS0.5/CRS1 interactions and anchoring the chemokine to the 

receptor (Fig 5).

Our results showed that chemokine binding is driven by the interplay between different 

epitopes (CRS0.5/1/1.5/2) on the receptor and that the contribution from these epitopes 

cannot be completely uncoupled. The ACKR3 N-terminus had a critical role in chemokine 

binding and activation. However, this role is not only dependent on the specific “CRS1” 

interactions but rather on the total sum of interactions that the chemokine makes with other 

regions of the receptor. These observations suggest that truncations and mutations of the 

receptor or chemokine N-termini may affect the potency and efficacy of activation by the 

chemokine but only if the truncated or mutated region contributes a large enough fraction of 
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the total binding energy. CXCL11-induced ACKR3 activation was more sensitive than 

CXCL12-induced activation to N-terminal receptor mutations (34) and truncations. 

According to our model, CXCL11 does not necessarily make more and/or stronger 

interactions with the distal N-terminus of the receptor, but those interactions represent a 

larger portion of the total interaction energy. Similarly, CXCL12 binding and activation of 

ACKR3 is less sensitive to point mutations in the receptor N-terminus than CXCL12 binding 

and activation of CXCR4 (34, 35). It was therefore suggested that, as opposed to CXCR4, 

interactions with the ACKR3 N-terminus is not an essential determinant of CXCL11- and 

CXCL12-induced receptor activation (35). Our data showed that the ACKR3 N-terminus 

plays a key role in chemokine binding and activation and suggest that the reason for 

ACKR3’s reduced sensitivity to mutations is that CXCL12 has a much slower off-rate from 

ACKR3 than from CXCR4.

Biased signaling where ligands or receptor variants selectively activate one signaling 

pathway over another is an emerging concept (36). Our observations suggest a potential 

mechanism for how CRS0.5/1 interactions could control receptor activation of different 

signaling pathways. A chemokine with fast dissociation rate may not have a long enough 

residence time on the receptor to allow for G protein kinase (GRK) phosphorylation 

followed by β-arrestin recruitment. Thus, changes in chemokine residence times may alter 

the coupling to different intracellular adaptor proteins and be a source of apparent signaling 

bias. This would be analogous to the dopamine D2 receptor where apparent signaling bias is 

affected by agonist dissociation rates (37). In this study, we utilized β-arrestin-2 recruitment 

as a measure of receptor activation. However, recent studies have shown differences in 

intracellular trafficking between CXCL11- and CXCL12-activated ACKR3, potentially due 

to interaction with other adaptor proteins than arrestins (38). In this case and in the case of 

other receptors, intracellular effector proteins may be differentially affected by changes in 

ligand lifetimes on receptors.

Although our data suggests that the main contribution of the N-terminus is to prevent the 

chemokine from dissociating from the receptor, it should also be noted that CXCL12LRHQ 

has a lower efficacy for ACKR3d29 than for ACKR3WT even with its very long dissociative 

half-life (longer than that of CXCL12WT from ACKR3WT). Thus, even if ACKR3d29 can be 

fully activated by a small molecule agonist, there must be additional interactions within the 

receptor:chemokine complex that are needed for full activation of the receptor and that are 

not formed when the chemokine binds the truncated receptor.

The results presented here are likely to also apply to other chemokines and chemokine 

receptors. Mutational studies have shown that chemokines rely to different extents on CRS2 

interactions versus interactions involving the receptor N-termini (CRS0.5/1/1.5) (2). For 

example, N-terminally truncated CCL2 is a high affinity CCR2 antagonist (39). On the other 

hand, N-terminal truncations significantly affect the ability of CXCL12 to bind as well as 

activate CXCR4 (40). Our efforts were focused on ACKR3 and CXCL12, which comprise a 

CXC receptor:CXC chemokine pair and are likely not representative of the whole family of 

receptors and chemokines. Thus, more data with other receptors and chemokines would 

further clarify the role of the receptor N-terminus in chemokine binding. Still, previous 

results have shown similarities between the ACKR3:CXCL12 complex and the same 
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chemokine in complex with CXCR4. For example, several residues that affect CXCR4 

chemokine binding and activation are also implicated in CXCL12 activation of ACKR3 (8, 

41).

Post-translational modifications of the N-terminus have been identified for a number of 

different chemokine receptors. A notable example of this is Tyr sulfation that occurs for 

multiple receptors (42) and can have significant effects on chemokine binding affinity (43). 

Based on our model, sulfation likely reduces the dissociation rates of chemokine. In analogy 

with the effects of N-terminal truncation of ACKR3 on CXCL11 and CXCL12, this 

modification could therefore serve as a regulatory mechanism that impacts signaling, with 

different effects on specific chemokines that bind to the same receptor.

Both association and dissociation rates of CXCL12 binding to ACKR3 are slower than what 

has been reported for binding to CXCR4. One of the proposed roles of ACKR3 is to regulate 

CXCR4 by controlling the extracellular concentration of CXCL12 (6, 7). Based on its higher 

affinity for CXCL12, it was believed that the chemokine would preferentially bind ACKR3 

over CXCR4 (44). However, while this may be observed in equilibrium experiments, the 

kinetic differences between the two receptors, with the CXCR4 on- and off-rates being 

considerably faster than those for ACKR3, could make CXCR4 kinetically favored for 

CXCL12 binding. In such a hypothetical scenario CXCL12 may initially bind CXCR4, 

leading to G protein-coupled signaling but eventually favor ACKR3 binding, which would 

lead to chemokine internalization and degradation. Thus, differences in their binding 

kinetics could be of fundamental importance for the interplay between ACKR3 and CXCR4 

in vivo.

Materials and Methods

Cloning

A pFastBac1 vector containing residues 2–332 of human ACKR3 with a N-terminal GP64 

promoter, HA signal sequence and C-terminal FLAG and 10x His tags was utilized for 

baculovirus expression (27). For expression in HEK293T cells, human ACKR3 was cloned 

into a pcDNA vector containing the Rluc3 gene (a kind gift from Nikolaus Heveker, 

Universite de Montreal, Montreal, QC, Canada) at the C terminus of the receptor. Constructs 

where 7–29 residues were removed from the receptor N-terminus were obtained using the 

SLIM protocol (45). For chemokine expression in Sf9 cells CXCL11 and CXCL12 with 

their native signal sequences and C-terminal HA tags were cloned into a pFastBac1 vector 

containing a polyhedrin (polH) promoter. CXCL12P2G and CXCL12LRHQ mutant constructs 

were produced by site directed mutagenesis using standard quick-change methods.

Ligands

Recombinant CXCL11, CXCL12WT, CXCL12P2G and CXCL12LRHQ were expressed and 

purified from E. coli by slight variations of the protocols previously described (8, 46). Small 

molecule ACKR3 ligands CCX662 and CCX777 were a gift from Chemocentryx (23).
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BRET-based β-arrestin-2 recruitment assays

HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium supplemented 

with 10% fetal bovine serum. Cells were transfected in six-well plates with 0.05–0.125 μg of 

ACKR3 DNA and 1 μg of a pcDNA vector containing GFP10-β-arrestin-2 (kind gift from 

Nikolaus Heveker, Universite de Montreal). 48 hours after transfection the cells were 

washed and resuspended in PBS buffer containing 0.1 % glucose and transferred to 96-well 

white clearbottom tissue culture assay plates (BD Falcon) (100,000 cells per well). For dose-

response experiments the plates were incubated for 40 min at 37°C and then stimulated for 

20 min with different concentrations of ligand. β-arrestin-2 expression was quantified by 

measuring GFP10 fluorescence emission at 510 nm after excitation at 400 nm. The bottom 

of the plate was covered and luciferase substrate (Deep Blue C) was added to a final 

concentration of 5 μM. BRET was measured on a VictorX Light multilabel plate reader 

(Perkin-Elmer Life Sciences) as the ratio of GFP10 emission at 515 nm to Rluc3 emission at 

410 nm. Each point was recorded in duplicate, average BRET values were plotted against 

log [ligand] and the resulting dose-response curves were fit using non-linear fitting in 

GraphPad Prism to obtain Emax and pEC50 values. For time-resolved BRET experiments 

cells were incubated for 40 min and then stimulated with 10 nM chemokine for times 

ranging from 4–70 min before measuring BRET. Averaged BRET values from duplicate 

measurements were plotted as a function of time and the association rates were determined 

from non-linear fitting to single exponential functions.

Sf9 cell expression

ACKR3 was expressed in Sf9 cells as previously described (27). Briefly, cells were cultured 

in ESF921 media (Expression Systems) at 27°C with shaking at 140 rpm. The Bac-to-Bac 

Baculovirus Expression System (Invitrogen) was used to produce baculovirus containing the 

different ACKR3 and CXCL12 variants as previously described (27). Briefly, recombinant 

bacmids were incubated with 3 μL of Xtreme Gene Transfection Reagent (Roche) and 100 

μL of transfection medium (Expression Systems) for 30 minutes. The mixture was added to 

2.5 mL of Sf9 cells at a density of 1.3 × 106 cells mL−1 and the cells were incubated for 96 h 

with 300 rpm shaking at 27°C. Cells were pelleted using centrifugation and 400 μL of the 

resulting supernatant (P0 stock) was used to transfect 40 mL of Sf9 cells at a density of 2.5 × 

106 cells mL−1. After 48 h the cells were centrifuged and the resulting supernatant was 

stored at 4°C until further use (P1 stock). Virus titers were determined using flow cytometry 

staining with a phycoerythrin (PE)conjugated GP64 antibody. To initiate protein expression 

P1 virus corresponding to ACKR3 alone or ACKR3 and CXCL12 (co-expression) was 

added to Sf9 cells at a density of ~2.5 × 106 cells mL−1 at a multiplicity of infection of 5. 

Cells were grown for 48h at 27°C with shaking at 140 rpm prior to experiments.

Binding experiments

For association experiments, Sf9 cells expressing ACKR3 were washed twice in assay buffer 

(20 mM phosphate buffered saline (PBS), 0.5% bovine serum albumin) and resuspended to a 

density of 3 × 106 cells mL−1. 10 μL (30,000 cells) of cells were transferred to a 96-well 

assay plate and 2 μL from a 0.05 mg mL−1 of the viability dye 7-amino-actinomycin D 

(7AAD) and 68 μL of room temperature assay buffer was added to each well. Purified HA-
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tagged CXCL12WT was incubated with a 1.3-fold molar excess of FITC-conjugated anti-HA 

antibody (Sigma-Aldrich, H7411) for 20 min. The CXCL12:antibody stock was then 

combined with assay buffer to make 5, 25 and 50 nM (5x) solutions, which were added to a 

final concentration of 1, 5 or 10 nM in a final volume of 100 μL. To quantify non-specific 

binding of CXCL12WT, 20 μM of the small molecule ligand CCX777 was added to cells 

prior to addition of chemokine. Cells were fixed at different time points with a 0.67 % (w/v) 

final concentration of paraformaldehyde.

For dissociation experiments 10 μL of Sf9 cells (30,000 cells) co-expressing ACKR3 and 

HA-tagged chemokine were incubated with FITC-conjugated anti-HA antibody (final 

antibody dilution 200x from 1 mg mL−1 stock) and 1 μL of 7AAD solution (from 0.05 mg 

mL−1 stock). After 20 min incubation, assay buffer containing 20 μM CCX777 was added 

and cells were fixed at different time points with 0.67 % (w/v) of paraformaldehyde (PFA). 

Non-specific binding was measured by expressing respective HA-tagged chemokine in the 

absence of ACKR3. Total receptor expression was measured by incubating 10 μL of cells 

with FITC-conjugated anti-FLAG antibody and 0.0075% (v/v) Triton X-100 and acquiring 

FITC fluorescence. Chemokine binding was quantified from FITC fluorescence using a 

Guava easyCyte flow cytometer (Millipore). Data was analyzed using FlowJo. The 

geometric mean of FITC fluorescence for live cells (selected from 7AAD fluorescence) was 

plotted against time and non-specific binding was subtracted. The resulting specific binding 

was fit using exponential functions in GraphPad Prism.

Thermostability assays

ACKR3 was purified from Sf9 membranes as previously described (8, 27). Briefly, pellets 

corresponding to 40 mL of Sf9 cells expressing different ACKR3 variants (bril-ACKR3WT, 

bril-ACKR3d17 and bril-ACKR3d29) were thawed and washed with low and high salt buffers 

(10 mM HEPES pH 7.5, 10 mM MgCl2, 20 mM KCl and 0 or 1 M NaCl). Washed 

membranes were solubilized with buffer containing 50 mM HEPES, pH 7.5, 400 mM NaCl, 

0.75/0.15% (w/v) DDM/CHS and 50 μM CCX777 and receptor was purified by affinity 

chromatography using Talon IMAC resin (Teknova). Eluted protein was buffer exchanged 

into 50 mM HEPES pH 7.5, 10% glycerol, 150 mM NaCl, 0.025/0.005 % (w/v) DDM/CHS 

(exchange buffer) and stored at 4°C for up to two weeks. Receptor glycosylation was 

removed by incubation over night with PNGaseF (NEB). For SDS-PAGE analysis ~6 μg of 

receptor was incubated with SDS-PAGE sample buffer and separated on 10% Tris-tricine 

polyacrylamide gels. For thermostability assays, 0.3 μM of ACKR3 and 2.5 μM of 7-

diethylamino-3-(40-maleimidylphenyl)-4-methylcoumarin (CPM) was incubated for 15 min 

in exchange buffer. Thermostability was determined using a RotorGeneQ 6-plex RT-PCR 

instrument (Qiagen) from the increase in CPM fluorescence (excitation 365 nm, emission 

460 nm) when the sample temperature was ramped from 25–95 °C.

SPR

SPR experiments were performed on a BIAcore 3000 machine (GE Healtcare) using a CM5 

chip (GE Healthcare) and a method adapted from Dyer et al (26). Following equilibration 

with running buffer (10 mM HEPES, 150 mM NaCl, 3 mM ethylenediaminetetraacetic acid 

(EDTA), pH 7.4) two flow cells on the CM5 chip were activated with a 1:1 mix of 1-
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ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (0.1 M) and N-hydroxy-succinimide 

(NHS) (0.2 M) (300 μl in total). Neutravidin (Invitrogen) was then flowed over the activated 

surface (0.2 mg mL−1 in 20 mM sodium acetate, pH 6.0) until surface saturation was 

reached, followed by surface deactivation with ethanolamine. Both flow cells were then 

thoroughly washed to remove non-bound neutravidin using regeneration buffer (0.1 M 

glycine, 1 M NaCl, 0.1% Tween-20, pH 9.5). Biotinylated CXCL12 (46) was then flowed 

over one flow cell of the chip at 10 μL min−1 (10 μg mL−1 in 10 mM HEPES, 150 mM 

NaCl, pH 7.4) until surface saturation was reached followed by washing with regeneration 

buffer. A paired flow cell with neutravidin, but without CXCL12, was prepared at the same 

time for reference subtraction to analyze specific interactions with immobilized CXCL12.

ACKR3 purified in DDM/CHS (see thermostability assays section for details) was 

reconstituted into membrane scaffolding protein (MSP) 1E3D1 nanodiscs as described 

previously (27). Briefly, receptor was mixed in cholate buffer (25 mM HEPES pH 7.5, 150 

mM NaCl, 25mM sodium cholate) with MSP1E3D1 protein, 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) 

(POPC/POPG, molar ratio 3:2) lipids at a 0.1:1:110 molar ratio of ACKR3:MSP:lipid. 

Cholate was removed using biobeads and nanodiscs were purified by size exclusion 

chromatography. Protein-containing nanodiscs were separated from empty nanodiscs by 

binding to Talon resin and eluted by 250 mM imidazole. The final sample was obtained after 

buffer exchange into 25 mM HEPES pH 7.5, 150 mM NaCl using spin concentrators.

Pilot experiments showed that flow rate had no effect upon the interaction, or associated 

residual plots. Experiments were undertaken at a fast flow rate of 40 μL min−1; thus, 

ensuring there were limited mass transfer mediated effects in these experiments. Pilot 

experiments demonstrated that the regeneration buffer used removed all of the bound 

material and had no effect on subsequent interaction analyses.

Interaction experiments were undertaken by flowing the indicated concentrations of ACKR3 

(in 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, pH 7.4 for nanodisc samples, same buffer 

containing 0.025/0.005% (w/v) DDM/CHS for experiments in micelles) over both flow cells 

with the non-specific interaction signal (no CXCL12) being subtracted from the specific 

interaction signal (with CXCL12). Due to subtle mis-matches between the assay buffer and 

the ACKR3-containing buffer the curves produced by injecting ACKR3 buffer alone was 

also subtracted from the raw data. The surface was regenerated between ACKR3 injections 

using regeneration buffer. To ensure that the signal produced was from ACKR3 specifically, 

receptor-free nanodiscs were also flowed over the surface at matching concentrations, 

producing no positive signal.

Curves generated as above were then analyzed using the BIAevaluation software (GE 

Healthcare) using a 1:1 binding model. The dissociation phase of curves measured at 

different ACKR3 concentrations were fit to a global dissociation constant (kd), which was 

then used to fit the association phase. Initially, local association constants (ka) for each 

chemokine concentrations were obtained to confirm that the binding reaction followed 

pseudo-first order kinetics. To obtain a single ka value for the experiment curves at different 

chemokine concentrations were then fit globally.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Arrestin recruitment of N-terminally truncated ACKR3 variants.
(A) Extracellular portion of the ACKR3:CXCL12 complex from experimentally-driven 

molecular model (8) and sequences of ACKR3 truncation mutants. Truncated regions are 

highlighted according to the color scheme in the model. (B) Representative examples of 

recruitment of GFP10-β-arrestin-2 to ACKR3-Rluc3 variants stimulated with different 

concentrations of CXCL12WT, CXCL11 and CCX662 measured by BRET. Each point 

corresponds to the average and standard error of two measurements. (C and D) Potency (C) 

and efficacy (D) of ligand-induced β-arrestin-2 recruitment determined relative to 

ACKR3WT from fitting of dose response curves. pEC50 and Emax values for truncation 

mutants were determined as ΔpEC50=pEC50,mutant-pEC50,WT and %Emax =Emax,mutant/

Emax,WT × 100. Data are mean and standard error of three or more experiments. 

Significantly lowered potency or efficacy relative to ACKR3WT with the same ligand is 

noted: *P<0.05, **P<0.01, ***P<0.001 from one-way ANOVA with Dunnett’s multiple 

comparison test. # in (C) indicates that CXCL11-induced arrestin recruitment by ACKR3d29 

could not be accurately fit and ΔpEC50 was estimated from the raw data to be >−2.2.
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Fig. 2. Kinetics of CXCL12 binding to ACKR3.
(A) Dissociation of CXCL12WT was measured by flow cytometry by monitoring the 

decrease in geometric mean of FITC fluorescence after addition of the small molecule ligand 

CCX777 to live Sf9 cells co-expressing ACKR3WT and HA-tagged CXCL12WT bound to 

FITC-conjugated antibody. (B) Association of CXCL12WT to ACKR3WT after adding HA-

tagged CXCL12WT complexed with FITC-conjugated antibody against HA to cells 

expressing ACKR3WT. (C) kobs values for the slow phase of CXCL12WT association to 

ACKR3WT at different ligand concentrations determined from fitting the data to a two 

component exponential equation. (D) Binding of ACKR3 in nanodiscs to immobilized 

CXCL12 measured by SPR. (E and F) Association (E) and dissociation rate constants (F) 

were determined for binding of ACKR3 in nanodiscs to immobilized CXCL12 detected by 

SPR, and for CXCL12 binding to ACKR3 in live Sf9 cells detected by flow cytometry. The 

asterisk indicates that the dissociation rate is slower in Sf9 cells as determined from unpaired 

t-test with p < 0.05. (G) Kinetics of β-arrestin-2 recruitment to ACKR3WT in HEK293T 

cells followed by BRET. Curves in (A), (B), (D) and (G) are representative examples of six 

(A) or three (B, D and G) independent results, and each point or bar in (C), (E) and (F) are 

means and standard errors of three or more experiments.
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Fig. 3. Ligand binding kinetics of truncated ACKR3 variants.
(A) Representative example of SDS-PAGE of purified bril-ACKR3WT, bril-ACKR3d17 and 

bril-ACKR3d29. Addition of PNGase F deglycosylates the receptor. (B) Representative 

example of thermal unfolding of ACKR3 variants in complex with CCX662 and 

CXCL12LRHQ measured using CPM fluorescence (32). (C) Representative example of 

CXCL12WT association to ACKR3 variants at 5 nM chemokine detected by flow cytometry. 

(D) Percent of the association curves corresponding to the slower phase of chemokine 

association determined from fitting association curves at 10 nM CXCL12WT to a two-phase 

exponential equation. Bars represent the average and standard errors of three or more 

experiments. ACKR3d29 has a larger slow component than ACKR3WT (P<0.05 as 

determined from one-way anova with Dunnett’s multiple comparison test). (E) Mean and 

standard errors from three or more measurements of kobs values for the slow phase in (D). 

(F) Representative example of arrestin recruitment to ACKR3 variants determined from 

BRET experiments after addition of 10 nM CXCL12WT. (G) Average and standard errors of 

kobs values from fitting three time-resolved BRET experiments to single exponential 

equations. (H) Representative example of CXCL12WT dissociation from ACKR3:CXCL12 

complexes in Sf9 cells. (I) Mean and standard errors of CXCL12WT dissociative half-life 

determined from fitting three or more dissociation curves to a single-phase exponential 

equation. The dissociative half-life of bril-ACKR3d29 is significantly shorter than 
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ACKR3WT (P<0.001 as determined from one-way anova with Dunnett’s multiple 

comparison test). (J) Schematic representation of CXCL12 binding equilibria for ACKR3WT 

and ACKR3d29 highlighting the faster dissociation rate but unchanged association rate of 

CXCL12 binding to the truncated receptor.
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Fig. 4. ACKR3 binding kinetics and arrestin recruitment of CXCL12 mutants.
(A) Extracellular portion of ACKR3:CXCL12 model and N-terminal sequences of CXCL12 

variants. Residues in CXCL12WT that differ between the three mutants are highlighted in 

pink in the model. (B) Representative curves for CXCL12 dissociation from bril-ACKR3WT 

detected by flow cytometry. (C) Means and standard errors from three or more experiments 

of dissociative half-lives determined from fitting dissociation curves to a single exponential. 

The dissociative half-life of CXCL12LRHQ was too slow to quantify but was estimated to be 

longer than 150 min (highlighted by # in figure). Binding of CXCL12P2G to ACKR3d29 was 

too low to quantify a dissociation rate (highlighted by $ in figure). (D) Representative 

CXCL12 dissociation curves from bril-ACKR3d29 detected by flow cytometry. (E) Means 

and standard errors of the percent specific chemokine binding remaining 20 min after the 

start of dissociation for three or more experiments. CXCL12LRHQ has a higher fraction of 

chemokine bound than CXCL12WT for both bril-ACKR3WT and bril-ACKR3d29 and 

CXCL12P2G has a lower fraction bound for bril-ACKR3WT. Binding of CXCL12P2G to 

ACKR3d29 was too low to quantify (highlighted by $ in figure). (F) Representative dose-

response curves for β-arrestin-2 recruitment to ACKR3WT and ACKR3d29. (G) Emax 
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normalized to ACKR3WT with CXCL12WT (%Emax =Emax,mutant/Emax,WT × 100). Each 

bar represents the average and standard errors of three or more experiments. (H) Mean and 

standard errors of pEC50 relative to ACKR3WT with CXCL12WT (ΔpEC50=pEC50,mutant-

pEC50,WT). CXCL12P2G-mediated recruitment of arrestin to ACKR3d29 was barely 

detectable and the ΔpEC50 was estimated to be less than −2 (highlighted by $ in G and H). 

(I) Representative dose-response curves for β-arrestin-2 recruitment to ACKR3WT and 

ACKR3d29. Significant differences for CXCL12P2G and CXCL12LRHQ compared to 

CXCL12WT are noted: *P<0.05, **P<0.01, ***P<0.001 from one-way ANOVA with 

Dunnett’s multiple comparison test.
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Fig. 5. Model of the mechanism of chemokine interaction with the receptor.
Experiments with chemokine mutations (CXCL12P2G and CXCL12LRHQ) and receptor 

truncations (Δ2–29) suggested that the chemokine initially engages with the CRS1.5 and 

CRS2 of the receptor followed by formation of additional interactions with the CRS0.5 and 

CRS1 epitopes. Initial docking of the receptor N-terminus with the core of the chemokine 

(bottom left corner) is not a key step in the formation of the fully engaged 

receptor:chemokine complex.
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