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Abstract

The pleiotropic chemokine CXCL12 is involved in diverse pathophysiological processes, 

including embryogenesis, hematopoiesis, leukocyte migration and tumor metastasis, while 

apparently engaging only one classical and one atypical receptor, CXCR4 and ACKR3, 

respectively. Here we show that CXCL12, though primarily in its dimeric form, is also able to bind 

to the atypical chemokine receptor 1 (ACKR1), previously known as Duffy antigen/receptor for 

chemokines, or DARC. Using nuclear magnetic resonance spectroscopy and isothermal titration 

calorimetry, we demonstrate that dimeric CXCL12 binds to the extracellular N-terminus of 

ACKR1 with low nanomolar affinity, while the binding affinity of the monomeric CXCL12 

is orders of magnitude lower. The CXCL12 dimer, but not the monomer, efficiently binds to 

cellular ACKR1, as shown using ACKR1-transfected cells and primary human Duffy-positive 

erythrocytes. In summary, we report a new interaction between CXCL12 dimer and ACKR1, 

which provides another layer of regulation of multiple biological functions of CXCL12. The 

ability of ACKR1 to bind CXCL12 and potentially also other chemokines in their dimeric form 
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offers new insights into mechanisms behind known functions of ACKR1 in chemokine retention 

and presentation in the bone marrow and on venular endothelial cells.

One Sentence Summary:

Atypical chemokine receptor 1 binds to dimeric CXCL12, suggesting additional roles in 

chemokine retention and presentation.
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Introduction

Chemokines are a group of intercellular communication proteins that bind to their classical 

cognate G-protein coupled receptors (GPCRs) to initiate different cell responses, most 

commonly directed migration (1). In addition, chemokines engage atypical chemokine 

receptors, which regulate chemokine availability in defined microenvironments by 

sequestering and scavenging or transporting and presenting cognate chemokines (2). 

Homeostatic chemokines such as CXCL12 are constitutively expressed to maintain discrete 

cellular niches. CXCL12 is also known as stromal cell-derived factor 1 (SDF-1) as it was 

first described as a Pre-B-cell growth-stimulating factor expressed by bone marrow stromal 

cells (3-5). Mice deficient for CXCL12 die prenatally, showing severe developmental 

defects in hematopoiesis as well as defects in cardiac ventricular septa formation (6). 

These phenotypes of CXCL12 knockout mice are shared by mice deficient for both 

CXCL12 receptors, G-protein coupled CXCR4 (7, 8) and atypical chemokine receptor 3 

(ACKR3) (9, 10). Due to multifaceted and broad functional involvement of CXCL12, it is 

key to understand the mechanisms which regulate its distribution and function, including 

post-translational modifications and other molecular interactions (11). Secreted CXCL12 

readily forms homodimers, which have altered receptor-binding preference as compared 

to the monomeric form and activate differential signal transduction pathways downstream 

of CXCR4 (12-14). Therefore, the monomer-dimer equilibrium of CXCL12 significantly 

influences the functions of this chemokine. Here we describe a novel interaction of CXCL12 

with the atypical chemokine receptor 1 (ACKR1) which clearly differs for the monomeric 

and dimeric forms of this chemokine.

ACKR1 was first discovered on red blood cells (RBCs) as the Duffy blood group antigen 

(15). It was subsequently shown to be exploited as an entry receptor for Plasmodium 
vivax and Plasmodium knowlesi invasion of RBCs (16-19), whereby ACKR1 induces 

the dimerization of its malarial parasite ligand the Duffy-binding protein (DBP) (20-22). 

The recognition that Duffy antigen also binds inflammatory chemokines of CC and CXC 

families (23-25) led to its designation as Duffy antigen/receptor for chemokines or DARC 

(26), an acronym widely used until its recent classification as an atypical chemokine 

receptor (2) and subsequent inclusion in the systemic nomenclature (27). A prevalent 

ACKR1 polymorphism present in the majority of individuals of African ancestry abolishes 

its expression on RBC (28), thus conferring a resistance to P. vivax and P. knowlesi malaria 
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(17). In addition to RBCs and their bone marrow precursors (29), ACKR1 is also expressed 

by the endothelial cells (30, 31) of post-capillary venules (32, 33) and by non-vascular cells 

including the Purkinje neurons of the cerebellum (31, 34). Individuals who lack ACKR1 

on RBCs still express it in the endothelial cells and in the brain (26). ACKR1 on RBC 

acts as chemokine sink and reservoir, buffering the spikes in free plasma chemokines but 

also extending their half-life (35-38), thus shaping leukocyte responses to a broad range 

of chemokines, including by direct cross-competition for binding by chemokines with 

differential affinities for ACKR1 (39). Based on our current findings, the paradigms of 

ACKR1-mediated control of chemokine availability and function can now be extended to 

include the regulation of CXCL12.

The interaction between ACKR1 and CXCL12 was first suggested by protein nuclear 

magnetic resonance (NMR) spectroscopy, showing binding of the ACKR1 N-terminus 

to CXCL12, which was highly preferential for the dimeric form of chemokine. ACKR1 

binding of CXCL12 dimer, but not monomer, was confirmed by isothermal titration 

calorimetry (ITC) and measurement of fluorescent chemokine binding using cellular 

systems of ACKR1 expression. ACKR1 preferential affinity for CXCL12 dimers might 

represent a new, unexpected pathway to regulate the relative availability of the monomeric 

and dimeric chemokine forms of CXCL12 in distinct, characteristic microenvironments of 

CXCL12 and ACKR1 expression (40, 41).

Results

Protein NMR spectroscopy

Chemokines are thought to interact with their receptors through a two-site, two-step binding 

and activation model, though more advanced models describe additional steps and subsidiary 

binding events (42-44). However, all models agree that a chemokine interacts with its 

receptor’s extracellular N-terminus either followed by or preceded by other interactions 

with different portions of its G-protein coupled receptor (GPCR). Given the role of the 

chemokine receptor N-terminus in chemokine binding, protein NMR has successfully 

investigated the interaction of chemokines and the N-termini of many of the signaling 

chemokine GPCRs (45-50). Therefore the interaction of the N-terminus of ACKR1 with 

wild type CXCL12 (CXCL12-WT) and its locked monomeric and dimeric variants, denoted 

here as CXCL12-LM (51, 52) and CXCL12-LD (45), respectively, was investigated using 

protein NMR. A sixty-amino acid peptide corresponding to the extracellular N-terminus 

of ACKR1, denoted ACKR1N-term, was expressed recombinantly and purified. Standard 

three-dimensional protein NMR techniques (21, 53) confirmed backbone atom assignments 

for [U-15N/13C] ACKR1N-term (Fig. 1A). 15N-1H HSQC spectra were used to monitor the 

titration of [U-15N] ACKR1N-term with incremental additions of unlabeled CXCL12-LM, 

CXCL12-WT, or CXCL12-LD. Overlays of the spectra from the titrations are shown in 

Fig. 1B-D. Consistent with binding of WT CXCL12 or its variants, upon titration many 

ACKR1N-term residues show chemical shift changes and/or broaden beyond detection. Fig. 

1E-G are plots of ACKR1N-term chemical shift perturbations induced by 200 μM CXCL12-

LM, CXCL12-WT or CXCL12-LD. All three chemokines induce chemical shifts changes or 

peaks that broaden beyond detection for ACKR1N-term residues in the twenties as indicated 
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with the red bars in Fig. 1E-G. CXCL12-WT and, to a greater extent, CXCL12-LD lead 

to broadening of additional ACKR1N-term peaks with many of these located in the fifties 

region of ACKR1N-term residues. Previous reports provide contradicting claims regarding 

the interaction or lack thereof of CXCL12 with ACKR1 (54, 55). Our analysis of the 

ACKR1N-term spectra suggests that ACKR1N-term can bind CXCL12-LM, CXCL12-WT and 

CXCL12-LD with potentially significant differences in affinity and stoichiometry.

To confirm ACKR1N-term binding to CXCL12, [U-15N] CXCL12-LM, [U-15N] CXCL12-

WT, and [U-15N] CXCL12-LD were titrated with unlabeled ACKR1N-term and monitored by 

2D NMR. Overlays of 15N-1H HSQC spectra of CXCL12-LM, CXCL12-WT, and CXCL12-

LD with increasing concentrations of ACKR1N-term are shown in Fig. 2A-C. Binding of 

ACKR1N-term to CXCL12-LM induced chemical shift perturbations on a fast exchange time 

scale with a subset of peaks showing incremental changes in chemical shift upon additions 

of ACKR1N-term (Fig. 2A). CXCL12-WT exhibited a similar, but non-identical, pattern 

of ACKR1N-term-induced shifts with pronounced peak broadening at intermediate titration 

points (Fig. 2B). In contrast to CXCL12-LM and CXCL12-WT, additions of ACKR1N-term 

to CXCL12-LD produced extreme peak broadening leading to the disappearance of many 

signals (Fig. 2C).

Perturbations induced by 400 μM ACKR1N-term for observable residues in CXCL12-LM, 

CXCL12-WT and CXCL12-LD are quantified in Fig. 2D-F, with amino acids that broaden 

beyond detection indicated in red and with a value of 2.5 in the graph. Chemical shift 

perturbations were mapped onto the structure of CXCL12 in Fig. 2G with an interaction 

schematic in Fig. 2H (45). The predicted binding site of the N-terminal peptide includes 

residues adjacent to the dimerization interface of wild type CXCL12, and in the dimer 

overlaps the structured chemokine core, involving the adjacent α-helices of each monomer 

but not residues in the chemokine N-termini. While the chemical shifts indicate binding 

to all three CXCL12 variants, the interaction between ACKR1N-term and CXCL12-LD is 

different and, potentially, of a greater affinity than its interaction with CXCL12-LM or 

CXCL12-WT.

Binding events resulting in continuous NMR peak shifts (fast exchange on the chemical 

shift time scale) as observed for ACKR1N-term binding to CXCL12-LM typically correspond 

to rapid dissociation kinetics and lower affinity (56). Slower off rates associated with 

intermediate exchange (CXCL12-WT) or extreme peak broadening (CXCL12-LD) are often 

correlated with higher binding affinities. Chemical exchange broadening in the CXCL12-

WT titration could also arise from a shift in the monomer-dimer equilibrium if, for example, 

ACKR1N-term bound preferentially to CXCL12 dimer. While NMR titration data is often 

used to estimate KD values in the μM to mM range, the disappearance of signals from the 

CXCL12-LD spectrum precluded quantitative comparisons of ACKR1N-term binding affinity 

to the different oligomeric states of CXCL12.

High affinity ACKR1N-term binding to the CXCL12 dimer

Isothermal titration calorimetry (ITC), a sensitive technique for direct measurement of 

the thermodynamics of biophysical binding events, was used to further characterize the 

interaction between ACKR1N-term and CXCL12 or its variants. ITC confirmed the notion 
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that the ACKR1N-term bound CXCL12-LD with higher affinity than CXCL12-WT and 

CXCL12-LM (Fig. 3A-C). For CXCL12-WT and CXCL12-LD, saturation of ACKR1N-term 

binding occurs near a 1:1 molar ratio, with CXCL12-LD showing a complex isotherm for 

which the full dataset could not be fitted to a simple binding model. ITC measurements 

fitted using Origin with a one-site binding model for CXCL12-WT yielded a mean KD 

of 4.0 ± 1.0 μM (Fig. 3D). ITC determination using CXCL12-LD showed an initial 

high affinity interaction that was approximated using a sequential binding model. The 

first transition yielded a mean KD of 0.006 ± 0.01 μM. Titration of CXCL12-LM with 

ACKR1N-term did not evolve heats capable of being fitted or characteristic of a high-affinity 

interaction. Recall CXCL12-WT exists in a monomer-dimer equilibrium (57). The locked 

monomer and locked dimer results would suggest CXCL12-WT dimer can bind the 

ACKR1N-term tightly while monomer would not. Interestingly, fitting of the CXCL12-WT 

ACKR1N-term interaction showed an n, or number of sites, of approximately 0.5 (Fig. 

3D) indicating a binding stoichiometry of two chemokines to one ACKR1N-term. Although 

the possibility of ACKR1N-term binding two monomers cannot be excluded, this strongly 

suggests ACKR1N-term binding would promote dimerization of CXCL12-WT. These results 

are consistent with previous observations of the propensity of CXCL12 to dimerize upon 

binding to heparin or the CXCR4 receptor N-terminus (46, 57). This is further supported 

by an n number of sites of approximately 1 for the interaction of CXCL12-LD with 

ACKR1N-term (Fig. 3D). Here, an n of 1 indicates a one to one interaction between 

CXCL12-LD, which is structurally analogous to CXCL12-WT dimer, and ACKR1N-term 

(45). Taken together, the NMR and ITC results show ACKR1N-term binds CXCL12-WT and 

CXCL12-LD and suggests ACKR1N-term promotes and preferentially binds CXCL12 dimer.

CXCL12 binding to full-length cell surface ACKR1

Next, we tested CXCL12 binding to ACKR1 expressed in a cellular system first using 

MDCK cells stably transfected with human ACKR1. Flow cytometry using a specific 

monoclonal anti-human ACKR1 antibody showed that after transfection, the MDCK cells 

highly expressed ACKR1 (Fig. 4A). Fluorescently-labeled CCL2, a canonical high-affinity 

ligand of ACKR1 (58, 59), was used to confirm chemokine-binding activity of ACKR1 in 

transfected MDCK cells. Live cell confocal microscopy imaging as well as flow cytometry 

clearly showed that only the ACKR1-transfected MDCK, but not the control cells, were able 

to bind and, with time, internalize CCL2-AF647 (Fig. 4B and C).

As biochemical measurements indicated that ACKR1 preferentially binds CXCL12-LD, 

we directly labeled this chemokine with a fluorophore AF647 and used live cell 

confocal imaging to compare its binding to ACKR1-transfected and control MDCK 

cells. CXCL12-LD-AF647 bound only to the ACKR1-transfected MDCKs in which it 

initially co-localized with ACKR1 on the cell surface (Fig. 5A). Labeling ACKR1-MDCK 

cells with CXCL12-LD-AF647 followed by a prolonged incubation at 37 °C, led to 

chemokine internalization. The ACKR1 immunoreactivity remained prominently associated 

with the cell membranes, which at later timepoints were devoid of CXCL12-LD-AF647 

found scattered intracellularly, partially co-localizing with ACKR1 (Fig. 5A). Next, we 

used flow cytometry to compare the binding of CXCL12-LD-AF647 and CXCL12-WT-

AF647 to ACKR1-deficient and -sufficient MDCK cells. CXCL12-LD-AF647 associated 
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with ACKR1-expressing MDCK cells significantly more than CXCL12-WT-AF647, and 

both chemokines bound significantly better to ACKR1-expressing MDCK cells than 

control MDCKs (Fig. 5B). CXCL12-LD-AF647 had also higher than CXCL12-WT-AF647 

ACKR1-independent, non-specific binding. Furthermore, the highest concentrations of 

both dimeric and WT cross-competed, though not very efficiently, for ACKR1 binding 

of fluorescently-labeled canonical chemokine ligand CCL2-AF647, with CXCL12-LD 

competing to a significantly greater extent than CXCL12-WT (Fig. 5C).

Duffy-positive erythrocytes preferentially bind CXCL12-LD

To test the interaction of CXCL12-LD-AF647 with ACKR1 expressed in the membranes of 

primary human cells, we investigated the binding of the dimeric CXCL12 to erythrocytes 

of Duffy-positive individuals which, as anticipated, showed prominent ACKR1 expression 

on their surface (Fig. 6A and fig. S1A). The erythrocytes of Duffy-negative individuals 

were used as negative controls, as these cells are practically devoid of ACKR1 expression 

(Fig. 6A and fig. S1A). Accordingly, Duffy-positive but not Duffy-negative erythrocytes 

could bind CCL2-AF647 (fig. S1B). Confocal microscopy was used to observe the pattern 

of CXCL12-LD-AF647 binding to erythrocytes of Duffy-positive and Duffy-negative 

individuals. Upon addition of CXCL12-LD-AF647 to erythrocyte suspension, fluorescence 

was first associated with the fluid phase in both Duffy-positive and Duffy-negative samples. 

However, already after 10 min incubation at 37 °C, fluorescent chemokine bound to 

Duffy-positive erythrocytes and remained associated with their surface, without signs of 

internalization, for three hours duration of the experiment. Conversely, CXCL12-LD-AF647 

failed to significantly associate with Duffy-negative erythrocytes, thus illustrating the 

ACKR1-dependence of erythrocyte binding dimeric CXCL12. Fig. 6A presents a direct 

morphological comparison of CXCL12-LD-AF647 interaction to Duffy-positive and Duffy-

negative erythrocytes initially and following a one-hour incubation.

Next, we used Duffy-positive and Duffy-negative erythrocytes to quantify and compare 

the ACKR1-binding capacity of fluorescently-labeled CXCL12-LD-AF647 and CXCL12-

WT-AF647. These experiments clearly demonstrated the ACKR1-mediated binding of 

CXCL12-LD-AF647, which dose-dependently associated with erythrocytes of Duffy-

positive individuals while Duffy-negative erythrocytes showed negligible binding (Fig. 

6B). However, due to considerable variations between individual donors, the differences 

were statistically significant only for the highest chemokine concentration used (Fig. 6B). 

CXCL12-WT-AF647 also bound to Duffy-positive erythrocytes, but significantly less than 

CXCL12-LD. Surprisingly, Duffy-negative erythrocytes bound significantly more CXCL12-

WT-AF647 than CXCL12-LD-AF647 with WT CXCL12 binding equally well to Duffy-

positive and -negative cells (Fig. 6B). Such hierarchical pattern of ACKR1-independent 

erythrocyte binding of CXCL12 variants could be consistent with the involvement of 

CXCR4 and/or ACKR3, both receptors showing preference for the monomeric CXCL12 

over the dimeric one (14). However, this is clearly not the case, as erythrocytes do not 

express these receptors, neither the classical CXCR4 (fig. S2), nor the atypical ACKR3 

(60). The observed ACKR1-independent binding of the WT chemokine theoretically could 

also be mediated by sulfated sugars, heparan sulfate in particular, known to interact with 

chemokines and impinge on their localization (61, 62). Heparan sulfate is expressed on 
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erythrocyte membranes (63), but its involvement in selective binding of CXCL12-WT-

AF647 is not likely, as it preferentially binds dimeric vs. monomeric CXCL12 (64). It is 

possible that, in addition to CXCR4, ACKR3, ACKR1 and heparan sulfate, CXCL12 binds 

to yet another unidentified molecule present on the erythrocyte surface.

In subsequent binding competition experiments, the ACKR1-dependent erythrocyte binding 

of CCL2-AF647 was dose-dependently inhibited by increasing concentrations of CXCL12-

LD, but not CXCL12-WT, reaching statistical significance at the highest concentration 

used, although, at the highest concentration tested, inhibiting only approximately 20% of 

CCL2-AF647 binding (Fig. 6C).

In conclusion, ACKR1 expressed in cellular context in transfected cells and by primary 

erythrocytes bound efficiently only the dimeric form of CXCL12, which also competed with 

CCL2 for ACKR1 binding, though not very potently or efficaciously, but significantly better 

than its WT counterpart. These data provide a potential explanation why previous studies on 

ligand specificity of ACKR1, which relied on competition binding by a series of wild-type 

chemokines (54), overlooked CXCL12 as a potential ligand, a potent binder as a dimer, but a 

relatively weak competitor, even in its dimeric form.

Discussion

CXCL12 forms an extensive protein-protein interface with the flexible N-terminal domain 

of its receptors CXCR4 and ACKR3 (44, 51, 65). ACKR1 has the longest N-terminal 

domain in the chemokine receptor family (60 amino acids) and binds a multitude of 

inflammatory chemokines, but apparently not homeostatic chemokines like CXCL12 (54), 

a notion that was recently contested by Klei et al. (55). While most chemokines form 

dimers at micromolar concentrations or in the presence of glycosaminoglycans (66-68), 

they are generally understood to bind their G protein-coupled receptors as monomers 

(69, 70). However, we discovered previously that the CXCR4 N-terminus binds both 

monomeric and dimeric CXCL12 with near-equal affinity (45). Since previous surveys of 

chemokine-ACKR1 binding typically relied on measurements of competitive displacement 

of a high-affinity probe (e.g. CXCL8, CXCL1, or CCL2) (29, 54, 71, 72), we investigated 

the direct binding of CXCL12 to the ACKR1 N-terminal domain and found that ACKR1 

exhibited a strong preference for binding to the dimeric form of CXCL12. Post-translational 

modification of ACKR1 includes glycosylation and sulfation, facilitating oligomerization 

of malarial DBP (21, 73). In CXCR4, glycosylation of Asn11 and sulfation of Tyr21 

increase CXCL12 binding and dimerization (45, 74-76). The recombinant ACKR1 fragment 

produced in bacteria lacks those modifications, which are more likely to enhance CXCL12 

binding than to diminish or alter it. Our findings confirm a recent report that CXCL12 is an 

ACKR1 ligand (55), but also significantly modify its conclusions as monomeric CXCL12 

is not a potent ligand of ACKR1. Our data opens a possibility that other chemokines which 

apparently fail to compete with canonical ACKR1 ligands for binding might still bind 

ACKR1 in physiologically relevant contexts. Furthermore, it is also possible that canonical 

inflammatory chemokine ligands of ACKR1 also preferentially bind in their dimeric form.
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Only the ACKR1 interaction with the malarial DBP has been structurally characterized, 

where residues Gln19-Tyr30 bind as an α-helix at the DBP dimer interface (27). Chemical 

shift perturbations suggest this region of ACKR1, which contains a cluster of acidic residues 

and a tyrosine (Tyr30) conserved among orthologs that is sulfated to bind DBP oligomers, 

also binds CXCL12 and its locked oligomeric variants. However, ACKR1 residues between 

His52 and Asp59 are also implicated in the binding to CXCL12-WT or CXCL12-LD. We 

speculate that ACKR1 employs multiple epitopes within its flexible N-terminus to bind 

dimeric CXCL12 with nanomolar affinity, perhaps explaining why this interaction was 

overlooked in previous studies. Comparison with crystal structures of CXCR4, CCR5, and 

CXCR2 (69, 77, 78) illustrates a conserved interaction between the receptor N-terminus and 

chemokine residues forming a groove between the N-loop and 40s loop. If ACKR1 binds 

chemokines using different subsets of its N-terminal domain, ligand displacement assays 

would likely yield variable or discordant results depending on the combination of labeled 

chemokine probe and competing ligand.

Mapping ACKR1 induced chemical shift perturbations onto the surface on CXCL12-LD 

was hampered by the disappearance of signals in the HSQC spectrum, which may be 

a consequence of the high affinity of this interaction or the formation of higher-order 

complexes. Residues of CXCL12-WT with the largest ACKR1-induced perturbations 

include key CXCR4-recognition residues (e.g. Val49 and Cys50) (46), so we hypothesize 

that the CXCL12 receptor binding surfaces are at least partially overlapping. However, the 

large number of shifted CXCL12-WT HSQC peaks also includes residues Val23, Val49, 

and Thr31 bracketing the dimer interface (e.g. β1 strand, α-helix), suggesting that ACKR1 

promotes dimerization of the chemokine, consistent with the 2:1 binding stoichiometry 

obtained by ITC. ACKR1 binding has been reported to induce dimerization of the malarial 

DBP by forming contacts with both subunits at the dimer interface in the crystal structure, 

thus providing a potential target for antibody therapy and anti-malarial vaccines (20, 22, 

79). Although ACKR1 itself has also been reported to homodimerize- and heterodimerize 

with CCR5 (80), our stoichiometry data shows that CXCL12 dimers are interacting with 

monomeric rather than dimeric ACKR1.

CXCL12 is a long-established soluble regulator of hematopoiesis that is presumed to 

act via its widely expressed receptor CXCR4 (6). More recently, we demonstrated that 

ACKR1 on the surface of nucleated erythroid cells also regulates hematopoiesis but 

relevant ligands remained undefined (29). Dimerization of CXCL12 is a highly relevant 

modification that contributes complexity to chemokine homeostasis in microenvironments 

with high CXCL12 concentration, such as bone marrow. While the diversity of chemokines 

is usually the mode of eliciting complex cellular responses through GPCRs, a precise 

balance of CXCL12 levels in the bone marrow modulates stem cell retention as well 

as healthy and malignant hematopoiesis (81). However, concentrations of CXCL12 high 

enough to favor dimerization may also interfere with monomeric signaling, as dimeric 

CXCL12 has altered CXCR4 affinity and signals through alternate pathways compared to 

the monomeric form (14). Our results suggest that one of the potential unexpected new 

functions of ACKR1 involves binding CXCL12 dimers, thus immobilizing and/or removing 

them from discrete cellular microenvironments. The sites of ACKR1 expression in the bone 

marrow include erythroid cells, positioned in direct contact with hematopoietic stem and 
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progenitor cells, and vascular endothelial cells of the sinusoids (29), the sites of constitutive 

intense cell trafficking into and from the bone marrow. Thus, ACKR1, modifying the 

monomer-dimer equilibrium of CXCL12, might regulate the effects these CXCL12 variants 

in physiological and pathological hematopoiesis and bone marrow cell outputs. Future 

investigation into ACKR1 binding affinity for CXCL12 as influenced by other possible 

post-translational modifications, like truncation by CD26/DPP-IV digestion or chemokine 

hetero-oligomerization as well as the ability of ACKR1 to bind dimeric forms of other 

chemokines, may uncover its additional regulatory functions in chemokine homeostasis. 

These findings are likely relevant for ACKR1 function in other tissues, including cerebellar 

neurons (82) and endothelial cells of post-capillary venules, where ACKR1 provides for 

optimal chemokine-induced leukocyte emigration into the tissues (33, 83).

Materials and Methods

Chemokine production

Wild type CXCL12 (CXCL12-WT) exists in a concentration-dependent monomer-dimer 

equilibrium (57). CXCL12 locked monomer (CXCL12-LM) remains monomeric in isolation 

even at high concentrations due to L55C and I58C mutations but is structurally similar 

to wild type CXCL12 monomer as previously described (52). CXCL12 locked dimer 

(CXCL12-LD) remains dimeric at low concentrations due to L36C and A65C mutations, 

yet remains structurally similar to wild type CXCL12 dimer as previously described (45). 

CXCL12-LM, CXCL12-LD, and CXCL12-WT were expressed and purified using the 

protocol published in (Veldkamp et al. 2016) (84). The identity of CXCL12, CXCL12-LM, 

CXCL12-LD and CCL2 was confirmed by linear ion trap quadrupole mass spectrometry 

(LTQ-MS). Lyophilized proteins were stored at −20° C.

CXCL12-WT, CXCL12-LD and CCL2 were fluorescently labeled using a two-step process 

employing sortagging (85) and copper-catalyzed azide-alkyne click chemistry. Expression 

plasmids for CXCL12-WT, CXCL12-LD and CCL2 were modified using the polymerase 

chain reaction to contain a C-terminal sortase A recognition motif with the amino acid 

sequence LPETGG. DNA sequence of the CXCL12-WT-SORT, CXCL12-LD-SORT and 

CCL2-SORT expression plasmids were confirmed by DNA sequencing. Expression and 

purification of the SORT containing variants was as described for the wild-type proteins 

(45). The identity of CXCL12-WT-SORT, CXCL12-LD-SORT and CCL2-SORT was 

confirmed by LTQ-MS. Purified proteins were lyophilized and stored at −20° C.

Purified CXCL12-WT-SORT, CXCL12-LD-SORT and CCL2-SORT proteins were then 

sortagged with a five amino acid acyl acceptor peptide having the sequence GGGWpG 

where pG is propargyl glycine. Sortagging extends the C-terminus of the wild-type 

chemokine is by nine amino acids with the sequence LPETGGGWpG. Briefly, CXCL12-

WT-SORT, CXCL12-LD-SORT or CCL2-SORT was solubilized in 50 mM Tris pH 7.4 

containing 150 mM sodium chloride and 10 mM calcium chloride and mixed with a 2.5 

molar excess of the acyl acceptor peptide. Calcium-dependent sortase A (86) was added at 

a molar ratio of 0.03:1 of sortase A:chemokine and the reaction incubated at 22° C for 15 

minutes. The reaction was quenched by the addition of ethylenediaminetetraacetic acid to 

a final concentration of 30 mM and the sortagged product purified by reverse-phase HPLC 
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using a 21-42% acetonitrile gradient in 0.1% trifluoracetic acid. Purified products were 

lyophilized and their identity confirmed by LTQ-MS.

Copper-catalyzed azide-alkyne click chemistry (87) was used to couple the azide containing 

fluorescent dye AF647 (Click Chemistry Tools, Scottsdale, AZ) to the alkyne group present 

in propargyl glycine. Briefly, chemokines with the LPETGGGWpG extended C-terminus 

were solubilized in 50 mM HEPES pH 7.4 and mixed with a 1.2 molar excess of AF647. 

Reactions were run according to the protocol of Presolski et al. (87) for 15 minutes at room 

temperature and purified by reverse-phase HPLC using a 21-42% acetonitrile gradient in 

0.1% trifluoracetic acid. Purified products were lyophilized and their identity confirmed by 

LTQ-MS.

ACKR1N-term production

DNA coding for the N-terminus of ACKR1, ACKR1N-term, consisting of residues 1-60 

with alanine substitutions at Cys4, Cys51 and Cys54 was cloned into pQE30 with a N-

terminal polyhistidine-SUMO fusion tag. The polyhistidine-SUMO tagged ACKR1N-term 

was expressed in E. coli BL21 pREP4 in 3 L of either luria broth or 15N or 15N/13C M9 

minimal media, with expression induced at an optical density at 600 nm of 0.75 using 1 

mM isopropyl-beta-D-thiogalactopyranoside (IPTG) and growth occurring overnight at 25° 

°C. The cell pellet was resuspended in 30 mL of buffer A (50 mM sodium phosphate 

pH 7.2 containing 300 mM sodium chloride, 10 mM imidazole, 0.02% sodium azide, and 

protease inhibitor cocktail) and lysed with three passes through a French press or with 

sonication. The lysate was clarified using centrifugation (30 min at 15,000×g) and the 

supernatant bound to 8 mL of nickel agarose affinity resin. The resin was washed with 

50 mL of buffer A and eluted with 14 mL of buffer B (50 mM sodium phosphate pH 

7.2 containing 300 mM sodium chloride, 500 mM imidazole, and 0.02% sodium azide). 

The elution was dialyzed against 50 mM sodium phosphate pH 7.2 containing 100 mM 

sodium chloride, and 0.02% sodium azide overnight and then digested with ~400 μg of 

ULP1. The ACKR1N-term was separated from the polyhistidine-SUMO fusion protein by 

collecting the flow through after applying the digestion to 8 mL of nickel agarose affinity 

resin. The ACKR1N-term was further purified on a C18 column using reverse phase high 

performance liquid chromatography eluting with increasing concentrations of acetonitrile in 

aqueous 0.1% trifluoroacetic acid. The eluted ACKR1N-term was lyophilized and its identity 

confirmed by LTQ-MS. Purified protein was stored at −20° °C.

NMR

NMR spectroscopic data was collected at the NMR facility at the Medical College of 

Wisconsin on a Bruker Avance III 600 MHz spectrometer equipped with 1H/13C/15N 

Cryoprobe® at 25 °C. Backbone chemical shift assignments for the ACKR1N-term (21) were 

confirmed using a 1 mM [U-15N/13C] ACKR1N-term in NMR buffer (20 mM deuterated 

MES pH 6.5 containing 10% D2O, and 0.02 % NaN3). Standard protein NMR methods were 

used for assigning ACKR1N-term amide and carbon backbone chemical shift assignments 

(53).
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For NMR titrations, 50 μM [U-15N] ACKR1N-term in NMR buffer was titrated with 

incremental additions of either CXCL12-LM, CXCL12-WT, or CXCL12-LD (0, 10, 25, 50, 

75, 100 and 200 μM) and monitored using 15N-1H heteronuclear single quantum coherence 

(HSQC) spectra. Similarly, 50 μM [U-15N] CXCL12-LM, CXCL12-WT, or CXCL12-LD 

was titrated with incremental additions of unlabeled ACKR1N-term (0, 25, 50, 75, 100, 200, 

and 400 μM) and monitored using 15N-1H HSQC spectra. Chemokine assignments were 

obtained from the following references (45, 51, 52, 88).

ITC

The isothermal titration calorimetry data was collected on a Microcal VP-ITC. Prior to 

running the experiments, all proteins and peptides were dialyzed in a Slide-A-lyser mini 

dialysis unit with a 2,000 MWCO against 20 mM MES at pH 6.5. Chemokine proteins, 

CXCL12-LM, CXCL12-WT or CXCL12-LD, were diluted to 20 μM and ACKR1N-term was 

diluted to 200 μM using dialysis buffer. The chemokine solution was placed in the cell and 

titrated by injecting 10 μL of ACKR1N-term with a 210 second spacing, a reference power 

of 10 μcal/sec, stirring of 307 rpm and a temperature set at 26°C. Origin software using the 

one-site or sequential binding model was used for data fitting.

MDCK cells

The full-length sequence of human ACKR1 was amplified by PCR using pCMV-

ACKR1 (OriGene, Rockville, MD, USA) and the specific primers (forward: 5’ 

GACCCAAGCTTCATTACGATGGGGAACTGTCTGCACAGGG and reverse 5’: CCG 

CTC TCG AGT CCA CCGGATTTGCTTCCAAGGGTGTCCAG) and subcloned into the 

HindIII and XhoI sites of the pcDNA3 vector. MDCK cells were stably transfected with 

pcDNA3-ACKR1 using the Neon transfection system (Thermo Fisher Scientific). 24 hours 

later, transfected cells were sorted into single cell-suspension based on ACKR1 expression 

using an ACKR1 antibody (NaM185-2C3, BD Bioscience), expanded in selection medium 

(400 μg/ml G418) and re-sorted for ACKR1 expression after one week. Cells were further 

maintained in DMEM supplemented with 400 μg/ml G418. Untransfected MDCK cells were 

used as control and cultured in DMEM.

Human blood samples

Blood was collected in EDTA-coated tubes from healthy volunteers as approved by the 

ethical committee of QMUL London following written consent. To determine the expression 

of Duffy antigen on erythrocytes, whole blood was stained with mouse monoclonal anti-

ACKR1 (clone NaM185-2C3, BD Biosciences), mouse monoclonal anti-CXCR4 (clone 

12G5, Biolegend) and mouse monoclonal anti-CD235a (clone HI264, Biolegend).

Chemokine binding assay

For direct CXCL12-LD-AF647 binding, cells were incubated with 111, 333 or 1000 nM 

CXCL12-LD-AF647 for 45min at room temperature (RT). Cells were washed, resuspended 

in flow buffer (0.4 % PFA, 0.5 % BSA, 2mM EDTA in PBS) and analyzed on a FORTESSA 

(BD) flow cytometry. Mean fluorescence intensity (MFI) ratio was normalized to control 

baseline absent of CXCL12-LD-AF647 and depicted as percentage of maximum MFIR.
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For competitive binding assays, cells were equilibrated with unlabeled 333 or 1000 nM 

CXCL12-WT or CXCL12-LD for 15min at 24 °C followed by 20nM CCL2-AF647 (Almac) 

for 45min at 24 °C. Cells were washed, stained for ACKR1 or erythrocyte markers and 

analyzed by flow cytometry. Specific binding of CCL2 was calculated as MFI of A647-

conjugated chemokine in ACKR1 non-expressing and expressing groups, normalized for 

values without competitor and depicted as mean percent inhibition.

Live cell imaging

MDCK were grown overnight on glass bottom Cellview cell culture dishes® (Greiner 

Bio-One). Whole blood from healthy individuals was immobilized on poly-l-lysin coated 

Cellview cell culture dishes®. Cells were stained with HOECHST DNA dye and mouse 

monoclonal anti-ACKR1 (clone NaM185-2C3, BD Biosciences) where indicated. Cells 

were live-imaged in the presence of 100 nM CCL2-AF647 or 200nM CXCL12-LD-AF67 in 

a heat-controlled chamber at 37°C with 5% CO2 in 0.5% BSA-containing PBS using 40x oil 

immersion objective and a Zeiss 800 microscope (Zeiss, Jena, Germany). During long term 

time-lapse images were acquired every 5 min and a step size of 1 μm.

Statistical analysis

Statistics were performed using GraphPad Prism 8. Normal distribution was determined 

using the Kolmogorov–Smirnov test. Two normally distributed groups were compared using 

t-test. Nonparametric data sets were analyzed by Wilcoxon signed-rank tests for paired 

analysis or Mann-Whitney test for unpaired analysis. Grouped data was analyzed with two-

way ANOVA with multiple comparison post-hoc tests. Results were considered significantly 

different when P < 0.05, with values at P < 0.05 marked as *, P < 0.01 as **, P < 0.001 as 

*** and P < 0.0001 as ****.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACKR1 atypical chemokine receptor 1

ACKR1N-term ACKR1 N-terminal peptide residues 1-60

ACKR3 atypical chemokine receptor 3
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CCL2 CC chemokine ligand 2

CXCL12 CXC chemokine ligand 12

CXCL12-LD CXCL12 locked dimer

CXCL12-LM CXCL12 locked monomer

CXCL12-WT CXCL12 wild type

CXCR4 CXC chemokine receptor 4

DARC Duffy antigen / receptor of chemokines

DBP Duffy binding protein

GPCR G-protein coupled receptor

HSQC heteronuclear single quantum coherence spectra

ITC isothermal titration calorimetry

NMR nuclear magnetic resonance

RBC red blood cells

SDF-1 Stromal cell derived factor 1

ULP1 Ubiquitin like protease
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Figure 1. ACKR1N-term binds to CXCL12-LM, CXCL12-WT and CXCL12-LD.
(A) 15N-1H HSQC spectrum of 50 μM 15N ACKR1N-term alone. Overlays of 15N-1H 

HSQC spectra of 50 μM 15N ACKR1N-term alone (black) or with increasing concentrations 

of CXCL12-LM (B), CXCL12-WT (C), or CXCL12-LD (D) (10, 25, 50, 75, and 100 

μM in lightening grays and 200 μM in red). The resulting ACKR1N-term chemical shift 

perturbations induced by 200 μM CXCL12-LM (E), CXCL12-WT (F), and CXCL12-LD 

(G) are plotted versus ACKR1N-term residue number. Prolines and unobserved residues have 

a value of zero while amino acids whose amide cross peak broadened beyond detection 

during the titration have a value of 1 and are colored red.
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Figure 2. ACKR1N-term induced chemical shift perturbations in isotopically labeled locked 
monomer, wild type, or locked dimer CXCL12.
Overlays of 15N-1H HSQC spectra of 50 μM [U-15N] CXCL12-LM (A), CXCL12-WT (B), 
or CXCL12-LD (C) without (black) and with increasing concentrations of ACKR1N-term 

(10, 25, 50, 75, 100, and 200 μM lightening grays and 400 μM red). The resulting CXCL12-

LM (D), CXCL12-WT (E) and CXCL12-LD (F) chemical shift perturbations induced by 

400 μM ACKR1N-term are plotted versus chemokine residue number with bar graph values 

of 2.5 and the color red indicating the residue broaden beyond detection during the titration. 

Residues with zero chemical shift change are either prolines or are not readily observed. (G) 
Chemical shifts are mapped in red onto the CXCL12 dimeric structure (PDB: 2K01) with 

schematic (H) of potential binding region.
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Figure 3. ACKR1N-term preferentially binds CXCL12 dimer.
Representative titrations with CXCL12 and ACKR1N-term displayed. (A) Injection of 200μM 

ACKR1N-term into 20μM CXCL12-LM. (B) Injection of 200μM ACKR1N-term into 20μM 

CXCL12-WT. (C) Injection of 200μM ACKR1N-term into 20μM CXCL12-LD. D) Average 

measurements from ITC determinations (N = 3) obtained through fitting using a one-site 

binding model for CXCL12-WT and a sequential binding model applied to the initial 

transition of CXCL12-LD in Origin are shown (D) ± the mean absolute error, except the 

calculated ΔS, which are shown ± the standard deviation.
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Figure 4. Expression of ACKR1 and its binding of CCL2 in transduced MDCK cells.
(A) The efficiency of ACKR1 expression in transfected MDCK (MDCKACKR1+) cells 

compared to parental control (MDCKcontrol) cells determined in flow cytometry by specific 

anti-human ACKR1 antibody. Mean fluorescence intensities (MFI) ± SD and representative 

histograms are shown (N = 3). (B) Chemokine binding of ACKR1 was assessed in flow 

cytometry by measuring the association of fluorescently labeled canonical ligand CCL2 

(20 nM CCL2-AF647) with MDCKACKR1+ and MDCKcontrol cells. Data shown as MFI 

ratios (MFIR) normalized to untreated controls ± SD and as representative histograms (N 

= 3). (C) Comparison of CCL2-AF647 binding to MDCKACKR1+ and MDCKcontrol cells 

under confocal microscope. Representative images show the time course of cell binding and 

internalization following incubation with 20 nM CCL2-AF647 (N = 3) (scale bar 20 μm). 

T-tests were used. Significance values at p < 0.05 marked as *, p < 0.01 as **, p < 0.001 as 

*** and p < 0.0001 as ****.
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Figure 5. CXCL12-LD binds to ACKR1 on transfected MDCK cells.
(A) Time course comparison of ACKR1-dependent binding and internalization of CXCL12-

LD-AF647 in MDCKACKR1+ and MDCKcontrol cells observed in confocal microscopy. 

Representative images are shown (N = 3); scale bar 20 μm. (B) Dose-dependent binding 

of CXCL12-LD-AF647 and CXCL12-WT-AF647 to MDCKACKR1+ and MDCKcontrol cells 

as measured in flow cytometry. Percentage of maximal mean fluorescence intensity ratios 

(MFIR ± SD) normalized to untreated control are shown (N = 3). (C) Comparison 

of inhibition by CXCL12-LD and CXCL12-WT of CCL2-AF647 (20 nM) binding to 

MDCKACKR1+ measured in flow cytometry. Data shown as percent inhibition of mean 

fluorescence intensity normalized to individual untreated controls (mean ± SD; N = 3). 

Two-way ANOVA with Tukey’s and Sidak’s post-hoc tests were used. Significance: values 

at p < 0.05 marked as *, p < 0.01 as **, p < 0.001 as *** and p < 0.0001 as ****.
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Figure 6. ACKR1-dependent binding of CXCL12-LD to primary human erythrocytes.
(A) Time course of CXCL12-LD-AF647 interactions with primary Duffy-positive and 

Duffy-negative human erythrocytes as observed in confocal microscopy. Representative 

images are shown (N = 3); scale bar 20 μm. (B) Dose-dependent binding of CXCL12-LD-

AF647 and CXCL12-WT-AF647 to primary Duffy-positive human erythrocytes measured 

by flow cytometry. Data expressed as percentage of mean fluorescence intensity ratio 

(MFIR) normalized to the untreated control (± SD) (N = 3). (C) Flow cytometry 

comparison of dose -dependent inhibition of CCL2-AF647 (20 nM) binding to Duffy 

positive erythrocytes by CXCL12-LD and CXCL12-WT. Data shown as percent inhibition 

of mean fluorescence intensity normalized to individual untreated controls (mean ± SD; N 

= 3). Two-way ANOVA with Tukey’s and Sidak’s post-hoc tests were used. Significance; 

values at p < 0.05 marked as *, p < 0.01 as **, p < 0.001 as *** and p < 0.0001 as ****.
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