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             Other Supplementary Material for this manuscript includes the following:

            Movie S1



 

Table S1. Summary of determined structures  

PDB 
entry 

Complex 
(resolution) cartoon 

CID25 ACKR3 Ligand CID24 
Anti-
Fab 
NB 

     
        

7SK3 
NB-CID25- 
ACKR3·CXCL12WT- 
CID24-NB (3.8 Å) 

 

+ + CXCL12WT + + 

7SK4 
CID25- 
ACKR3·CXCL12LRHQ- 
CID24 (3.3 Å) 

 

+ + CXCL12LRHQ + - 

7SK5 ACKR3·CXCL12WT- 
CID24-NB (4.0 Å) 

 

- + CXCL12WT + + 

7SK6 ACKR3·CXCL12LRHQ- 
CID24 (4.0 Å) 

 

- + CXCL12LRHQ + - 

7SK7 
NB-CID25- 
ACKR3·CXCL12WT· 
CCX662 (3.3 Å) 
  

+ + 
CXCL12WT 

& 
CCX662 

- + 

7SK8 
CID25- 
ACKR3·CXCL12WT· 
CCX662-CID24  
(3.3 Å)  

+ + 
CXCL12WT 

& 
CCX662 

+ - 

7SK9 ACKR3·CCX662- 
CID24 (3.8 Å) 

 

- + CCX662 + - 

 
 
 
 
 
 

 
 



 

Table S2. Cryo-EM data collection, refinement, and validation statistics 
 

Sample 

NB-CID25- 
ACKR3· 

CXCL12WT-
CID24-NB 

(EMDB-25171) 
(PDB 7SK3) 

CID25- 
ACKR3· 

CXCL12LRHQ-
CID24 

(EMDB-25172) 
(PDB 7SK4) 

 
ACKR3· 

CXCL12WT-
CID24-NB 

(EMDB-25173) 
(PDB 7SK5) 

 
ACKR3· 

CXCL12LRHQ-
CID24 

(EMDB-25174) 
(PDB 7SK6) 

Data collection and processing 
Magnification    81,000 X 
Voltage (kV) 300 
Electron exposure (e–/Å2) 53.8 
Defocus range (μm) 1 ~ 3 
Pixel size (Å) 1.08 
Symmetry imposed C1 
Initial particle images (no.) 4,117,503 4,376,522 4,117,503 5,203,100 
Final particle images (no.) 528,797 317,314 397,340 322,105 
Map resolution (Å) 
    FSC threshold 0.143 3.8 3.3 4.0 4.0 

Refinement 
Map sharpening B factor (Å2) 174 81 206 66 
Map CC 0.82 0.79 0.81 0.52 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
6803 
831 

CLR:8 

 
6656 
831 

CLR:2 

 
7232 
897 

CLR:7 

 
4689 
585 
0 

B factors (Å2) 
    Protein 
    Ligand 

 
43.2 
35.1 

 
85.7 
93.1 

 
90.1 
62.8 

 
N/A* 
N/A* 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.003 
0.442 

 
0.002 
0.427 

 
0.002 
0.429 

 
0.019 
1.996 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)   

 
1.61 
5.05 

0 

 
1.70 
5.89 

0 

 
1.69 
6.42 

0 

 
0.94 
0.11 
0.82 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
94.99 
5.01 

0 

 
94.49 
5.51 

0 

 
95.20 
4.80 

0 

 
94.05 
4.20 
1.75 

* Model is fit with MDFF without further refinements. 
 
 
 
 
 
 
 
 
 
 
 
 



 

Sample 

NB-CID25- 
ACKR3· 

CXCL12WT·CCX662 
 

(EMDB-25175) 
(PDB 7SK7) 

CID25- 
ACKR3· 

CXCL12WT·CCX662- 
CID24 

(EMDB-25176) 
(PDB 7SK8) 

 
ACKR3· 
CCX662- 

CID24 
(EMDB-25177) 

(PDB 7SK9) 
Data collection and processing 
Magnification    81,000 X 
Voltage (kV) 300 
Electron exposure (e–/Å2) 53.8 
Defocus range (μm) 1 ~ 3 
Pixel size (Å) 1.08 
Symmetry imposed C1 
Initial particle images (no.) 3,385,553 4,370,553 4,370,553 
Final particle images (no.) 814,168 605,556 297,347 
Map resolution (Å) 
    FSC threshold 0.143 3.3 3.3 3.8 

Refinement  
Map sharpening B factor 
(Å2) 

141 129 142 

Map CC 0.80 0.83 0.82 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
6805 
854 

CCX662:1 
CLR:1 

 
6876 
835 

CCX662:1 
CLR:6 
LMN:1 

 
5700 
716 

CCX662:1 
CLR:2 

B factors (Å2) 
    Protein 
    Ligand 

 
56.5 
53.1 

 
35.1 
41.0 

 
39.3 
27.4 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.004 
0.498 

 
0.003 
0.470 

 
0.003 
0.525 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)   

 
1.48 
4.67 

0 

 
1.41 
2.62 

0 

 
1.51 
4.23 

0 
 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
96.37 
3.63 

0 

 
94.78 
5.22 

0 

 
95.61 
4.39 

0 
 
 
 
 
 
 
 
 
 
 
 
 



 

Table S3. Quantified disulfide crosslinking efficiency between CXCL12 and CXCR4 or 
ACKR3 data points presented in Fig. 3E and F. Each replicate was measured in triplicate and 
normalized to known efficient crosslinking constructs as described in Materials and Methods. 
Averaged values are presented in the heat maps in Fig. 3. 
 

 Crosslinking efficiency by flow cytometry 

 Receptor 
mutant 

CXCL12 
mutant rep1 rep2 rep3 Avg StDev 

C
X

C
R

4 

G3C I28C 16.5 17.7 25.1 19.8 4.7 
G3C K27C 128 150 129 135 12.5 
G3C L26C 18.9 20.3 26.8 22.0 4.2 
G3C H25C 72.1 80.7 92.3 81.7 10.1 
I4C I28C 16.6 18.6 26.8 20.7 5.4 
I4C K27C 42.9 34.5 40.7 39.4 4.4 
I4C L26C 20.9 12.8 34.3 22.7 10.9 
I4C H25C 58.1 77.8 73.7 69.9 10.4 
S5C I28C 12.5 14.1 21.0 15.9 4.5 
S5C K27C 78.1 62.9 59.7 66.9 9.8 
S5C L26C 14.9 10.3 24.2 16.5 7.1 
S5C H25C 54.7 90.4 77.5 74.2 18.1 
I6C I28C 10.6 13.4 18.0 14.0 3.7 
I6C K27C 25.1 51.0 33.6 36.6 13.2 
I6C L26C 13.1 17.6 19.3 16.7 3.2 
I6C H25C 28.4 47.4 32.5 36.1 10.0 
Y7C I28C 11.9 16.6 21.8 16.8 5.0 
Y7C K27C 59.2 72.9 55.5 62.5 9.2 
Y7C L26C 13.6 20.8 23.1 19.2 5.0 
Y7C H25C 77.4 92.9 93.6 88.0 9.2 
S9C I28C 10.4 18.8 25.0 18.1 7.3 
S9C K27C 46.1 86.4 59.8 64.1 20.5 
S9C L26C 14.4 10.1 21.2 15.2 5.6 
S9C H25C 72.7 98.2 72.8 81.2 14.7 

A
C

K
R

3 

T31C I28C 52.1 32.2 51.8 45.4 11.4 
T31C K27C 16.8 9.90 15.5 14.1 3.6 
T31C L26C 29.0 17.3 25.4 23.9 6.0 
T31C H25C 19.2 13.5 17.1 16.6 2.9 
T31C S16C 16.5 9.90 17.1 14.5 4.0 



 

T31C F13C 18.8 13.4 15.4 15.9 2.7 
D30C I28C 9.80 15.0 12.3 12.4 2.6 
D30C K27C 6.50 8.50 9.40 8.10 1.5 
D30C L26C 6.6 8.5 2.2 5.8 3.3 
D30C H25C 11.5 13.2 11.4 12.0 1.0 
D30C S16C 5.8 8.0 6.4 6.7 1.2 
D30C F13C 7.8 6.4 5.4 6.5 1.2 
V29C I28C 98.9 64.0 73.1 78.7 18.1 
V29C K27C 28.7 16.2 26.3 23.7 6.6 
V29C L26C 51.3 29.2 35.4 38.6 11.4 
V29C H25C 48.4 40.6 29.9 39.6 9.3 
V29C S16C 16.5 13.2 10.8 13.5 2.9 
V29C F13C 38.8 33.3 31.2 34.4 3.9 

 
  



 

 
 

 
 
Figure S1. Characterization of ACKR3–Fab complexes. (A) The ACKR3·CXCL12LRHQ complex 
eluted at 12.5 ml when applied to a Superdex 200 10/300 column. Upon incubation with CID24 
or CID25, the peak shifted to 12.1 and 12.3 ml, respectively, indicating formation of an 
ACKR3·CXCL12LRHQ-Fab complex. (B) Peaks corresponding to ACKR3·CXCL12LRHQ-Fab 
complexes (total volume 2 ml) were concentrated and analyzed by SDS-PAGE. Bands 
corresponding to ACKR3, Fab, and CXCL12LRHQ likewise indicated the presence of a ternary 
complex. (C) Effect of Fabs on the Tm of ACKR3 complex with CXCL12WT, CXCL12LRHQ, and 
the small molecule partial agonist CCX777 determined from CPM thermostability assays 
quantified as ∆Tm (Tm of ACKR3·ligand-Fab – Tm of ACKR3·ligand). Significance of the changed 
Tm values relative to the complex without Fab were determined from one-way repeated measure 
analysis of variance (ANOVA) with Dunnett’s multiple comparison test (*, P < 0.05; **, P < 0.01; 
***, P < 0.001), n=3, n=4 and n=5 for CXCL12, CXCL12LRHQ, and CCX777, respectively. 
 



 

 



 

 
Figure S2. Sample preparation, cryo-EM data processing workflow, and resolution analysis of 
ACKR3 complexes. (A) Representative Coomassie blue stained gel of a ACKR3·CXCL12WT-Fab 
complex isolated via an anti-FLAG M2 antibody. (B) Representative micrograph showing well-
distributed complexes in vitrified ice. (C) Representative 2D class averages (box size = 324 Å, 
mask = 180 Å) with interpretable density for the micelle-bound ACKR3 and two Fabs. (D-H) 
Cryo-EM data processing workflow and local resolution map for each determined complex. (I) 
Fourier shell correlation (FSC) curves calculated from two independent reconstructions by 
cryoSPARC for each determined complex. The 0.143 cutoff is depicted as a dotted black line and 
defines the nominal resolution of the resulting maps.   



 

 
 
Figure S3. Cryo-EM map quality. (A) Density maps and models for the N-terminus, TM helices 
and H8 of ACKR3 in the CID25-ACKR3·CXCL12WT-CID24 complex (PDB entry 7SK3).  (B) 
Density maps and models for the CXCL12WT N-terminus (CID25-ACKR3·CXCL12WT-CID24, 
PDB entry 7SK3), CXCL12LRHQ N-terminus (CID25-ACKR3·CXCL12LRHQ-CID24 complex, 
PDB entry 7SK4). (C) Density maps and models for the ligand CCX662 (left: ACKR3·CCX662-
CID24, PDB entry 7SK9; middle: CID25-ACKR3·CXCL12WT·CCX662-CID24, PDB entry 
7SK8; right: CID25- ACKR3·CXCL12WT·CCX662, PDB entry 7SK7). ACKR3 residues within 
hydrogen bond range of the carboxylic acid moiety of CCX662 are shown as sticks and colored 
based on atom type. Black dashed lines indicate putative hydrogen bonds. The carboxylate moiety 
is poorly ordered and has a number of residues with which it could favorably interact.  



 

 
 
Figure S4. Fabs stabilize the ACKR3·CXCL12 complex. (A,B) Dissociation of [I125]-CXCL12 
(2200 Ci/mmol; Perkin Elmer) from ACKR3 in nanodiscs (NDs) measured as a decrease in 
specific binding in a scintillation proximity assay (67). ACKR3 was incubated with CXCL12 in 
the presence or absence of the indicated Fab until binding reached saturation. Dissociation was 
initiated by addition of a large excess of the small molecule agonist VUF11207 at t=0. Duplicate 
measurements were averaged and binding of [I125]-CXCL12 to empty NDs was subtracted to 
obtain the specific binding. (C) Dissociation half-life of the ACKR3·CXCL12 complex 
determined from fitting of dissociation curves to single exponentials in GraphPad Prism version 
9.2.0 (GraphPad Software, Inc., San Diego, CA). CID24 and CID25 significantly increase the 
dissociation half-life of CXCL12 as determined from a one-way analysis of variance (ANOVA) 
of three independent experiment with Dunnett’s multiple comparison test (****, P < 0.0001). 
 
  



 

 

 
Figure S5. Cholesteryl hemisuccinate binding sites in ACKR3. Because the succinyl moieties 
were not ordered, they were modeled as cholesterol shown here with yellow carbons and red 
oxygens. (A) At least eight cholesterol binding sites were observed in ACKR3 (CID25-
ACKR3·CXCL12WT-CID24, PDB entry 7SK3), shown as a grey surface. There was evidence in 
the density maps for additional sites. (B) In the most conserved cholesterol binding site among the 
ACKR3 structures, the cholesterol moiety (CLR401) packs against the side chain W1694.50 (orange 
carbons). (C) The second most conserved cholesterol binding site (CLR501) is close to ICL2. (D) 
Another common cholesterol site (CLR1001) was observed in three structures near the orthosteric 
binding pocket (CXCL12 N-terminus shown in green).  
 
 
 
 
 
 
 
 



 

 
 
Figure S6. Survey of chemokine binding modes at their cognate receptors. (A) Center of mass of 
chemokines on the receptor. CXCR2 (PDB entry 6LFO: CXCR2 in complex with CXCL8 and 
GαiGβ1γ2), CCR6 (PDB entry 6WWZ: CCR6 in complex with CCL20 and GαoGβ1γ2), CXCR4 
(PDB entry 4RWS: CXCR4 in complex with a viral chemokine antagonist), US28 (PDB entry 
4XT1: US28 in complex with CX3CL1) and CCR5 (PDB entry 7F1R: CCR5 in complex with 
CCL5 and GαiGβ1γ2) were first superimposed on ACKR3 (PDB entry 7SK3: CID25-
ACKR3·CXCL12WT-CID24) and their center of mass for bound chemokine determined using 
PyMOL (shown as blue and green spheres). (B) Cartoon representation of chemokine binding 
mode of ACKR3·CXCL12 and (C) of other chemokine-receptor structures from (A). (D) 
Extracellular view of ACKR3 (PDB entry 7SK3: CID25-ACKR3·CXCL12WT-CID24) compared 
with CXCR2 in complex with CXCL8 and GαiGβ1γ2 (PDB entry 6LFO). Arrows indicate 
differences in the conformation of ECLs in ACKR3 relative to the other structures. 



 

 
 
Figure S7. Comparison of chemokine binding modes of ACKR3 in complex with CXCL12 (PDB 
entry 7SK3: CID25-ACKR3·CXCL12WT-CID24), with CCR5 in complex with CCL3 and 
GαiGβ1γ2 (PDB entry 7F1Q) and CXCR2 in complex with CXCL8 (PDB entry 6LFO). (A) 
Sectioned view to describe the depth of binding in the orthosteric pocket. Chemokines are depicted 
with spheres and the 30s loop is shown as a red cartoon. The Cα atoms of conserved residues W2.60 
and P6.50 are shown as spheres for receptor height alignment. The depth of N-terminus and 30s 
loop are indicated with black and red dash lines, respectively. (B) Comparison of the binding 
orientation of the 30s loop in the chemokines from the ACKR3 and CXCR8 complexes described 
in (A). The rotation between chemokines is defined by the angle between the vector between the 
Cα atoms of residues 30 and 31 of CXCL12 and CXCL8 (green and orange arrows, respectively). 
 
 



 

 

 
 
Figure S8. Superposition of receptors in the CID25-ACKR3·CXCL12LRHQ-CID24 (PDB entry 
7SK4) and ACKR3·CXCL12LRHQ-CID24 (PDB entry 7SK6) complexes indicate the same binding 
mode for the bound chemokine in the absence of the Fab. The dashed line indicates a disordered 
loop in the latter model due to the absence of CID25.  
 
  



 

 
 
Figure S9. Binding of CXCL12 dimers is more readily accommodated by CXCR4 than by 
ACKR3. (A) In the structure of CID25-ACKR3·CXCL12WT-CID24 (PDB entry 7SK3), the N-
terminus of ACKR3 (orange) interacts with the β1 strand of CXCL12 (green). (B) NMR structure 
of CXCL12 in complex with the N-terminus of CXCR4 (PDB entry 2K04). (C) In the crystal 
structure of recombinant human CXCL12 (PDB entry 2J7Z), the chemokine forms a dimer via its 
β1 strand. 
 
 
 
  



 

 
Figure S10. BRET analysis of arrestin binding and heterotrimeric G protein coupling. (A) 
Mutations to ACKR3 in the CXCL12 binding pocket alter chemokine efficacy and constitutive 
activity towards recruitment of β-arrestin2. Binding of GFP10-β-arrestin2 to ACKR3-RlucII was 
detected by BRET across a titration of CXCL12 concentrations and normalized as a percent of WT 
ACKR3 BRET. Q301A both showed enhanced constitutive interactions between ACKR3 and β-
arrestin2 as evidenced by higher baselines (Emin, P<0.001). Y268A was also much less responsive 
to CXCL12. Y51 packs between TM2 and TM7 but makes no contact with ligands. Its mutation 
only subtly lowered efficacy (Emax, P<0.001). Curves are a composite of three independent 
experiments measured in triplicate with errors reported as standard deviations and statistics 
assessed with extra sum-of-squares F test. (B) Y257L reduces the constitutive activity of ACKR3. 
Recruitment of GFP10-β-arrestin2 to ACKR3-RlucII was diminished across the full titration curve 
for Y257L compared to WT, yet the efficacy is similar (Emax and Emin, P<0.001). Curves are 
composites of four separate experiments measured in triplicate and normalized to the WT ACKR3 
signal with errors reported as standard deviations and statistics assessed by extra sum-of-squares 
F test. (C) Full spectrum RlucII luminescence for the constructs in (A) and (B) normalized to WT 
levels as a measure of expression. No construct was significantly different compared to WT 
ACKR3-RlucII. (D) β-arrestin agonists for ACKR3 (CCX662, CXCL11, and CXCL12) do not 
activate G proteins. G protein activation was measured by BRET decrease due to dissociation of 
Gαi-RlucII and Gβγ-Venus. No ligands tested led to a drop in BRET except for CXCL12 with 
CXCR4. Three independent experiments performed in triplicate were combined. Significance (*, 
P<0.05) was determined by one-way ANOVA and Dunnett’s Multiple Comparison Test. All errors 
are reported as standard deviations. 



 

  

 
 
Figure S11. G protein activation by ACKR3 chimeras.  (A) Left: G protein activation detected by 
a decrease in the BRET signal between Gαi-RlucII and Gβγ-Venus due to dissociation of 
the heterotrimer confirms that ACKR3 (yellow) shows no CXCL12 (added at the arrow) induced 
activation of G protein over the empty vector control, pcDNA (dark red). CXCR4 shows a robust 
decrease in BRET with CXCL12 treatment (orange), indicative of G protein activation. 
Representative traces are presented and errors are reported as standard deviation. Right: ACKR3-
chimeras generated by replacing the ICLs of ACKR3 with those of CXCR2 did not activate G 
proteins, but loss of β-arrestin2 recruitment (shown in B) suggests issues with expression, folding, 
or targeting of the chimeras. The change in BRET is quantified across three independent 
experiments done in triplicate. Significance (*, P<0.05) was determined by one-way ANOVA 
and Dunnett’s Multiple Comparison Test.  (B) Binding of RlucII-β-arrestin2 to CXCL12 activated 
ACKR3 was detected by BRET to a bystander acceptor (rGFP-CAAX) on the plasma membrane. 
The data shows impairment by all chimeras except ACKR3-ICL1 (area under the curve, P<0.05). 
Time courses are the composite average of three independent experiments done in triplicate; error 
bars are standard deviation. Surface expression of each ACKR3 mutant was determined by 
fluorescent antibody labeling and flow cytometry. Swapping the ICLs of CXCR2 into ACKR3 all 
had a negative effect on surface presentation of the receptor. Areas under the curves were 
calculated using GraphPad Prism version 9.2.0 (GraphPad Software, Inc., San Diego, CA) and 
statistical significance was determined by one-way ANOVA followed by Dunnett’s Multiple 
Comparison Test.    



 

 
 
Figure S12. Intracellular view of ACKR3 (PDB entry 7SK3) determined with cryo-EM (orange) 
superimposed with the structure predicted by AlphaFold2 (pink) (38).  
  



 

 
 

Figure S13. ACKR3 is closely associated with G proteins in cells. BRET between Gαi-nluc and 
ACKR3-eYFP shows a hyperbolic increase with increasing expression of the receptor. The 
interaction was nearly identical in the presence (red) or absence (black) of CXCL12, suggesting 
the lack of a functional interaction. 
  



 

 
 

 
 
Figure S14. The purity of chemokines expressed in E. coli was assessed by SDS-PAGE followed 
by Coomassie staining. The dominant band at about 10 kDa represents the mature active 
chemokine. A small fraction of the CXCL12LRHQ material, represented by the fainter higher 
molecular weight band, was uncleaved and not removed by HPLC. However, the presence of the 
uncleaved material in the CXCL12LRHQ preparation does not impact conclusions because it was 
only used in the experiment to determine the effect of +/- CID25 on arrestin recruitment; in this 
experiment the same amount of active cleaved chemokine was added to both samples. The 
uncleaved material is unlikely to bind ACKR3. 
  



 

 
 
Figure S15. Sequences of the polypeptides composing Fabs CID24 and CID25 used for structure 
determinations with their complementary determining regions (CDRs) shown in red. 
  



 

Movie S1. Cholesterol binding sites in ACKR3. ACKR3 was purified in the presence of 
cholesteryl hemisuccinate (CHS), resulting in occupation of multiple sites on the surface of the 
TM domain of ACKR3. Only the cholesterol moieties of CHS were well ordered (yellow ball and 
stick models). The structure of CID25-ACKR3·CXCL12WT-CID24 (PDB entry 7SK3) shown in 
this movie has at least 8 ordered molecules of CHS. The complex is shown in various 
representations, with and without bound CXCL12 (green cartoon). Highlighted in the middle of a 
movie is the most commonly observed cholesterol binding site next to ACKR3-Trp169. Map 
density for each site is shown as a blue wire cage. 
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