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SUMMARY

The Duffy antigen receptor is a seven-transmembrane (7TM) protein expressed primarily at the surface of red
blood cells and displays strikingly promiscuous binding to multiple inflammatory and homeostatic chemo-
kines. It serves as the basis of the Duffy blood group system in humans and also acts as the primary attach-
ment site for malarial parasite Plasmodium vivax and pore-forming toxins secreted by Staphylococcus
aureus. Here, we comprehensively profile transducer coupling of this receptor, discover potential non-ca-
nonical signaling pathways, and determine the cryoelectron microscopy (cryo-EM) structure in complex
with the chemokine CCL7. The structure reveals a distinct binding mode of chemokines, as reflected by rela-
tively superficial binding and a partially formed orthosteric binding pocket. We also observe a dramatic short-
ening of TM5 and 6 on the intracellular side, which precludes the formation of the docking site for canonical
signal transducers, thereby providing a possible explanation for the distinct pharmacological and functional

phenotype of this receptor.

INTRODUCTION

The Duffy antigen, originally referred to as Fy glycoprotein, was
first identified as a blood antigen expressed on the surface of
erythrocytes'+ (Figure 1A), and the polymorphism displayed by
this gene was used to classify the Duffy blood group system.”
Consequently, it was found to be expressed by additional cell
types, such as epithelial cells of lung and kidney,® endothelial
cells of oapillaries,4 hair cells of cochlea,’ airway smooth muscle
cells,® and selected regions of brain.” Based on a predicted
seven-transmembrane (7TM) topology and its ability to recog-
nize multiple chemokines (Figure 1B), it was subsequently
referred to as the Duffy antigen receptor for chemokines
(DARC) and categorized as a chemokine receptor in the super-
family of G protein-coupled receptors (GPCRs).'%"" Strikingly,
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however, it does not exhibit productive G protein coupling, as
measured using second messenger response with calcium
release as a readout, making it an enigmatic 7TM receptor
(7TMR).>"2

DARC expressed on the surface of erythrocytes serves as the
primary receptor for the malarial parasites Plasmodium vivax
and Plasmodium knowlesi,"® and these pathogens latch on to
erythrocytes via the interaction of their Duffy binding protein
(DBP) with DARC'*"7 (Figure 1C). Previous studies have demon-
strated that DBP-DARC interaction is mediated primarily by the N
terminus of DARC, while the transmembrane core appears to be
dispensable for the same.’*'® Interestingly, a sub-set of popula-
tion of sub-Saharan descent lack DARC expression on their eryth-
rocytes, and this confers them resistance to P. vivax infection.'®
Furthermore, several of the bicomponent pore-forming toxins
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Figure 1. Functional divergence exhibited by the Duffy antigen receptor

(A) DARC provides the docking site for various chemokines and pathogens.

(B) CC and CXC chemokines released from leukocytes reportedly bind to DARC.

(C) The malarial parasite Plasmodium vivax interacts with and invades red blood cells through the interaction of PvDBP and DARC.

(D) Multiple pore-forming toxins secreted by the pathogen Staphylococcus aureus also target DARC receptor for pore formation.

(E) Phylogenetic analysis of all chemokine receptors.

(F) Schematic representation of transducer coupling with DARC.

(G-l) The G protein signaling profiles of DARC with respect to Gi, Gs, and Gqg are shown in comparison with C5aR1, V,R, and 5HT2c, respectively. Data (mean +
SEM) represent four (G-I) independent sets. Data have been normalized either with respect to the highest signal observed for each set (treated as 100%) (G) or
with respect to the highest signal observed for positive control (treated as 100%) (H).

(J and K) Stimulation of DARC with CCL7 fails to induce GRK recruitment, as measured by BRET assay (J) and NanoBiT assay (K). Data (mean + SEM) represent
3-6 independent experiments. Change in response has been plotted for both assays.

(legend continued on next page)

4752 Cell 187, 4751-4769, August 22, 2024



Cell

(PFTs), such as leukotoxin ED (LUKED) and y-haemolysin AB
(HIgAB), secreted by Staphylococcus aureus also interact with
DARC on erythrocytes, primarily through its N terminus®®?" (Fig-
ure 1D). This interaction presumably serves as the anchor and
nucleation site facilitating the oligomerization of the bicomponent
PFTs, leading to subsequent pore formation, cell lysis, and release
of hemoglobin. Emerging data now show that PFTs can also lead
to cell lysis and tissue damage by targeting DARC expressed on
endothelial cells.?> A recent study has suggested that some
PFTs may also compete with chemokine binding to DARC and
induce structural changes in the receptor upon binding.?* More-
over, several studies have demonstrated an intriguing link be-
tween DARC expression and HIV susceptibility, where the
absence of DARC appears to slow down the disease progression,
although some studies have also suggested a direct role of DARC
in promoting trans-infection of effector cells by HIV-1 virions.?* ™’
These indications make DARC an important therapeutic target
from multiple perspectives, including malarial infection, anti-mi-
crobial resistance, and HIV infection.

Although chemokine receptors often display ligand promiscuity
in terms of recognition and activation by multiple chemokines,
DARC represents the most striking example of promiscuous che-
mokine binding with its ability to recognize both C-C and C-X-C
type chemokines, the only 7TMR capable of doing so'"?4=° (Fig-
ure 1B). It has been proposed that such promiscuous binding to
chemokines allows it to scavenge the ligands and establish a che-
mokine gradient that may have functional implications.*" A recent
study has also demonstrated that DARC expressed on the surface
of developing erythrocytes robustly binds CXCL12, but the same
receptor, when present on mature erythrocytes, loses the ability to
recognize CXCL12, suggesting a complex regulatory mechanism
driving ligand recognition, possibly through post-translational
modifications and/or conformational changes.32 In addition, a
dimeric form of CXCL12 appears to have stronger binding affinity
to DARC compared with the monomeric form.** DARC is also
characterized as a member of the so-called atypical chemokine
receptor sub-group (ACKRs), which lack functional G protein
coupling despite exhibiting a conserved 7TM architecture like
GPCRs and robust chemokine binding, and is referred to as
ACKR1.'%3437 |nterestingly, however, while most of the ACKRs
such as ACKR2, ACKR3, and ACKR4 exhibit robust B-arrestin
(Barr) coupling upon agonist stimulation,®”*® the same remains
primarily unexplored for DARC. Despite the important contribu-
tions of DARC in regulating chemokine homeostasis and patho-
genic infections, and a distinct functional manifestation compared
with prototypical GPCRs and chemokine receptors, a compre-
hensive structural and functional characterization of this receptor
remains primarily unexplored and represents an important knowl-
edge gap in our current understanding of this receptor.

Against this backdrop, we present a comprehensive profiling
of transducer coupling for this receptor using cell-based assays
and global phosphoproteomics and interactome analysis to
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identify potential non-canonical downstream signaling path-
ways. We also present the cryoelectron microscopy (cryo-EM)
structure of DARC in complex with CCL7, which reveals a
distinct mode of chemokine interaction with the receptor
compared with prototypical chemokine receptors in terms of
effector-site engagement. Importantly, the structure also pro-
vides a molecular mechanism resulting from dramatic shortening
of TM5 and 6, not observed in any of the previous GPCR struc-
tures reported so far, to rationalize the lack of canonical trans-
ducer coupling at this receptor while potentially maintaining its
ligand-scavenging function. This study elucidates a fundamental
mechanism encoding functional divergence in 7TM proteins and
provides a framework paving the way for designing better
therapeutics.

RESULTS

Functional divergence of the Duffy antigen receptor
Phylogenetic analysis positions DARC with prototypical chemo-
kine receptor CCR10, with ACKR2 and ACKRS3 being the next
closest neighbors when compared with chemokine-binding
GPCRs (Figure 1E), and GPR182 and GPR82 being the closest
neighbors, in addition to ACKR3, when compared with the entire
GPCRome (Figure S1). Notably, ACKR2 and ACKRS3 are also
chemokine receptors; however, they exhibit selective coupling
to Barrs without any detectable G protein activation.>**° As
mentioned earlier, previous studies on DARC activation and
downstream signaling have been limited to the measurement
of calcium response as a readout of G protein coupling, and a
systematic evaluation of the coupling and activation of canonical
GPCR signal transducers, namely the heterotrimeric G proteins,
GPCR kinases (GRKs), and Barrs, is still lacking (Figure 1F).
Therefore, we first measured second messenger responses
downstream of DARC, followed by a comprehensive profiling
of all subtypes of G proteins using a NanoBiT-based heterotrimer
dissociation assay.”’ We observe that DARC fails to elicit any
measurable second messenger response upon stimulation by
CCL7 (Figures 1G-1l) and also does not promote the dissocia-
tion of any of the G protein subtypes (Figure S2A). In these as-
says, we used C5aR1, VR, and 5HT2c receptors with their cor-
responding agonists as reference for Gi, Gs, and Gqg coupling,
respectively, and they exhibited an expected profile.

We next measured CCL7-induced interaction between DARC
and all four non-visual GRKs using two different assays based on
bioluminescence resonance energy transfer (BRET) and
NanoBiT methodologies. In the BRET assay, using Renilla lucif-
erase fusion at the carboxyl terminus of DARC and GFP10 fusion
at the N terminus of GRKs, we did not observe any detectable
interaction of DARC with any of the GRKs upon stimulation
with CCL7, and the signal remained similar to the vehicle control
(Figures 1J and S2B). The basal BRET signal for GRK5/6 was
higher compared with GRK2/3, as expected based on their

(L and M) Recruitment of Barr isoforms (Barr1/2) to DARC and CCR1 are shown, as assessed via NanoBiT assay. Data (mean + SEM) represent three independent
experiments and have been normalized with respect to the signal observed at basal condition for each set (treated as 1).
(N and O) Confocal assay corroborates the lack of B-arrestin recruitment and trafficking downstream of DARC. A representative image visualizing mYFP-

B-arrestin is shown from two independent experiments (scale bars, 10 pm).
See also Figures S1-54.
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membrane localization. Similarly, in the NanoBiT assay, CCL7
stimulation of cells expressing DARC-SmBIT and GRK-LgBIiT
constructs did not result in any measurable luminescence signal
(Figures 1K and S2C). In this experiment, we used a prototypical
chemokine receptor, namely CCR1, as a reference, which ex-
hibited interaction with all four GRKs, albeit at different levels,
with a comparatively stronger signal for GRK2/3 over GRK5/6
(Figures 1K and S2C). We observed a decrease in luminescence
signal for CCR1 in the case of GRK5/6, as expected due to
CCL7-induced receptor internalization and thus a decrease in
proximity of the receptor and GRKs (Figures 1K and S2C).

Finally, we measured CCL7-induced Barr recruitment to DARC
using four different assays, namely NanoBiT, co-immunoprecip-
itation (colP), confocal microscopy, and TANGO assay. In the
NanoBiT assay using DARC-SmBIT and LgBiT-Barr1/2 con-
structs, there was no luminescence signal for DARC upon
CCL7 stimulation, while CCR1 exhibited robust, dose-depen-
dent Barr1/2 recruitment (Figures 1L and 1M). Similarly, in the
confocal microscopy assay using HEK293 cells transfected
with DARC and Barr1/2-mYFP, we did not observe any detect-
able translocation of Barrs upon CCL7 stimulation, while D6R,
used as a reference, exhibited CCL7-induced membrane trans-
location of Barrs at early time points (3—6 min) followed by their
localization in endosomal vesicles upon prolonged exposure
(22-28 min) (Figures 1N and 10). This is further corroborated us-
ing a colP assay, where CCL7 stimulation failed to promote any
measurable interaction of DARC with Barrs, while for D6R, we
observed robust interaction of Barrs (Figures S3A and S3B). As
some 7TMRs have a weaker propensity to interact with Barrs, re-
sulting in a transient binding, we generated a series of chimeric
constructs of DARC harboring the carboxyl terminus of the vaso-
pressin receptor (VoR), referred to as DARC-V,R. The notion
behind generating these chimeric constructs is to enhance Barr
binding affinity to DARC, as previously reported for several class
A GPCRs.">*® still, however, there was no measurable interac-
tion of parrs with any of the DARC-V,R constructs in the colP
assay in response to CCL7 stimulation (Figures S3C-S3F).
Finally, we generated a TANGO assay construct for DARC using
the reporter gene strategy, which is one of the most sensitive
methods to probe Barr binding to 7TMRs.** However, even in
this assay, CCL7 stimulation did not elicit any Barr recruitment,
while CCR2, used as a reference, displayed a dose-dependent
response (Figure S3G). We also measured the surface
expression of the receptor in each of these functional assays
compared with mock-transfected cells and present these data
in Figure S4A.
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Considering the ligand promiscuity of DARC, we also
measured cyclic AMP (cAMP) response and Barr recruitment
following stimulation of the receptor by several C-C and C-X-C
chemokines. However, similar to CCL7, we did not observe
any detectable response for any of these chemokines, either in
terms of cAMP inhibition or Barr recruitment (Figures S4B-
S4D). Taken together, this analysis demonstrates the lack of ca-
nonical transducer coupling to DARC, unlike prototypical or
atypical chemokine receptors, and, therefore, establishes it as
a functionally divergent, chemokine-binding 7TMR.

Potential interaction partners and signaling pathways
downstream of DARC

Although canonical downstream signaling is not likely in erythro-
cytes, considering their anucleated nature, as mentioned earlier,
DARC is also expressed in endothelial cells, and, therefore, it is
plausible that it signals through non-canonical signaling path-
ways. In order to test this hypothesis, we carried out an unbi-
ased, global phosphoproteomics screen using a mass spec-
trometry (MS) approach, using HEK293 cells stably expressing
DARC. We reasoned that such an analysis should uncover the
spectrum of cellular proteins undergoing phosphorylation and
dephosphorylation and, therefore, should provide possible leads
into non-canonical signaling downstream of this receptor. We
also note that CCL7 binds to four different chemokine receptors,
namely CCR1, 2, 3, and 5, other than DARC.*® However, none of
these CCL7-binding chemokine receptors are expressed endog-
enously at detectable levels in HEK293 cells, as reported in a
previous study.“® Therefore, we reasoned that our phosphopro-
teomics data on HEK293 cells stably expressing DARC should
report CCL7-induced, DARC-mediated phosphorylation and
dephosphorylation events.

We prepared samples under unstimulated and CCL7-stimu-
lated conditions, generated proteolytic fragments by trypsin
digestion, enriched for phosphorylated peptides using TiO,
beads, and then identified the phosphorylated peptides using
liquid chromatography-tandem MS (LC-MS/MS). A schematic
of the phosphoproteomics experiment is presented in Fig-
ure S5A, and the complete details of the data are presented in
Table S1, including the peptides and proteins that are identified,
the relative change in their phosphorylation status, and other
technical parameters. Interestingly, we identified approximately
8,215 phosphopeptides, corresponding to more than 2,600
different proteins, and a statistical analysis using paired t test be-
tween the basal (unstimulated) and CCL7-stimulated conditions,
narrowed down the list to approximately 300 different proteins

Figure 2. Proteomics-based insights into potential downstream signaling

(A) Heatmap showing differentially phosphorylated peptides generated following MS-based phospho-proteomics analysis of HEK293 cells stably expressing
DARC in the presence and absence of CCL7 stimulation. Four independent samples prepared in parallel were subjected to analysis.

(B) Cellular proteins identified to undergo phosphorylation/dephosphorylation following stimulation with CCL7 were classified on the basis of biological pro-
cesses, molecular functions, and cellular localizations to reveal an extensive network of potential signaling pathways.

(C) Volcano plot representation of the peptides undergoing upregulation/downregulation in their phosphorylation state following stimulation with CCL7.

(D) Heatmap showing proteins whose physical interaction with DARC undergoes an alteration upon stimulation with CCL7, identified on the basis of mass-
spectrometry-based interactome study. Four independent samples prepared in parallel were subjected to analysis.

(E) Cellular proteins identified to undergo an alteration in their physical interaction with DARC following stimulation with CCL7 were classified on the basis of
biological processes, molecular functions, and cellular localizations to reveal an extensive network of potential signaling pathways.

(F) Volcano plot representation of the proteins undergoing increased/decreased association with DARC upon stimulation with CCL7.

See also Figures S5 and S6 and Tables S1 and S2.
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that exhibited a change in their phosphorylation status
(Figures 2A-2C). In order to gain further insights into possible
signaling mechanisms, we classified the identified proteins
based on their localization in cellular context, involvement in
different biological processes, and their assigned molecular
functions. Interestingly, these proteins fall under various func-
tional categories, including signal transduction, cellular
proliferation, and cellular organization, and, therefore, suggest
potentially broad implications for the activation of DARC in
cellular and functional contexts (Figures 2B and S5B).

One of the key functions attributed to DARC is transcytosis of
chemokines in endothelial cells, where it binds to chemokines on
the basolateral side and subsequently mediates their transcyto-
sis to the apical side*” (Figure 3A). This process contributes not
only to generating a chemokine gradient but also, through the
chemokines exposed on the lumen, to facilitating the binding
of circulating leukocytes, their subsequent extravasation, and
trans-endothelial migration.*® In agreement with this, our phos-
phoproteomics analysis has identified several proteins that are
typically involved in the process of cellular endocytosis
pathways (Figure 3A) and, therefore, further corroborate the
functional capabilities of DARC in the context of chemokine
transcytosis.

Considering that DARC does not couple to the canonical
GPCR partners such as G proteins, GRKs, and Barrs, we carried
out a global interactome analysis upon stimulation of DARC-ex-
pressing HEK-293 cells with CCL7. We first performed a colP
step under cross-linking conditions to enrich DARC-interacting
proteins, followed by their detection using mass-spectrometry
(Figure SBA). In these experiments, as a reference, we also
used unstimulated cells, which were lysed and immunoprecipi-
tated in parallel to subtract non-specific proteins. We carried
out these experiments as four biological replicates and our anal-
ysis identified a total of around 1,700 different proteins
(Table S2). Statistical analysis using Student’s paired t test be-
tween the basal (unstimulated) and CCL7-stimulated conditions
revealed that 73 proteins undergo a significant alteration, either
upregulation or downregulation, in their interaction with DARC
(Figures 2D and 2F). Gene-ontology-based enrichment and
pathway enrichment revealed that the proteins identified are
involved in regulating a multitude of different cellular processes
and exhibit varied cellular localization (Figures 2E and S6B).
Additionally, comparison of our interactome data with the pro-
teins identified using MS-based global phosphoproteomics re-
vealed 66 common proteins. Network analysis of these common

¢ CellP’ress

OPEN ACCESS

proteins identifies a range of various cellular processes down-
stream of DARC and provides a promising direction for future
studies to fully explore and establish the functional capabilities
of this intriguing chemokine receptor. A complete detail of all
the relevant data is provided in Table S2.

In parallel, we also carried out STRING analysis using DARC as
the search keyword and identified a tetraspanin CD82 as a po-
tential interaction partner (Figure 3B). CD82 is a four-transmem-
brane glycoprotein that is implicated in metastasis suppression
in multiple cancer types, and it is proposed that possible cross-
talk of CD82 with DARC expressed on vascular endothelial cells
prevents the extravasation of tumor cells present in circula-
tion**>" (Figure 3C). In addition, interaction of DARC expressed
on endothelial cells, with CD82 present on tumor cells that have
intravasated into the circulation, has been suggested to trigger
senescence in the latter via a p21/Waf1-mediated signaling
pathway.®' Moreover, crosstalk of DARC with CD82 has also
been proposed to enhance p21 expression in the long-term he-
matopoietic stem cells of the bone marrow and help maintain
their quiescence.®? Therefore, we next validated the interaction
of DARC with CD82 in transfected HEK293 cells under basal
and CCL7-stimulation conditions. As presented in Figures 3D-
3H, we observed a robust interaction of DARC-CD82 that re-
mains primarily unaltered upon agonist stimulation. Although
future studies are warranted to explore the functional conse-
quences of DARC-CD82 crosstalk, our data provide a plausible
functional link involving DARC.

Overall structure of CCL7-DARC

In order to uncover the molecular mechanism directing this func-
tional divergence of DARC, we set out to determine its structure
in complex with a chemokine ligand using cryo-EM. We ex-
pressed and purified full-length, wild-type DARC in the presence
of a C-C type chemokine, CCL7, and a nanobody (Nb52) tar-
geted against the N terminus of DARC.>® The purified receptor
exhibited two distinct populations on size-exclusion chromatog-
raphy, which presumably represent monomeric and dimeric
states of the ligand-receptor complexes (Data S1). Considering
the small size of the CCL7-DARC complex, we subjected the
dimeric population to cryo-EM and observed an overall mono-
disperse population, with two-dimensional (2D) class averages
showing a non-physiological arrangement of the ligand-receptor
complexes (Data S1). Subsequently, we determined the struc-
ture of CCL7-DARC at an estimated resolution of 3.65A, with
clearly discernible densities for the receptor and ligand

Figure 3. Identifying potential signaling partners of DARC

(A) A simplified schematic depicting the process of transcytosis of DARC along with the bound chemokine across the venular endothelium, from the basolateral to
the apical side. Hits identified from phosphoproteomics analysis that are potential regulators of this pathway have been denoted, along with a brief description of
their known functions (Rab11-FIP1, Rab11 family interacting protein 1, Uniprot ID: Q6WKZ4; Snapin Uniprot ID: 095295; Raftlin Uniprot ID: Q14699; EHBP-1, EH-
domain-binding protein 1, Uniprot ID: Q8NDI1; Rabex-5 Uniprot ID: Q9UJ41).

(B) STRING analysis reveals CD82 as one of the potential interactors of DARC.

(C) Schematic representation of the physiological role of CD82 and DARC interaction in suppressing metastasis.

(D) DARC interacts with CD82 in the absence of any stimulation, as measured under non-cross-linking conditions. A representative image from three independent
experiments is shown here.

(E-H) Stimulation with CCL7 does not alter the interaction between DARC and CD82, as measured under both non-cross-linking (E and F) and cross-linking (G
and H) conditions. A representative image from three to four independent experiments, along with densitometry-based quantification of data (mean + SEM)
normalized with respect to the signal observed under unstimulated condition (treated as 1) is shown here. Two-way ANOVA using Tukey’s multiple comparison
has been performed (ns denotes not significant).
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Figure 4. Structure of the Duffy antigen receptor
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(A) Cryo-EM structure of the CCL7-bound DARC dimeric complex, at a resolution of 3.65A, is shown in surface depiction in three different orientations.
Representative 2D class averages with discernible secondary features are shown in the inset.

(B) Atomic coordinates of CCL7-DARC complex shown in ribbon representation in two different views.

(C) A monomeric unit of CCL7-DARC complex is shown as a cartoon representation with cryo-EM density maps of CCL7 and the interface region between CCL7
and DARC in the insets. (Salmon and blue, DARC protomers; green and yellow, CCL7).

See also Data S1 and Tables S3 and S4.

(Figures 4A-4C; Data S1; Table S3). However, we did not obtain
any densities for Nb52. Although we refined the structure using
C2 symmetry, we also performed a symmetry expansion of the
final particle stack, followed by a local refinement in C1 with a
mask covering the whole complex. However, the map refine-
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ment exhibited a slightly lower resolution with symmetry expan-
sion and did not exhibit a dramatic difference when compared
with symmetrically refined reconstruction (Data S1). The cross-
correlation of the structures was 0.915, suggesting that the
CCL7-DARC dimer indeed has a 2-fold symmetry.
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Figure 5. A distinct mode of chemokine recognition by DARC

(A) Overall CCL7 binding mode in DARC. The regions of CRS1 and CRS2 are indicated by dashed circles (left). The key residues of DARC that interacts with CCL7
(blue surface) are shown. The possible CRS2 is empty and indicated by blue dashed circle.

(B) Interactions between the core domain of CCL7 and the N terminus of DARC in CRS1 are illustrated (hydrogen bonds and salt bridges are shown as black
dashed lines).

(C) Disulfide linkages in CCL7 and DARC stabilize their overall architecture and fold.

(D) The shallow binding of CCL7 with DARC has been depicted as surface slice representation. The CCL2-CCR2 structure (PDB: 7XA3) has been used as a
reference where CCL2 enters deep into the ligand binding pocket.

(E) Overall binding pose of chemokines on DARC (left and right) with CRS1 and CRS2 highlighted as dotted box (middle). Other receptor components have been
removed after aligning the chemokine-receptor complex structures with CCL7-DARC.

(F) Structural alignment of CCL7-DARC and CXCL12-ACKR3 (left), the shallow binding mode of ligands on the respective ligands are illustrated as surface slice
representation.

(legend continued on next page)
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Before proceeding with structural inference, we also carried
out additional biochemical analysis to confirm the binding of
CCLY7 to purified DARC (Data S1). In these experiments, we first
purified DARC under apo-condition, followed by incubation with
either CCL7 and Nb52 individually or together and subsequently
analyzed these complexes by size-exclusion chromatography.
We observed that even though apo-DARC tends to dimerize,
both CCL7 and Nb52 can stably interact with DARC, and that,
upon co-incubation, they also appear to bind concomitantly
(Data S1). In order to further corroborate that the extra-micellar
density observed in our structure indeed belongs to CCL7, we
subjected the apo-DARC and CCL7-DARC complexes (without
Nb52) to cryo-EM analysis and confirmed a clear density of
CCL7 present in the CCL7-DARC complex but not in the apo-
DARC sample (Figures S7A and S7B). In addition, we also per-
formed manual docking of Nb52 and CCL?7 individually into the
EM map and calculated the model-map correlation coefficients
for each of the docking poses. As presented in Data S1, the
best correlation coefficient is observed for one of the CCL7
poses, which we subsequently used for structural refinement
and interpretation.

A distinct mode of ligand binding in DARC

We observe that CCL7 makes extensive contacts with the N ter-
minus of the receptor, with some contribution from the extracel-
lular side of TM6, TM7, and 3™ extracellular loop (ECL3)
(Figures 5A-5C; Table S4). The N-terminal residues from Glu46
to Asn55 of DARC are positioned in a groove formed by CCL7,
and this interaction is stabilized by several hydrogen bonds
and other non-bonded contacts (Figures 5A and 5B; Table S4).
Specifically, the N-terminal residues of DARC from Glu46 to
Leu57 form an extended loop, which orients itself onto a docking
site on CCL7 formed by the N-terminal loop residues Ser® to
Lys'® and the B-strand3 residues Lys*° to Ala®3. It is also inter-
esting to note that the disulfide bridge in DARC between
Cys51 inthe N terminus and Cys2767-2% in TM7 is packed against
a disulfide bridge formed between Cys'? and Cys®? of CCL7, and
this helps the N terminus of DARC align in the CCL7 groove (Fig-
ure 5C). Chemokine receptors typically engage chemokines
through two binding sites known as chemokine recognition
site, 1 and 2 (CRS1 and 2).°* However, CCL7 interaction with
DARC appears to engage only CRS1, without any significant
interaction with CRS2 (Figure 5A) This is evident upon comparing
the CCL7-DARC interface with a previously determined CCL2-
CCR2 complex®® through a cross-sectional area, where the
binding pocket corresponding to CRS2 is empty (Figure 5D).
This is further apparent upon comparison with other chemo-
kine-chemokine receptor complexes in G protein-bound, active
conformation®*®" (Figure 5E). Interestingly, the lack of CRS2
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binding site observed here is reminiscent of CXCL12 binding
pose in ACKR3®' (Figure 5F). Moreover, the overall binding
pocket in CCL7-DARC appears to be constricted compared
with CCR2 (Figure S7C). A direct comparison of CCL7 posi-
tioning on DARC, with all previously determined structures of
chemokine-chemokine receptor complexes®™ ™' in active
conformation, further highlights the absence of CRS2 engage-
ment in CCL7-DARC. As indicated in Figure 5G, the N terminus
of CCL7 does not extend as deep into the orthosteric binding
pocket as observed for other chemokines in complex with their
cognate chemokine receptors. CCL7 displays maximal distance
from the conserved tryptophan residue in TM6 (Trp®®), bearing
a close resemblance to CXCL12 interaction with ACKR3
(CXCRY7) (Figure 5G). In addition to CRS1, the 30s loop of
CCLY7 also forms a critical interaction interface by engaging the
extracellular end of TM6 of the receptor (Figure 5B).

We also compared the ligand-receptor contacts observed in
CCL7-DARC with those in other chemokine-chemokine receptor
complexes, and this further recapitulates a shallower binding
mode of CCL7 to DARC. Importantly, the shallower binding of
CCL7 with DARC translates to an absence of interactions be-
tween several residues in chemokines and TM1, TM2, TM3,
TM4, ECL2, and TM5, observed in prototypical chemokine re-
ceptors (Figure 5H). Thus, it is tempting to speculate that a su-
perficial binding mode of chemokines to DARC, as observed
here for CCL7, may impart chemokine promiscuity, although it
remains to be experimentally explored.

Structural features of CCL7-bound DARC
In order to gain insights into the overall structural features of
CCL7-bound DARC, we compared our structure with the previ-
ously reported crystal structure of CCR2 in its inactive conforma-
tion®?%® and cryo-EM structure of the same in its active confor-
mation.®®> When compared with the inactive structure of CCR2
(PDB: 6GPS), TM5 and TM6 exhibit outward tilt angles of ~35°
and ~12°, respectively (as measured from the Ca. of Val219 for
TM5 and Trp254 for TM6), while TM7 shows an inward helical
tilt of ~28° (as measured from the Ca of Thr300) (Figure 6A).
However, while TM5 exhibits an outward tilt of ~35° when
compared with the CCL2-bound structure of CCR2 (PDB:
7XA3), TM6 and TM7 make inward tilt angles of ~17° and ~8°,
respectively, in the CCL7-bound structure of DARC (Figure 6A).
We also observed an overall similar pattern of TM movements
when comparing the CCL7-DARC structure with inactive and
active structures of CCR5°%®* and CXCR2°" (Figures S7D
and S7E).

Interestingly, we observed that, when compared with CCR2,
the cytoplasmic portion of TM3 in DARC forms a kink at an angle
of >60° at position Ala151%47, while the intracellular loop 2 (ICL2)

(G) Pairs of chemokine-chemokine receptor structures are shown to highlight the position of N termini of chemokines at the orthosteric pocket. Distance between

the N terminus and the conserved toggle switch residue (Trp®4%)

has been calculated in all structures. The N terminus of CCL7 is the farthest from Trp

6.48

compared with the other pairs (CXCL12-ACKR3, PDB: 7SK8; CCL15-CCR1, PDB: 7VL9; CCL2-CCR2, PDB: 7XA3; CCL5-CCR5, PDB: 707F; CCL20-CCRS,

PDB: 6WWZ; CXCL8-CXCR2, PDB: 6LFO; CX3CL1-CX3CR1, PDB: 7XBX).

(H) Alignment of the interface residues between chemokines and their respective chemokine receptor structures have been provided. The Ballesteros-Weinstein
positions are also mentioned below the TM regions. CCL7 makes the least number of contacts with DARC as compared with the other chemokine-chemokine
receptor structures. The conserved interface residues in receptors are denoted as cyan-colored stars.

See also Figure S7.
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Figure 6. Divergent structural features of the 7TM domain in DARC

(A) Structural alignment of CCL7-DARC with the inactive (PDB: 6GPS) and active (PDB: 7XA3) structures of CCR2 to highlight the changes in TM5, TM6, and TM7
(left). The deviation angles of TM5, TM6, and TM7 in CCL7-DARC, with respect to the inactive and active structure of CCR2, are shown in blue and brown,
respectively. (Arrows with blue, red and brown depict the TMs of inactive CCR2, DARC and active CCR2, respectively).

(B) Conformations of ICL2 and TM4 were found to be unique in DARC as compared with the CCL2-CCR2 structure (PDB: 7XA3). The cytoplasmic end of TM3
forms a kink and translates about 64° in comparison with that of CCR2, probably due to a shorter ICL2.

(C) TM5 and TM6 are shorter in length compared with that of CCR2. In addition, TM5 exhibits an outward shift.

(D) TM3 in CXCL12-ACKR3 (PDB: 7SK8) forms a relatively smaller kink toward the cytoplasmic side when compared with CCL7-DARC (left). DARC harbors
relatively shorter TM5 and TM6 as compared with ACKRS3 (right).

(E) Superimposition of CCL7-bound DARC with active structures of chemokine-chemokine receptor pairs. Salmon, CCL7-DARC; gray, CXCL12-ACKR3 (PDB:
7SK8); blue, CCL5-CCR5 (PDB: 707F); beige, CCL2-CCR2 (PDB: 7XA3); deep gray, CXCL8-CXCR2 (PDB: 6LFO); and teal, CCL15-CCR1 (PDB: 7VL9). DARC has
been shown in cylinders and other structures are in ribbon representation.

(F) Conformations of ICL2 and TM4 in active chemokine upon alignment with CCL7-bound DARC (CCL15-CCR1, PDB: 7VL9; CCL5-CCRS5, PDB: 707F; CCL20-
CCR6, PDB: 6WWZ; CXCL8-CXCR2, PDB: 6LFO; CX3CL1-CX3CR1, PDB: 7XBX).

(G) The activation hallmark microswitches conserved in class A receptors are shown in cyan spheres (left). Positions of microswitches are different in the CCL7-
bound DARC structure when compared with the classical GPCRs. The inactive (PDB: 6GPS) and active (PDB: 7XA3) structures of CCR2 have been taken as
reference.

See also Figures S7 and S8 and Table S5.
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is relatively shorter (Figure 6B). Strikingly, we also observed a
significant shortening of TM5 and 6 in DARC compared with
CCR2, although the ICL3 region spanning residues Gly227 to
Asp238 is not resolved due to inherent flexibility (Figure 6C). It
is worth noting that the kink observed in TM3 of DARC is more
pronounced than that observed in CXCR7, while the shortening
of TM5 and 6 is not apparent in CXCRY7 (Figure 6D). Moreover,
the TM3 kink and TM5/6 shortening is not observed in any of
the previously determined active state structures of chemokine
receptors and, therefore, it appears to be a distinct feature of
DARC (Figures 6E and 6F).

Next, we compared the conformational changes in the se-
quences corresponding to the conserved motifs present in pro-
totypical GPCRs such as the DRY, CWxP, NPxxY, and PIF motif.
DARC lacks most of these motifs in its primary sequence and
instead harbors altered sequences in the corresponding regions,
which display significantly different orientations compared with
those observed in CCL2-bound CCR2 (Figure 6G). It is inter-
esting to note that, similar to most chemokine receptors,
DARC also contains a conserved P-C motif, constituted by
Cys51 along with Pro50 in the N terminus of the receptor.
Although the P-C motif in other chemokine receptors is located
at the N-terminal loop immediately preceding TM1, and helps
to bend the conformation of the N-terminal loop, the P-C motif
in DARC adopts a linear conformation and is positioned
away from TM1. The region of the N terminus of DARC contain-
ing the P-C motif docks into a hydrophobic cavity in CCL7,
wherein Pro50N"*™ engages with lle*? and Cys®2 of CCL7 while
Cys51N*™ interacts with Cys'' of CCL7 (Figures S8A-S8C).

In order to measure CCL7-induced structural changes in
DARC, we employed hydrogen-deuterium exchange mass
spectrometry (HDX-MS) and compared the deuterium exchange
for a ligand-free and CCL7-bound receptor. Although we
observed limited coverage of the receptor, as is typical with
membrane proteins, we observed a significant decrease in
deuterium uptake in several regions of the receptor, including
ECL1, TM3, ECL2, and the cytoplasmic end of TM5 upon binding
of CCL7 (Figure S8D; Table S5). Considering that these regions
are not directly involved in ligand binding, it likely reflects allo-
steric conformational changes in the receptor induced by bind-
ing of CCL7. Interestingly, the cytoplasmic ends of TM5 and 6,
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which exhibit maximal structural changes in prototypical
GPCRs upon activation, do not appear to undergo major confor-
mational changes in DARC, suggesting a distinct activation
mechanism that remains to be experimentally determined.

Structural basis of lack of canonical transducer coupling

For prototypical GPCRs, including the chemokine receptors,
agonist-induced activation results in a significant outward move-
ment of TM5 and TM6, resulting in the formation of a cleft on the
cytoplasmic side of the receptors (Figure 7A). This cytoplasmic
cleft serves as the docking interface for the positioning of the
a5 helix of G proteins,®*~° aN helix of GRKs,”"""? and the finger
loop of Barrs,”® leading to stable coupling and subsequent acti-
vation. Specifically, this binding cleft on the receptor helps in
mediating extensive interaction with the transducers through
residues spanning TM3, TM5, TM6, ICL2, and ICL3.°° The short-
ening of TM5 and 6 is not observed in other chemokine receptors
and prototypical GPCRs®®"%"®' (Figure 7B) and, together with
the distinct kink in TM3 and short ICL2, precludes the formation
of such a binding cavity on the cytoplasmic side of DARC,
thereby presumably preventing the interaction with G proteins,
GRKs, and Barrs (Figures 7C-7F). Taken together, these data
demonstrate how the 7TM fold in DARC has evolved to encode
a chemokine scavenging function in order to mediate chemokine
homeostasis without canonical effector coupling and activation.

DISCUSSION

Chemokine receptors typically behave as prototypical GPCRs,
with primary coupling to the Gi subtype of G proteins, and exhibit
GRK-mediated phosphorylation followed by Barr recruitment.
Interestingly, however, several chemokine receptors classified
as ACKRs, couple exclusively to Barrs, without any measurable
G protein activation; they are also referred to as arrestin-coupled
receptors (ACRs). DARC has also been classified as an ACKR,
i.e., ACKR1; however, our comprehensive analysis now sepa-
rates it from the other ACKRs with respect to canonical trans-
ducer-coupling profile. So, why does it fail to engage with canon-
ical signal transducers? As mentioned earlier, CCL7 binds to
DARC primarily through CRS1, without a significant involvement
of CRS2. However, previous studies have proposed that in the

Figure 7. A schematic summary of distinct structural and functional features of DARC

(A) Comparison of CXCL12-ACKR3 (PDB: 7SK8), CCL15-CCR1 (PDB: 7VL9), CCL2-CCR2 (PDB: 7XA3), CCL5-CCR5 (PDB: 707F), CCL20-CCR6 (PDB: 6WW2),
CXCL2-CXCR2 (PDB: 6LFO), and CX3CL1-CX3CR1 (PDB: 7XBX), with CCL7-DARC structure shown as surface slice representation illustrating the formation of
the transducer binding cavity as opposed to CCL7-DARC. Red arrows highlight the formed cytoplasmic cavity.

(B) Relative lengths of TM5 and TM6 have been compared with active state classical GPCRs. A single receptor from each sub-family has been selected for
comparison. (B2AR, PDB: 3SN6; C5aR1, PDB: 8HQC; LHR, PDB: 7FIG; FFAR4, PDB: 8H4l; MT1R, PDB: 7VGZ; A1R, PDB: 6D9H; HCAR2, PDB: 7XK2; Rho, PDB:
6FUF; OR51E2, PDB: 8F76).

(C) Alignment of the CCL7-DARC structure with C5aR1-Gi (PDB: 81A2), NTSR1-GRK2 (PDB: 8JPB), and p1V2R-Barr1 (PDB: 6TKO) highlighting the short TM5 and
TMB6 in DARC compared with other receptors.

(D) Structural superimposition of DARC and various receptors in complex with G proteins. (Top) C5aR1-Gi (PDB: 81A2) and V2R-Gs (PDB: 7BB6), (bottom) 5HT2c-
Gq (PDB: 8DPF) and GPR35-G13 (PDB: 8H8J). DARC (tube helices) and G proteins (ribbon helices) are shown as cartoons and other receptors as transparent
surfaces.

(E) Structural alignment of CCL7-DARC structure with NTSR1-GRK2 (PDB: 8JPB). DARC (tube helices) and GRK2 (ribbon helices) are shown as cartoons and
NTSR1 as a transparent surface.

(F) Structural alignment of CCL7-DARC structure with B1V2R-Barr1 (PDB: 6TKO). DARC (tube helices) and Barr1 (ribbon representation) are shown as cartoons
and B1V2R as a transparent surface.

See also Figure S8.
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two-site-binding mechanism, CRS2 engagement by chemo-
kines is important for allosterically directing transducer coupling
and effector activation.>* Therefore, it is tempting to speculate
that the absence of CRS2 engagement by chemokines upon
binding to DARC, taken together with the dramatic shortening
of TM5/6, is the primary driving mechanism underlying the func-
tional divergence displayed by this receptor (Figure S8E). The
same remains to be established experimentally in future studies.

Although ACKRs are proposed to primarily serve chemokine
scavenging functions,®**> emerging evidence suggests their
signaling capabilities in multiple cell types.***>%* Therefore, it
would be important to probe the same for DARC in future
studies, especially considering the recent data suggesting its
expression in non-erythrocyte cell types and emerging indica-
tions of its fundamental role in several immune-physiological
processes such as hematopoiesis.®® Our global phosphoproteo-
mics and interactome analysis now provides possible hints at
downstream signaling for DARC and presents a framework for
systematic experimental studies to decipher the non-canonical
signaling pathways and corresponding cellular outcomes going
forward. It is also important to note that although we used a
full-length expression construct of DARC, the proximal N
terminus of the receptor is not resolved in the structure, and,
therefore, the quest to understand the interaction of Plasmodium
vivax Duffy binding protein (PvDBP) and PFTs to DARC remains
open. Furthermore, the interaction interface and binding mode of
the C-X-C type chemokines to DARC also remain to be visual-
ized directly in order to better understand the ligand promiscuity
in terms of the dual C-C and C-X-C chemokine recognition
exhibited by DARC, which is typically not observed for other
chemokine receptors.

In summary, we present a cryo-EM structure of CCL7-bound
DARC that elucidates the plausible molecular mechanism under-
lying chemokine scavenging and homeostasis, even in the
absence of canonical activation and signaling. This study should
pave the way for further molecular and structural characteriza-
tion of the intriguing functional divergence encoded in the 7TM
scaffold exemplified by DARC and facilitate the structure-guided
design of better therapeutics.

Limitations of the study

Although our phosphoproteomics and interactome analysis pro-
vide clear indications of the functional capabilities of DARC, and
we experimentally validate DARC-CD82 interaction, we also
note that further in-depth studies are required to decipher and
construct the precise downstream signaling pathways. We
also note that during cryo-EM data processing, the initial angular
assignments were not performed with GS-FSC refinement, and
subsequent searches were all kept local because regular, non-
uniform refinement in cryoSPARC and maximum likelihood
refinement in Relion did not yield reasonable reconstructions,
likely due to the low signal-to-noise ratio of the particles.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

e KEY RESOURCES TABLE

4764 Cell 187, 4751-4769, August 22, 2024

Cell

o RESOURCE AVAILABILITY

o Lead contact

o Materials availability

o Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS

o Human cell lines

o Insect cells
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal ANTI-FLAG M2-HRP antibody Sigma-Aldrich Cat# A8592; RRID: AB_439702
Polyclonal anti-HA antibody Santa-Cruz Cat# sc-805; RRID: AB_631618
Polyclonal anti-Rabbit IgG-HRP antibody Genscript Cat# A00098; RRID: AB_1968815

Bacterial and virus strains

E. coli strain BL21(DE3) New England Biolabs Cat# C2527H

E. coli strain Rosetta (DE3) Sigma-Aldrich Cat# 70954
Chemicals, peptides, and recombinant proteins

TRIS SRL Cat# 71033

HEPES SRL Cat# 63732

NaCl SRL Cat# 41721

EDTA SRL Cat# 12070
Phenylmethanesulfonyl Fluoride (PMSF) SRL Cat# 84375
L-Cysteine Hydrochloride Monohydrate Sigma Aldrich Cat# C7880
lodoacetamide Sigma Aldrich Cat# 11149

Imidazole Sigma Aldrich Cat# 1202-500G
Benzamidine Hydrochloride SRL Cat# 93014 (0248255)
Lysozyme SRL Cat# 45822

Glycerol SRL Cat# 77453

Lauryl Maltose Neopentyl Glycol (L-MNG) Anatrace Cat# NG310, CAS no.1257852-96-2
Cholesteryl Hemisuccinate (CHS) Sigma Aldrich Cat# C6512
Paraformaldehyde (PFA) Sigma Aldrich Cat# P6148, CAS no. 30525-89-4
Poly-D-lysine Sigma Aldrich Cat# P0899

TMB (Tetramethylbenzidine) Thermo Fisher Scientific Cat# 34028

Janus Green B Sigma Aldrich Cat# 201677

PEI (Polyethylenimine) Polysciences Cat# 23966

Bovine Serum Albumin, BSA SRL Cat# 83803 (0140105)
FLAG peptide GenScript N/A

HBSS - Hank’s Balanced Salt Solution Thermo Fisher Scientific Cat# 14065

GIBCO Fetal Bovine Serum Thermo Fisher Scientific Cat# 10270-106
DMEM Celiclone Cat# CC3004
Phosphate-buffered saline (PBS) Sigma Aldrich Cat# D1283

GIBCO Penicillin-Streptomycin
ESF921 Insect Cell Culture Medium
Coelenterazine

D-Luciferin Sodium Salt
Coomassie Brilliant Blue
Uranyl formate

Recombinant human CCL7
Recombinant human CCL2
Recombinant human CCL5
Recombinant human CCL13
Recombinant human CXCL5
Recombinant human CXCL8
Recombinant human CXCL12
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Thermo Fisher Scientific
Expression Systems
Goldbio

Goldbio

SRL

Polysciences
Purified

PeproTech
PeproTech
PeproTech
PeproTech
PeproTech
PeproTech

Cat# 15140122
Cat#96-001-01
Cat# CZ05
Cat# LUCNA-1G
Cat# 64222
Cat# 24762-1
N/A

Cat# 300-04
Cat# 300-06
Cat# 300-24
Cat# 300-22
Cat# 200-08
Cat# 300-28A
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SOURCE

IDENTIFIER

Formvar/carbon coated 300 mesh copper grids

PELCO (Ted Pella)

Cat# 01753-F

Critical commercial assays

Site Directed Mutagenesis Kit NEB Cat# E0554

NanoBiT assay Promega N/A

GloSensor assay Promega N/A

NanoBiT assay Promega N/A

Deposited data

CCL7-Nb52-DARC complex This study PDB:8JPS, EMD-36488,
EMD-37212, EMD-37214

Cryo-EM structure of the CCL2 bound Shao et al.*® PDB: 7XA3

CCR2-Gi complex

Cryo-EM structure of human ACKR3 Yen et al.®’ PDB: 7SK8

in complex with CXCL12, a small

molecule partial agonist CCX662, an

extracellular Fab, and an intracellular Fab

Cryo-EM structure of the CCL15(26-92) Shao et al.”® PDB: 7VL9

bound CCR1-Gi complex

Structural basis of the activation of the Isaikina et al.*® PDB: 707F

CC chemokine receptor 5 by a

chemokine agonist

Cryo-EM structure of the human Wasilko et al.®® PDB: 6WWZ

chemokine receptor CCR6 in complex

with CCL20 and a Go protein

Cryo-EM structure of a class A Liu et al.”” PDB: 6LFO

GPCR monomer

Cryo-EM structure of the human Lu et al.*® PDB: 7XBX

chemokine receptor CX3CR1 in

complex with CX3CL1 and Gi1

Crystal structure of CCR2A in Apel et al.®® PDB: 6GPS

complex with MK-0812

Crystal structure of the beta2 Rasmussen et al.”” PDB: 3SN6

adrenergic receptor-Gs protein complex

Structure of a GPCR-G protein in Yadav et al.®® PDB: 8HQC

complex with a natural peptide agonist

Luteinizing hormone/choriogonadotropin Duan et al.”® PDB: 7FIG

receptor(S2771)-chorionic

gonadotropin-Gs complex

DHA-bound FFAR4 in complex with Gs Yin et al.®’ PDB: 8H4l

MT1-remalteon-Gi complex Wang et al.”® PDB: 7VGZ

Cryo-EM structure of the human adenosine Draper-Joyce et al.”® PDB: 6D9H

A1 receptor-Gi2-protein complex bound

to its endogenous agonist

Cryo-EM Structure of Human Niacin Yang et al.®° PDB: 7XK2

Receptor HCA2-Gi protein complex

Crystal structure of the Tsai etal.”® PDB: 6FUF

rhodopsin-mini-Go complex

Human olfactory receptor OR51E2 bound Billesbolle et al.”* PDB: 8F76

to propionate in complex with miniGs399

Structure of C5a bound human C5aR1 in Yadav et al.®® PDB: 8IA2

complex with Go (Composite map)

Cryo-EM structure of NTSR1-GRK2- Duan et al.”? PDB: 8JPB

Galpha(g) complexes 1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Phosphorylated turkey betal adrenoceptor Leeetal.”® PDB: 6TKO

with bound agonist formoterol coupled to

arrestin-2 in lipid nanodisc.

AVP-V2R-Galphas-beta1-gamma2-Nb35 (L state) Bous et al.®” PDB: 7BB6

Cryo-EM structure of the 5HT2C receptor Gumpper et al.”® PDB: 8DPF

(INI isoform) bound to lorcaserin

Lodoxamide-bound GPR35 in complex with G13 Duan et al.®® PDB: 8H8J

The chemokine binding protein of orf Zivanov et al.®® PDB: 4ZKC

virus complexed with CCL7

Phosphoproteomics data This study ProteomeXchange Consortium,
Accession code: PXD044876

Interactome data This study ProteomeXchange Consortium,
Accession code: PXD051602

Gel images, Confocal images and This study Mendeley Data

Functional assay data https://doi.org/10.17632/gycdr3vk4j.1

Experimental models: Cell lines

Human: HEK293 ATCC Cat# CRL-3216

HEK293 DARC stable cell line This study N/A

Spodoptera frugiperda (Sf9) Cell line

Expression Systems

Cat# 94-001F

Oligonucleotides

DARC cloning in pPCAGGS vector_Forward: This study N/A
GGGGTACCGAGGAGATCTGCCACC ATG

GGGAAGACGATCATC

DARC cloning in pCAGGS vector_Reverse: This study N/A
TCCCCCGGGGGATTTGCTTCCAAGGGTGTCCAG

DARC cloning in TANGO vector_Forward: This study N/A
CGCGGATCCGCCTCCTCTGGGTATGTCCTCCAG

DARC cloning in TANGO vector_Reverse: This study N/A
CCGGAATTCGGATTTGCTTCCAAGGGTGTCCAG

DARC-V2 truncations Forward primer: This study N/A
CGGGATCCATGGGGAAGACGATCATCGCC

DARC (1-317)-V2 cloning Reverse primer: This study N/A
CCGGTACCGGGCAAGAGGGTGCGGG

DARC (1-321)-V2 cloning Reverse primer: This study N/A
CCGGTACCGAGGGGCAGAGAGGGC

DARC (1-326)-V2 cloning Reverse primer: This study N/A
CCGGTACCAGACCATCCTTCAGGGAG

DARC (1-331)-V2 cloning Reverse primer: This study N/A
CCGGTACCGGTGTCCAGATGAGAAGACC

Recombinant DNA

pcDNA3.1_DARC This study N/A
pcDNA3.1_D6 Dr. Arun K Shukla,*® IIT Kanpur N/A
pcDNA3.1_DARC (1-317)-V2 This study N/A
pcDNA3.1_ DARC (1-321)-V2 This study N/A
pcDNA3.1_DARC (1-326)-V2 This study N/A
pcDNAS.1_ DARC (1-331)-V2 This study N/A
TANGO_DARC This study N/A
pCAGGS_LgBiT-Barr1 Dr. Asuka Inoue, Tohoku University®” N/A
pCAGGS_LgBiT-Barr2 Dr. Asuka Inoue, Tohoku University®” N/A
pCAGGS_CCR1-SmBiT This study N/A
pCAGGS _DARC-cSmBIT This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCMV-AC6_Barr1 Dr. Arun K Shukla,*® IIT Kanpur N/A
pCMV-AC6_Barr2 Dr. Arun K Shukla,*® IIT Kanpur N/A
pcDNA_Barr1-mYFP Addgene Plasmid #36916
pcDNA_Barr2-mYFP Addgene Plasmid #36917
pvL1393-FLAG-M4-DARC GenScript N/A
pvL1393-FLAG-T4L-DARC GenScript N/A
pGEMEX-1-CCL7 Dr. Arun K Shukla,®® IIT Kanpur N/A

Software and algorithms

Relion3.1.2, Relion3.1.3, Relion 4.0
and Relion 5.0-beta

cryoSPARC
UCSF Chimera X
UCSF Chimera
COOoT

Phenix

PDBePISA webserver
PDBsum

Graphpad Prism 9

Zen lite, Zeiss

Zivanov et al.?®

Zivanov et al.®%; I

Zivanov et a
Punjani et al.®’

Pettersen et al.®

Pettersen et al.”

Emsley et al.”*;Emsley
and Cowtan®®
Liebschner et al.;
Adams et al.””
Krissinel and Henrick®®

Laskowski et al.®®

GraphPad Software,
San Diego, California USA

Zeiss

https://www3.mrc-Imb.cam.ac.uk/
relion/index.php?title=Main_Page
https://cryosparc.com/
https://www.rbvi.ucsf.edu/chimerax/
https://www.cgl.ucsf.edu/chimera/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

https://phenix-online.org/

https://www.ebi.ac.uk/pdbe/pisa/
http://www.ebi.ac.uk/thornton-srv/
databases/pdbsum/
https://www.graphpad.com/
scientific-software/prism/
https://www.zeiss.com/microscopy/
int/products/microscope-software/

zen-lite.html
Others
100kDa Cutoff Concentrators Cytiva Code# 28932319
10kDa Cutoff Concentrators Cytiva Code# 28932296

RESOURCE AVAILABILITY

Lead contact

Further information and requests for reagents should be addressed to the lead contact, Dr. Arun K. Shukla (arshukla@iitk.ac.in).

Materials availability

All reagents described in this manuscript are available upon request from the lead contact with appropriate Materials Transfer

Agreement.

Data and code availability

o Allthree-dimensional cryo-EM density maps, coordinates for the atomic models and local-refined maps generated in this study
have been deposited and are publicly available as of the date of publication. Accession numbers (EMDB, PDB IDs and PXD id)
are listed in the key resources table. Original gel images, blots and confocal images have been deposited to Mendeley data, and

they are publicly available after publication. The DOl is listed in the key resources table.
® This paper does not report any original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human cell lines

HEK-293 cells were purchased from ATCC for all the cellular experiments performed in the study. The cell line was examined
frequently under the microscope for proper morphology, but they were not authenticated. They were cultured in DMEM with fetal
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bovine serum (FBS) at 37°C in 5% CO.. In this study, any knockout or knockdown cell lines were not generated, and the details of
stably-transfected HEK-293 cells expressing recombinant DARC are included in the key resources table. In addition, previously
generated cell lines are referenced in the manuscript.

Insect cells

S19 cells were obtained from Expression systems, and they were routinely monitored under the microscope for proper morphology.
These cells were maintained in a shaker incubator at 27°C with 135rpm shaking, and sub-cultured in protein-free insect cell medium
purchased from Expression Systems.

METHOD DETAILS

General reagents, plasmids, and cell culture

Most of the general reagents were purchased from Sigma Aldrich unless otherwise mentioned. Dulbecco’s Modified Eagle’s Medium
(DMEM), Trypsin-EDTA, Fetal-Bovine Serum (FBS), Phosphate buffer saline (PBS), Hank’s balanced salt solution (HBSS), and
Penicillin-Streptomycin solution were purchased from Thermo Fisher Scientific. HEK-293T cells (ATCC) were maintained in
DMEM (Gibco, Cat. no: 12800-017) supplemented with 10% (v/v) FBS (Gibco, Cat. no: 10270-106) and 100U mL™ penicillin and
100pug mL™ streptomycin (Gibco, Cat. no: 15140122) at 37°C under 5% CO,. Sf9 cells were obtained from Expression Systems
and maintained in protein-free cell culture media purchased from Expression Systems (Cat. no: 96-001-01) at 27°C with 135 rpm
shaking. The cDNA coding region of DARC was cloned in pcDNAS3.1 vector with an N-terminal FLAG tag and in pVL1393 vector
with an N-terminal FLAG tag followed by the N-terminal region of M4 receptor (residue no. 2-23). All other receptor pcDNAS3.1 con-
structs were also cloned with an N-terminal FLAG tag. The cDNA coding region of Nb52 was synthesized from Genscript, based on
previously described sequence® with an additional C-terminal 6X-His tag and cloned in pET22b(+) vector. All DNA constructs were
verified by sequencing from Macrogen. For HDX-MS, a truncated version of DARC was used (27-322), cloned in pVL1393 vector with
an N-terminal FLAG tag, followed by T4 lysozyme (T4L) and 3C protease cleavage site. Recombinant human C5a was purified from
E. coli as described previously.'°° For the NanoBiT-G protein-dissociation assay and the flow cytometry-based expression analysis,
the full-length human CCR1 or DARC was inserted into the pCAGGS expression vector with an N-terminal fusion of the hemagglu-
tinin-derived signal sequence (ssHA), FLAG epitope tag and a flexible linker (MGKTIALSYIFCLVFADYKDDDDKGGSGGG
GSGGSSSGGG; the FLAG epitope tag is underlined), and the corresponding constructs were named as ssHA-FLAG-CCR1 and
ssHA-FLAG-DARC, respectively. For the NanoBiT-B-arrestin-recruitment assay and the GRK-recruitment assay, ssHA-FLAG-
CCR1 and ssHA-FLAG-DARC were C-terminally fused with the flexible linker and the SmBIT fragment GGSGGGGSGGSSS
GGVTGYRLFEEIL; the SmBIT is underlined). The resulting plasmid was named as ssHA-FLAG-CCR1-SmBIiT and ssHA-FLAG-
DARC-SmBIT, respectively. Constructs of the NanoBiT-G protein sensors, the NanoBiT-B-arrestin sensors and the NanoBiT-GRK
sensors were described previously.*'®”

Second messenger signaling assays

To measure the effect of ligand stimulation on Gs and Gi-mediated signaling, intracellular cAMP levels were measured using the
GloSensor assay, as previously described.®® In brief, HEK-293T cells were transfected with either 3.5ug of FLAG-tagged DARC/
V2R or 2.5ug of FLAG-tagged C5aR1 (encoded in pcDNA vector) and 3.5ug of F22 plasmid (Promega, Cat. no: E2301). 14-16 h
following transfection, cells were trypsinized and seeded in 96-well plates at a density of 100,000 cells per well in assay buffer
(20mM HEPES pH 7.4, 1X HBSS and 0.5mg mL™" D-luciferin (GoldBio, Cat. no: LUCNA-1G)) and incubated for 1 h 30 min at 37°C
followed by an additional 30 min at room temperature. Basal luminescence was measured for 5 cycles. For measuring Gi-mediated
decrease in cytosolic CAMP levels, 5uM forskolin was added to the wells and luminescence was measured for 8 cycles till the reading
stabilized. This was followed by addition of ligand at the indicated final concentration. Luminescence was recorded for 30 cycles.
Signal obtained was normalized either with respect to reading observed for positive control at the highest concentration of ligand
(for measuring Gs-mediated increase in intracellular cAMP levels) or with signal observed at the lowest concentration of ligand for
each receptor (for measuring Gi-mediated decrease in intracellular cAMP levels), treated as 100%.

Calcium flux assay was undertaken to measure ligand induced changes in cytosolic Ca®* levels, as previously described.*° Briefly,
HEK-293T cells were transfected with 4ug of pGP-CMV-GcAMP8s (Ca?* sensor plasmid; Addgene, Cat. no: 40753) and either 4pg of
5HT,. receptor (as positive control) or 4ug of DARC using PEl max in a ratio of 1:4 (DNA:PEI max). Transfected cells were seeded in a
black optical bottom plate at a density of 50,000 cells per well in complete medium (supplemented with 10% FBS). 14-16 h post-
transfection, media from the wells was replaced with 100uL of Ca®*/Mg?* free HBSS buffer (pH 7.2) and the cells were incubated
for an additional 10 min at 37°C in Flex Station 3 (Molecular Devices). Ligand induced changes in the relative fluorescence unit
(RFU) was measured at an excitation wavelength of 485nm and emission wavelength of 525nm (cut off 515nm) with a setting of 6
reads per well. Basal fluorescence was recorded for 15 sec for each well, followed by addition of 20uL of 6X concentration of ligand
using robotic pipetting of FlexStation system. RFU was recorded at an interval of 2 sec for a total duration of 135 sec. The change in
RFU (ARFU) for each group was calculated by subtracting the average basal response (RFU before ligand addition) from RFU of each
well at each time point following ligand addition. ARFU was plotted and analyzed using GraphPad Prism 9 software.
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NanoBiT-based G protein dissociation assay

Ligand-induced G protein activation was measured using a previously described NanoBiT-based G protein dissociation assay.*’
Briefly, a NanoBiT-G protein consisting of LgBiT-tagged Ga. subunit and SmBIiT-tagged G2 subunit along with the untagged G1
subunit were co-expressed with the indicated receptor constructs and ligand-induced change in luminescence signal was
measured. Typically, HEK-293 cells (Thermo Fisher Scientific) were seeded in a 6-well culture plate and transfected with a plasmid
mixture consisting of 100ng LgBiT-Ga. (Gas, Gail, Gai2, Gai3, Gao, Gaqg, Ga12 or Ga13), 500ng GB1, 500ng SmBIT-Gy2 (C68S) with
200ng receptor plasmid (ssHA-FLAG-CCR1, ssHA-FLAG-DARC or an empty plasmid). To enhance NanoBiT-G protein expression
for Gs, Gg and G12/13, 100ng of RIC8B plasmid (isoform 2; for Gs) or RIC8A (isoform 2; for Gq, G12, and G13) were co-transfected.
After 24 h of transfection, the cells were harvested with EDTA-containing PBS, centrifuged, and suspended in 2mL of Hank’s
Balanced Salt Solution (HBSS) containing 0.01% bovine serum albumin (BSA fatty acid—free grade, SERVA) and 5mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.4 (assay buffer). Afterwards, the cells were dispensed in a white
96-well plate (80pL per well), incubated with 20uL of 50uM coelenterazine (Carbosynth, Cat. no: EC175526), and 2 h later, baseline
luminescence was measured (SpectraMax L, Molecular Devices). Subsequently, 20uL of 6X CCL7, serially diluted in the assay buffer,
was manually added and the plate was immediately read for the second measurement in kinetic mode. Luminescence counts re-
corded from 5 to 10 min post-agonist addition were averaged, corrected with the baseline signal, normalized with respect to vehicle
control and plotted using the GraphPad Prism 9 software.

Bioluminescence Resonance Energy Transfer (BRET)-based GRK recruitment assay

HEK-293 clonal cell line (HEK-293SL cells), referred to as HEK-293 cells, were a gift from Stephane Laporte (McGill University Mon-
treal, Quebec, Canada). These cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (Gibco) supple-
mented with 10% fetal bovine serum and 100units mL™" penicillin-streptomycin (Gibco), maintained at 37°C and 5% CO, and
passaged every 3-4 days using trypsin-EDTA 0.05% (Gibco) to detach the cells. DNA to be transfected was combined with salmon
sperm DNA (Invitrogen) to obtain a total of 1.6,g DNA per condition. Increasing amounts of GFP10-GRK (0 to 800ng) was transfected
along with 100ng of GB1, 100ng of Gy2 and 50ng of DARC-RIucll. Linear polyethyleneimine 25K (PEI; Polysciences) was combined
with DNA (4.8ug PEI per 1.6ug of DNA), vortexed and incubated for 20 min before adding 1.2mL of cell suspension containing
360,000 cells for each condition. Cells containing the DNA were seeded (100uL per well) in white 96-well plates (Greiner) and incu-
bated for 48 h before assay. The day of the assay, cells were washed with DPBS (Gibco) and assayed in Tyrode’s buffer (137mM
NaCl, 0.9mM KCI, 1mM MgCl,, 11.9mM NaHCOj3, 3.6mM NaH,PO,4, 25mM HEPES, 5.5mM glucose, 1TmM CaCl, (pH 7.4)) at
37°C. The expression of GFP10 was monitored in each well using a FLUOstar Omega microplate reader (BMG Labtech) by exciting
at 400nm and reading the fluorescence at 520nm. CCL7 100nM final or vehicle were added and cells were incubated at 37°C for
30 min. 5 min before reading, 2.5uM of the Renilla luciferase substrate (coelenterazine 400a; NanoLight Technology) was added.
BRET measurements were performed using the FLUOstar Omega microplate reader with an acceptor filter (515+30nm) and donor
filter (410+80nm). BRET was calculated by dividing GFP10 emission by Rlucll emission.

NanoBiT-based B-arrestin/GRK recruitment assay

Ligand-induced recruitment of B-arrestin or GRK was performed as described previously with minor modifications.?” Transfection
was performed according to the same procedure as described in the “NanoBiT-based G protein dissociation assay” section except
for a plasmid mixture consisting of 500ng ssHA-FLAG-GPCR-SmBIT and 100ng LgBiT-B-arrestin (B-arrestin assay) or 500ng ssHA-
FLAG-GPCR-SmBIT and 500ng GRK-LgBIiT (GRK assay). The transfected cells were dispensed into a 96-well plate, and ligand-
induced luminescent changes were measured following the same procedures as described for the NanoBiT-based G protein-disso-
ciation coupling assay.

Confocal microscopy to visualize B-arrestin1/2 trafficking

To visualize B-arrestin recruitment to the cell membrane and subsequent endocytosis, confocal microscopy was performed as
described earlier.’”" HEK-293 cells transfected with 3.5ug of FLAG-tagged receptor and 3.5ug of YFP-tagged B-arrestin1/2 were
seeded in confocal dishes (pre-coated with 0.01% poly-D-Lysine) at a density of 1 million cells dish™, 24 h post-transfection. Cells
were allowed to adhere to the confocal dishes, and 24 h post-seeding, cells were serum-starved for 6 h. Confocal imaging of all sam-
ples was done using Zeiss LSM 710 NLO confocal microscope wherein samples were housed on a motorized XY stage with a CO,
enclosure and a temperature-controlled platform equipped with 32x array GaAsP descanned detector (Zeiss). A multi-line argon laser
source was used for the green channel (mYFP). All microscopic settings including pinhole opening and laser intensity were kept in the
same range for a parallel set of experiments. Cells were stimulated with 100nM CCL7 for indicated time duration. Images were
scanned in line scan mode and acquired images were processed post imaging in ZEN lite (ZEN-blue/ZEN-black) software suite
from ZEISS.

Co-immunoprecipitation to detect physical interaction between DARC and B-arrestin1/2

Co-immunoprecipitation (colP) was performed to measure the physical coupling between DARC and B-arrestin1/2, as described
earlier.'% In brief, HEK-293T cells transfected with 3.5ug of FLAG-tagged receptor and either 1.7ug of p-arrestin1 or 3.5ug of B-ar-
restin2 were harvested 48 h post-transfection. Prior to harvesting, cells were serum starved for 6 h and stimulated with 100nM
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of CCL7. The pellets were dounced in buffer containing 20mM HEPES pH 7.4, 150mM NaCl, 1X PhosSTOP (Sigma, Cat.
no: 4906845001) and 1X cOmplete protease inhibitor cocktail (Sigma, Cat. no: 4693116001), and incubated with 1.5mM freshly pre-
pared DSP (Sigma, Cat. no: D3669) for 45 min at room temperature under tumbling conditions. This was followed by solubilization,
wherein the suspension was incubated with 0.1% L-MNG for 1 h at room temperature under tumbling conditions. Cell debris was
removed by centrifugation, and the supernatant was incubated with pre-equilibrated anti-FLAG M1 beads for 1 h 30 min, in the pres-
ence of 2mM CaCl,, at room temperature. Beads were washed five times alternatively with low salt buffer (20mM HEPES pH 7.4,
150mM NaCl, 2mM CaClz, 0.01% L-MNG) and high salt buffer 20mM HEPES pH 7.4, 350mM NaCl, 2mM CaClz, 0.01% L-MNG).
Elution was collected by incubating the beads with elution buffer (20mM HEPES pH 7.4, 150mM NaCl, 2mM EDTA, 0.01%
L-MNG, 250ug/uL FLAG) for 30 min. Eluted samples were run on a SDS-PAGE followed by western blotting. The blots were blocked
with 1% BSA for 1 h at room temperature, followed by incubation with rabbit anti-Barr antibody (1:2500; CST, Cat. no: 4674) overnight
at 4°C. The next day, the blots were washed thrice with 1X TBST (10 min each wash) and then incubated with anti-rabbit secondary
antibody (1:10,000; Genscript, Cat. no: AO0098) for 1 h at room temperature. The blots were once again washed three times with 1X
TBST (10 min each wash) and developed with Promega ECL solution on a chemidoc (BioRad). The blots were then stripped and re-
probed for receptor using anti-FLAG M,HRP (1:5000, Sigma, Cat. no: A8592). Bands were quantified using ImagelLab software and
normalized with respect to signal obtained at highest time point for positive control (treated as 100%). To assess whether addition of
V,-tail can promote recruitment of B-arrestin, several chimeric constructs were generated wherein the V,-tail was added after trun-
cating the C-terminal end of DARC to different extents. For all of these chimeric N-terminal FLAG-tagged receptor constructs, 3.5ug
of DNA was transfected.

TANGO Assay to measure p-arrestin2 recruitment

To measure B-arrestin2 recruitment following ligand stimulation, TANGO assay was undertaken.'%%"%4 Briefly, HTLA cells were trans-
fected with 7pug of FLAG-tagged receptor. 24 h post-transfection, cells were trypsinized and seeded in 96-well plates at a density of
100,000 cells per well in complete media and allowed to adhere. Next day, complete media was replaced with incomplete DMEM
supplemented with respective ligand at indicated dose. After 8 h, incomplete media was removed from the wells and drug buffer
(20mM HEPES pH 7.4, 1X HBSS, 0.5mg/mL D-luciferin) was added. Emitted luminescence was recorded immediately. Signal
was normalized with respect to reading observed for positive control at the highest concentration dose, treated as 100%.

Receptor surface expression assay

To assess cell surface expression of the corresponding receptors, whole cell surface ELISA was performed, as previously
described.'% Briefly, transfected cells were seeded at a density of 0.1 million cells per well 24 h post-transfection in 24-well plates
(pre-coated with 0.01% poly-D-Lysine) and incubated for 24 h at 37°C in a CO, incubator. Once cells were well adhered, the media
was removed by aspiration and the cells were washed once with 1X TBS. This was followed by treatment with 300uL 4% PFA for
20 min to fix the cells. Excess PFA was removed by washing the cells thrice with 400uL of 1X TBS. The wells were blocked by incu-
bating with 200uL 1% BSA for 1 h 30 min. 200uL of anti-FLAG M,HRP antibody (Sigma, Cat no. A8592) at a dilution of 1:10,000 was
added to the wells and incubated for an additional 1 h 30 min. To develop the signal, 200uL of TMB (Thermo Scientific, Cat. no: 34028)
was added to the wells and incubated till the development of adequate color. Reaction was quenched by transferring 100puL of so-
lution to a 96-well plate containing 100uL of 1M H,SO,4 and absorbance was measured at 450nm. To estimate the amount of cells
fixed in each well, excess TMB was first removed by washing once with 400uL of 1X TBS and the cells were incubated for 20 min in
0.2% Janus green B (Sigma, Cat. no. 201677). After removing excess stain by repeated washing with MQ water, signal was devel-
oped by adding 800uL of 0.1N HCI to each well and read at 595nm. Signal was normalized by dividing the reading obtained at 450nm
with the reading obtained at 595nm. Receptor surface expression was fold normalized with respect to vehicle (empty pcDNA vector)
transfected cells.

For the NanoBiT-based G protein dissociation assay, surface expression of the receptors was measured using flow-cytometry
based assay following a previously described protocol.>® HEK-293 cells were transfected with plasmids for ssHA-FLAG-CCR1 or
ssHA-FLAG-DARC along with the NanoBiT-Gi1 sensor, as described in the “NanoBiT-based G protein-dissociation assay” section.
The cells were harvested with 0.5mM EDTA-containing PBS and transferred to a 96-well V-bottom plate. The cells were then fluo-
rescently labelled using anti-FLAG monoclonal antibody (Clone 1E6, FujiFilm Wako Pure Chemicals; 10pg mL™" diluted in 2% goat
serum and 2mM EDTA-containing PBS) followed by incubation with Alexa Fluor 488-conjugated goat anti-mouse IgG secondary anti-
body (Thermo Fisher Scientific; 10pg mL™). Subsequently, the cells were washed with PBS, resuspended in 2mM EDTA-containing
PBS, filtered through a 40um filter and the fluorescent intensity of single cells was quantified using a flow cytometer. Fluorescent
signal from Alexa Fluor 488 was recorded and analyzed using the FlowJo software. Mean fluorescence intensity from about
20,000 cells per sample were used for analysis. Typically, we obtained a CCR1 MFI value of 2,000 (arbitrary unit) and a mock MFI
value of 20. For each experiment, we normalized an MFI value of DARC by that of CCR1 performed in parallel and denoted relative
expression levels.
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Phosphoproteomics analysis

Cell lysate preparation

For mass spectrometry based phosphoproteomics analysis, HEK-293 cells stably expressing DARC were used. Cells were grown at
a confluency level of 70-80% and serum starved for a minimum of 6 h prior to stimulation. This was followed by stimulation for 10 min
with 100nM CCLY7. Thereafter media was aspirated, and the cells were washed with 1X Tris-buffered saline (TBS). For each set, cells
corresponding to twelve 10cm plates were harvested by scraping, pooled together in a 15mL falcon, and pelleted by centrifugation at
4°C. The pellets were washed once with 1X TBS to remove any trace media and transferred to 1.5mL Eppendorf tubes. Four inde-
pendent sets of stimulated and unstimulated cell pellets were prepared. The pellets were then treated with 3 times volume of boiling
SDS lysis buffer (5% SDS, 50mM Tris pH 8.5) and lysed by incubating on a heat bath at 95°C for 5 min. The lysate was then sonicated
to facilitate the breakdown of nuclear material and reduction of viscosity of the solution. This was followed by centrifugation at
15,000 rpm for 20 min at room temperature. The supernatant was carefully transferred to fresh tubes leaving behind any insoluble
debris. Protein concentration estimation was performed by BCA analysis using the same lysis buffer as blank solution and cross-
checked by measuring Asgo using a NanoDrop (Thermo Fischer Scientific). Sample corresponding to 15mg of each biological repli-
cate was sent to V-Proteomics for mass spectrometric analysis.

Preparation of sample and phosphopeptide enrichment

For preparing sample, 1mg of the Cell-lysate was first subjected to reduction by treating with 5mM TCEP and this was followed by
alkylation with 50mM iodoacetamide. Thereafter the sample was digested with trypsin at a ratio of 1:50 for trypsin: lysate for 16 h at
37°C using FASP method."?® The peptide mixture was then dried using a speed vac (Eppendorf: Concentrator plus - Centrifuge
Concentrator). The dried peptide pellet was dissolved in Phthalic acid buffer (0.1% phthalic acid, 2.5% TFA, 20% water, 80% aceto-
nitrile) followed by addition of TiO, beads (Titansphere 5mm, GL sciences) and mixed for 2 h on a rotator. The beads were washed
twice with phthalic acid buffer followed by washing with 80% acetonitrile, 0.1% TFA and finally 0.1% TFA. Bound phosphopeptides
were eluted with 0.3M NH,4OH and the pH was adjusted to around 2 with 50% TFA. Finally, the enriched phosphopeptides were dried
using a speed vac and further clarification was performed using C18 mini columns.

Mass spectrometric analysis of peptide mixtures

The phosphopeptide enriched dried pellet was resuspended in Buffer A (2% acetonitrile, 0.1% formic acid). All mass spectrometric
experiments were performed using an Easy-nLC-1000 system (Thermo Fisher Scientific) coupled to an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific) equipped with nanoelectrospray ion source. 1ug of the enriched phosphopeptide mixture
was loaded with buffer A (2% acetonitrile, 0.1% formic acid) and resolved on Easy-spray column (2 micron resin, 50cm length)
and separated with a 0-40% gradient of buffer B (80% acetonitrile, 0.1% formic acid) at a flow rate of 300nL min™') and injected
for MS analysis. LC gradients were run for 110 min. MS spectra were acquired in the Orbitrap Exploris 240 under the following con-
ditions: Maximum ion injection time = 60 ms, AGC target = 300%, RF Lens = 70% at a resolution of 60,000 for a mass range of
375—1500. The peptides were dissociated using higher energy collisional dissociation (HCD) for MS/MS at a collision energy
28%. MS/MS spectra were acquired under the following conditions: Maximum ion injection time = 60 ms, AGC target = 100% at
a resolution of 15,000. MS/MS data was acquired using a data-dependent top 20 method dynamically choosing the most abundant
precursor ions from the survey scan, with dynamic exclusion set at 30 sec. Lock mass option was enabled for polydimethylcyclosi-
loxane (PCM) ions (m/z = 445.120025) for internal recalibration during the run.

Mass spectrometric data processing and statistical analysis

All eight RAW files (4 sets of unstimulated and 4 sets of stimulated) were analyzed using Proteome Discoverer v2.5 against the Uniprot
Human reference proteome database (UPID: UP000005640, 20360 Protein entries). For Sequest HT and MS Amanda 2.0 search, the
precursor and fragment mass tolerance were set at 10 ppm and 0.02 Da respectively. The protease used to generate peptides i.e.,
enzyme specificity was set for trypsin/P (cleavage at the C terminus of “K/R: unless followed by “P”) along with maximum missed
cleavage value of two. Carbamidomethylation on Cysteine was considered as static modification, while oxidation of Methionine,
acetylation at N-terminus, and phosphorylation at Tyrosine, Threonine and Serine were considered as dynamic modifications for
database search. Both protein false discovery rate and peptide spectrum match were set to 0.01 FDR and determined using perco-
lator node. Relative protein quantification of the proteins was performed using Minora feature detector node of Proteome Discoverer
v2.5 under default settings considering only high PSM (peptide spectrum matches) confidence.

Based on Uniprot accession number Pfam, KEGG pathways and GO annotations were assigned for the list of identified proteins.
Also, for high sensitivity-phospho site localization to be detected for individual site, ptmRS node was considered. Among all the pro-
teins detected phosphoproteins were filtered out and all the respective phosphopeptide were further analyzed based on their relative
abundance values. The data matrix was imported in perseus software (version 1.6.0.7) and data was further filtered for those phos-
phopeptides which were present in at least 4 samples among the total 8 samples (4 sets of stimulated and 4 sets of unstimulated
samples). The LFQ abundance values of these filtered peptides were log transformed and imputation was applied using default set-
tings (width 0.3, downshift 1.8) where missing values were replaced by random numbers that are drawn from a normal distribution.
Student’s t test was applied between stimulated and unstimulated group samples using a p-value significance threshold level of 0.05
and the test results were represented as volcano plot. Z-score normalization was applied using median abundance values and stu-
dent’s t-test significant values were used for hierarchical clustering of rows and/or columns (Distance: Euclidean, Linkage: average,
Preprocess: k-means, No clusters:300, Max iterations-10) in order to generate heat map.
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Mass spectrometry based interactome analysis

Sample preparation

To identify proteins whose physical interaction with DARC is altered upon stimulation with CCL7, we undertook mass spectrometry
based interactome analysis. For preparing samples, we performed cross-linking co-immunoprecipitation as described above with
slight modifications. Briefly, HEK-293 cells stably expressing DARC were cultured to ~80% confluency in 10cm plates and serum
starved for 6 h prior to harvesting. Thereafter, cells were stimulated with 100nM CCL7 for 10 min, media was aspirated, and the cells
were washed once with 1X Tris-buffered saline (TBS) and harvested by scraping. Four independent biological replicates were pre-
pared for both stimulated and unstimulated conditions. For each set, cells corresponding to ten 10cm plates were pooled together,
pelleted, and washed one more time with 1X TBS. Each pellet was then resuspended in 800pL lysis buffer (20mM HEPES pH 7.4,
150mM NaCl, and 1X cOmplete protease inhibitor (Roche, Cat. no: 04693116001)) and homogenized by douncing. 1mM DSP, dis-
solved fresh in DMSO, was added to the lysate and protein cross-linking was allowed to proceed for 40 min at room temperature
under tumbling conditions. Cross-linking was quenched by adding 10mM Tris pH 8.0. This was followed by the addition of 1%
L-MNG and the lysate was tumbled for 1 h at room temperature to allow solubilization of the cells. The solubilized lysate was then
centrifuged at 10,000 rpm for 10 min at room temperature and the supernatant was collected in separate tubes. BCA estimation
was performed to quantify the supernatant and 10mg lysate was taken as input for co-immunoprecipitation for all the sets. 60uL
pre-equilibrated M1-FLAG beads slurry (1:1 bead: buffer) was added to the lysate in presence of 2mM CaCl, and bead binding
was allowed to proceed for another 1 h 30 min at room temperature under tumbling conditions. Non-specifically bound proteins
was removed by washing the beads five times with 20mM HEPES pH 7.4, 150mM NaCl and 0.01% L-MNG. Bound protein was
then eluted with FLAG elution buffer (20mM HEPES pH 7.4, 150mM NaCl, 2mM EDTA, 250ug/ml FLAG peptide and 0.01%
L-MNG). Eluted proteins were flash frozen in presence of 10% glycerol and shipped to V-proteomics for mass spectrometric analysis.

The elution was then reduced by treating with 5mM TCEP and subsequently alkylated with 50mM iodoacetamide. Thereafter, the
samples were digested with trypsin at a ratio of 1:50 for trypsin: lysate for 16 h at 37°C using FASP method. The peptide mixture was
then dried using a speed vac (Eppendorf: Concentrator plus - Centrifuge Concentrator).

Mass spectrometric analysis of peptide mixtures

The phosphopeptide enriched dried pellet was resuspended in Buffer A (2% acetonitrile, 0.1% formic acid). All mass spectrometric
experiments were performed using an Easy-nLC-1000 system (Thermo Fisher Scientific) coupled to an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific) equipped with nanoelectrospray ion source. 1ug of the enriched phosphopeptide mixture
was loaded with buffer A (2% acetonitrile, 0.1% formic acid) and resolved on Easy-spray column (2 micron resin, 50cm length)
and separated with a 0-40% gradient of buffer B (80% acetonitrile, 0.1% formic acid) at a flow rate of 500nL min™") and injected
for MS analysis. LC gradients were run for 110 min. MS spectra were acquired in the Orbitrap Exploris 240 under the following con-
ditions: Maximum ion injection time = 60 ms, AGC target = 300%, RF Lens = 70% at a resolution of 60,000 for a mass range of
375—1500. The peptides were dissociated using higher energy collisional dissociation (HCD) for MS/MS at a collision energy
28%. MS/MS spectra were acquired under the following conditions: Maximum ion injection time = 60 ms, AGC target = 100% at
a resolution of 15,000. MS/MS data was acquired using a data-dependent top 20 method dynamically choosing the most abundant
precursor ions from the survey scan, with dynamic exclusion set at 30 sec. Lock mass option was enabled for polydimethylcyclosi-
loxane (PCM) ions (m/z = 445.120025) for internal recalibration during the run.

Mass spectrometric data processing and statistical analysis

All eight RAW files (4 sets of unstimulated and 4 sets of stimulated) were analyzed using Proteome Discoverer v2.5 against the Uniprot
Human reference proteome database (UPID: UP000005640, 20360 Protein entries). For Sequest HT and MS Amanda 2.0 search, the
precursor and fragment mass tolerance were set at 10 ppm and 0.02 Da respectively. The protease used to generate peptides i.e.,
enzyme specificity was set for trypsin/P (cleavage at the C terminus of “K/R: unless followed by “P”) along with maximum missed
cleavage value of two. Carbamidomethylation on Cysteine was considered as static modification, while oxidation of Methionine,
acetylation at N-terminus, and phosphorylation at Tyrosine, Threonine and Serine were considered as dynamic modifications for
database search. Both protein false discovery rate and peptide spectrum match were set to 0.01 FDR and determined using perco-
lator node. Relative protein quantification of the proteins was performed using Minora feature detector node of Proteome Discoverer
v2.5 under default settings considering only high PSM (peptide spectrum matches) confidence.

The complete data matrix of all the identified proteins was imported in perseus software (version 1.6.0.7) and data was further
filtered for those proteins which were present in at least 3 samples from a total 4 samples in each condition. The LFQ abundance
values were log transformed and imputation was applied using default settings (width 0.3, downshift 1.8) where missing values
were replaced by random numbers that are drawn from a normal distribution. Student’s t test was applied between stimulated
and unstimulated group samples using a p-value significance threshold level of 0.05 and the test results were represented as volcano
plot. Z-score normalization was applied using median abundance values and student’s t-test significant values were used for hier-
archical clustering of rows and/or columns (Distance: Euclidean, Linkage: average, Preprocess: k-means, No clusters:300, Max it-
erations-10) in order to generate heat map.

STRING analysis and DARC-CD82 interaction

STRING analysis of DARC identified CD82 as a potential interacting partner. In order to validate the physical interaction between
DARC and CD82, we performed co-immunoprecipitation experiment. For measuring basal state interaction between the two
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proteins, HEK-293T cells were transfected either with a mixture of 3.5ug DARC (bearing an N-terminal FLAG tag) and 3.5ug CD82
(bearing a C-terminal HA tag) or 3.5g DARC (bearing an N-terminal FLAG tag) and 3.5ug pcDNA or 3.5ug CD82 (bearing a C-terminal
HA tag) and 3.5ug pcDNA. For measuring the effect of CCL7 stimulation on their interaction, cells were co-transfected with 3.5ug
DARC (bearing an N-terminal FLAG tag) and 3.5ug CD82 (bearing a C-terminal HA tag). 48 h post transfection, cells were serum
starved for 6 h, stimulated with 100nM CCLY7 for the indicated time durations and harvested by scraping. Pellets were resuspended
in 100uL lysis buffer 20mM HEPES pH 7.4, 150mM NaCl, 1mM PMSF, 2mM benzamidine) and homogenized by douncing. For pre-
paring crosslinked samples, 2mM freshly dissolved DSP was added to each dounced pellet and crosslinking was allowed to proceed
for 40 min at room temperature under tumbling conditions. The reaction was then quenched by adding 10mM Tris-Cl pH 8.0. The
preceding step was omitted when preparing non-crosslinked samples. This was followed by the addition of 1% L-MNG and solubi-
lization was allowed to proceed for 1 h at room temperature under tumbling condition. Cell debris was removed by centrifugation, and
the supernatant was incubated with pre-equilibrated anti-FLAG M1 beads for 1 h 30 min, in the presence of 2mM CaCl,, at room
temperature. Beads were washed five times alternatively with low salt buffer (20mM HEPES pH 7.4, 150mM NaCl, 2mM CaCl.,
0.01% L-MNG) and high salt buffer 20mM HEPES pH 7.4, 350mM NaCl, 2mM CaClz, 0.01% L-MNG). Elution was collected by incu-
bating the beads with elution buffer (20mM HEPES pH 7.4, 150mM NaCl, 2mM EDTA, 0.01% L-MNG, 250ug/uL FLAG) for 30 min.
Eluted samples were run on SDS-PAGE followed by western blotting. The blots were blocked with 1% BSA for 1 h at room temper-
ature, followed by incubation with rabbit anti-HA antibody (1:2500; SantaCruz, Cat. no: sc-805) overnight at 4°C. The next day, the
blots were washed thrice with 1X TBST (10 min each wash) and then incubated with anti-rabbit secondary antibody (1:10,000; Gen-
script, Cat. no: AO0098) for 1 h at room temperature. The blots were once again washed three times with 1X TBST (10 min each wash)
and developed with Promega ECL solution on a chemidoc (BioRad). The blots were then stripped and re-probed for receptor using
anti-FLAG M,HRP (1:5000, Sigma, Cat/. no: A8592). Bands were quantified using ImagedJ software for the experiment wherein the
effect of CCL7 stimulation was measured, and normalized with respect to signal obtained at unstimulated condition (treated as 1).

Purification of DARC

Full-length recombinant DARC was purified from Spodoptera frugiperda (Sf9) insect cells as previously described for other
GPCRs.?% 97119 Briefly, Sf9 cells infected with DARC expressing baculovirus were harvested 72 h post-infection. Cells were first
homogenized in hypotonic buffer 20mM HEPES pH 7.4, 20mM KCI, 10mM MgClz, TmM PMSF, 2mM benzamidine) followed by hy-
pertonic buffer 20mM HEPES pH 7.4, 20mM KCI, 10mM MgCl,, 1M NaCl, 1mM PMSF, 2mM benzamidine). Cells were then lysed by
solubilization in lysis buffer (20mM HEPES pH 7.4, 450mM NaCl, 1mM PMSF, 2mM benzamidine, 0.1% cholesteryl hemisuccinate,
2mM iodoacetamide and 1% L-MNG) for 2 h at 4°C. The lysate was then diluted in buffer containing 20mM HEPES pH 7.4, 2mM
CaClz, 1mM PMSF, and 2mM benzamidine and cleared by centrifuging at 20,000 rpm for 30 min. The supernatant was collected,
filtered and loaded onto pre-equilibrated M1-FLAG column. Following loading, the column was washed alternatively with low salt
buffer (20mM HEPES pH 7.4, 150mM NaCl, 2mM CaCl», 0.01% cholesteryl hemisuccinate, 0.01% L-MNG) and high salt buffer
(20mM HEPES pH 7.4, 350mM NaCl, 2mM CaClz, 0.01% L-MNG). Protein was eluted using 250pg mL™" FLAG and 2mM EDTA.
For purifying CCL7 bound DARC, 100nM CCL7 was kept in all buffers throughout the purification process, whereas no ligand was
kept in any buffer when purifying apo-DARC. Free cysteines on the receptor surface were blocked with iodoacetamide, and excess
iodoacetamide was quenched using free L-cysteine. Purified receptor-ligand complex was stored in -80°C till further use.

For HDX-MS, DARC was purified in the absence of CCL7. Following receptor blocking with iodoacetamide, the sample was passed
through PD-10 desalting columns to remove excess FLAG, iodoacetamide and L-cysteine from the solution. The receptor was then
incubated with 3C-protease (to cleave the N-terminal FLAG and T4L tag) and PNGase (to remove glycosylation). The sample was
then concentrated and injected into size-exclusion chromatography (SEC) to isolate pure cleaved receptor. For CCL7-DARC com-
plex, cleaved DARC was incubated with 1.5 molar excess of CCL7 prior to SEC. Samples were stored with 10% glycerol in -80°C till
further use.

Purification of CCL7

Recombinant human CCL7 was purified from E. coli as described previously with slight modifications.®® Briefly, E. coli cells trans-
formed with cDNA region of CCL7 (containing an N-terminal 6X-His tag followed by enterokinase cleavage site) cloned in pGEMEX
vector were cultured at 27°C till O.D.goo of 1.5 and induced with TmM IPTG. This was followed by an additional culturing of 48 h at
20°C. Cell pellet thus obtained was resuspended in lysis buffer 20mM HEPES pH 7.4, 1M NaCl, 10mM imidazole, 5% glycerol, 0.3%
Triton-X-100 and 1mM PMSF) and lysed by sonication for 20 min. The lysate was centrifuged at 18,000 rpm for 30 min to remove
cellular debris and the supernatant was filtered and loaded onto pre-equilibrated Ni-NTA beads. After loading, the beads were
washed with wash buffer 20mM HEPES pH 7.4, 1M NaCl and 40mM imidazole) and bound protein was eluted using elution buffer
(20mM HEPES pH 7.4, 1M NaCl and 500mM imidazole). The eluted protein was dialyzed overnight at 4°C against dialysis buffer
(50mM Tris pH 8.0 and 50mM NaCl) to remove imidazole and to bring the protein in a buffer compatible with enterokinase activity.
This was followed by enterokinase treatment and subsequent cation-exchange chromatography to separate the cleaved protein
from un-cleaved protein. Fractions corresponding to the protein of interest were pooled, dialyzed overnight at 4°C against 20mM
HEPES pH 7.4 and 150mM NaCl, and stored with 10% glycerol in -80°C till further use.
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Purification of Nb52

Nb52 was purified from E. coli Rosetta strain. Briefly, cells were cultured in 2XYT media at 37°C and induced with 100uM IPTG at an
0.D.600 0f 0.6, followed by culturing for an addition 18 h at 18°C. Cells were resuspended in lysis buffer 20mM HEPES pH 8.0, 150mM
NaCl, ImM PMSF, 2mM benzamidine and 1mg mL™ lysozyme) and lysed by sonication for 20 min. The lysate was centrifuged at
18,000 rpm to clear the cellular debris, and the resulting supernatant was filtered and loaded onto pre-equilibrated Ni-NTA beads.
Following loading, the beads were washed with wash buffer 20mM HEPES pH 8.0, 150mM NaCl and 30mM imidazole) and bound
protein was eluted with elution buffer 20mM HEPES pH 8.0, 150mM NaCl and 500mM imidazole). The eluted protein was subjected
to size-exclusion chromatography. Fractions corresponding to the protein of interest were pooled and stored with 10% glycerol in
-80°C till further use.

Reconstitution of complexes

Purified CCL7-DARC was incubated with 3 times molar excess of Nb52 prior to grid freezing for large dataset collection. The sample
was then concentrated and subjected to size exclusion chromatography using Superose 6 Increase 10/300 GL SEC column (Cytiva;
Cat. no: 29-0915-96). Peak fractions corresponding to the complex were collected, concentrated, and used for subsequent grid
preparation.

For measuring the interaction of DARC with either CCL7 alone or Nb52 alone or a combination of CCL7 and Nb52, apo purified
DARC was incubated with 1.5 times molar excess of either CCL7 or Nb52 or both for 1 h at room temperature. Apo-DARC was
also incubated at room temperature for 1 h to ensure homogeneity across sample preparation. Thereafter, the samples were
analyzed by size exclusion chromatography using Superdex 200 Increase 10/300 GL SEC column (Cytiva; Cat. no: 28-9909-44).
Fractions corresponding to the dimeric population were analyzed by SDS-PAGE.

For small cryo-EM dataset collection, samples of apo-DARC and CCL7-DARC complex were prepared in a manner akin to the
CCL7-Nb52-DARC complex, with minor adjustments. To form the CCL7-DARC complex, concentrated DARC (6 mg mL™") and
CCL7 (9.47 mg mL™") were mixed in a 1:5 molar ratio and allowed to incubate on ice for 10-15 min before the freezing process.

Negative staining electron microscopy

Conventional uranyl formate negative staining was performed for judging sample homogeneity prior to grid freezing for cryo-EM
following the protocol described earlier."'" Briefly, 3.5uL of the sample was dispensed onto a freshly glow discharged formvar/car-
bon coated grid (Ted Pella), incubated for 1 min and blotted off using a Whatman No. 1 filter paper. The grid with the adhered sample
was touched onto a first drop of freshly prepared 0.75% uranyl formate stain, and immediately blotted off using a filter paper. The grid
was then touched onto a second drop of uranyl formate and moved in a rotating fashion for 30 sec to increase the efficiency of stain-
ing. The excess stain was blotted-off and air dried prior to imaging and data collection. Imaging and data collection were performed
with a FEI Tecnai G2 12 Twin TEM (LaB6) equipped with a Gatan 4k x 4k CCD camera at 30,000x magnification and operating at
120kV. The collected micrographs were imported into Relion 3.1.2%%8%C for subsequent processing. Approximately 10,000 particles
were automatically picked using gaussian blob picker, extracted with a box-size of 280px and subjected to reference free 2D clas-
sification to obtain the 2D class averages.

Cryo-EM data collection and acquisition

3.5uL of the protein sample at a concentration of 3-4mg mL™" was applied onto a Quantifoil 1.2/1.3 grid (300 mesh) glow discharged
for 25 sec using a PELCO easiGlow (Ted Pella) cleansing system. The grid was blotted for 3 sec using Whatman no. 1 filter papers and
flash frozen in liquid ethane (-181°C) with a Vitrobot MarklV (Thermo Fisher Scientific) maintained at 4°C and 100% humidity. Data
collection was performed on a 300kV Titan Krios (Thermo Fisher Scientific) equipped with a Gatan K3 direct electron detector in su-
per-resolution mode. Movie stacks consisting of 40 frames were collected automatically using EPU at a nominal magnification of
130,000x and a pixel size of 0.65A over a defocus range of 1-2um with a total dose of 58e-/A2, 80e-/A2 and 72e-/A2 for the first, sec-
ond and third datasets, respectively.

For small dataset collection, 3.5uL of either the apo-DARC or CCL7-DARC, with a concentration ranging from 4-5 mg mL™, was
deposited onto a Quantifoil 1.2/1.3 grid (300 mesh). Excess liquid was then gently blotted using Whatman no. 1 filter papers for 3 sec.
Subsequently, the prepared samples were rapidly frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific) held at
4°C and maintained at 100% humidity. A total of 2500 dose-fractionated movies were collected for apo-DARC, whereas 12500 dose-
fractionated movies were collected for CCL7-DARC. These movies were obtained using a 300kV Titan Krios (Thermo Fisher Scien-
tific) equipped with a Gatan K3 direct electron detector in super-resolution mode, and data acquisition was managed through EPU
software. Movie stacks comprising 40 frames were collected, employing 130,000x magnification, a defocus range of 1-2um, a pixel
size of 0.65/&, and a total dose of 53e-/A2,

Cryo-EM data processing

33,193 dose-fractionated movies were collected over two independent sessions. First, all these movies were assigned to distinct
optics groups according to the EPU beam shift values using a script provided by Dr. Pavel Afanasyev (ETH Zurich; https://github.
com/afanasyevp/afis). Subsequently, the movies were subjected to beam-induced motion correction in Relion 3.1.3 and Relion
4.0. All processing steps hereafter were performed with cryoSPARC v4.0.°" The motion corrected micrographs were imported
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into cryoSPARC v4.0 and CTF parameters were estimated with Patch CTF (Multi) followed by automated particle picking with the
blob-picker sub-program yielding 25,479,169 particles. These auto-picked particles were extracted with a box size of 416px (fourier
cropped to 64px) and subjected to several rounds of reference free 2D classification. 2D class averages with clear secondary features
representing all possible orientations were selected, re-extracted with a box size of 416px (fourier cropped to 288px) and subjected
to ab-initio reconstruction, yielding 5 classes. The non-default parameters used for the ab-initio reconstruction job are: Initial reso-
lution (A): 9, Maximum resolution (A): 7, Initial minibatch size: 700, Final minibatch size: 1200.

Particles corresponding to the best class were subjected to local refinement with a mask on the dimeric complex, yielding a recon-
struction with 4.3A global resolution. Imposing C2 symmetry during subsequent local refinements with mask on the dimeric complex
led to an improvement in resolution to 3.9A and helped to resolve the side chains. The non default parameters used for local refine-
ments are: Use pose/shift gaussian prior during alignment: ON, Standard deviation (deg) of prior over rotation: 3, Standard deviation
(A) of prior over shifts: 2, Rotation search extent (deg): 9, Shift search extent (A): 6, Symmetry: C2, Force re-do GS split: ON (Default is
OFF). In order to boost the resolution further, particles corresponding to the micrographs with contrast transfer function (CTF) fit bet-
ter than 3.5A were selected. Subsequent local refinement with these 308,174 particles led to a map with global resolution of 3.65A at
0.143 FSC cut-off. In order to improve the density corresponding to CCL7, local refinement was performed with a mask covering
CCLY. The locally refined map of CCL7 was combined to obtain a composite map for subsequent model building and analysis. Sym-
metry expansion followed by local refinement of the final particle stack with a mask on the whole complex yielded a reconstruction
with no noticeable differences from the symmetrically-refined reconstruction (Data S1), suggesting that the dimer is highly symmetric.
The detailed processing pipeline has been included as Data S1. We have used the unmodified half maps to calculate the local res-
olution using the blocres sub-program in cryoSPARC and subsequently, mapped it to the composite map. It should be noted that the
initial angular assignments were not performed with GS-FSC refinement and subsequent searches were all kept local.

The small dataset movies were subjected to beam-induced motion correction using RELION’s own implementation of the UCSF
MotionCor2 within Relion 5.0-beta. All processing steps hereafter were performed with cryoSPARC. The motion corrected micro-
graphs were imported into cryoSPARC v4.4.1 and CTF parameters were estimated with Patch CTF (Multi). The micrographs with
CTF resolution worse than 5A and defocus range higher 3um were discarded. Subsequently, an automated particle picking (blob-
picker) program was utilized to pick 1,575,154 particles for DARC alone and 7,002,566 particles for the CCL7-DARC complex. These
auto-picked particles were extracted with a box size of 400px. After multiple rounds of 2D classifications,118,179 particles from apo-
DARC and 313,561 CCL7-DARC, were subjected to ab-initio reconstruction with three classes. The best ab-initio class of 57,188
particles, showing features consistent for DARC dimer, was then subjected to non-uniform refinement yielding map with resolution
0f9.28A. In case of CCL7-DARC, the ab-initio class of 121,491 particles underwent another round of 2D classification, ultimately uti-
lizing around 106,591 particles for the final non-uniform refinement, resulting in a map with a resolution of 6.1 1A.

Model building and validation
The starting coordinates for DARC was derived from an AlphaFold model (AF-Q4VBN9-F1-model_v4)''? while the coordinates of
CCL7 was obtained from a previously solved crystal structure of chemokine binding protein of orf virus complexed with CCL7
(PDB: 4ZKC).""® These initial models were used to dock into the EM map of DARC-CCL7 complex with Chimera®®°® to generate
the starting dimeric coordinates. The dimeric model so obtained was subjected to flexible fitting with the “all-atom refine” sub-mod-
ule in COQOT,*>** followed by iterative rounds of manual readjustments of the side chains in COOT and refinement of the rebuilt model
against the EM map with phenix.real_space_refine.’®°” The final refined model had 93.15% of the residues in most favored region
and 6.85% in the allowed region of the Ramachandran plot and were validated with Molprobity."'*

Data collection, processing and model refinement statistics are provided as Table S3. Figures included in the manuscript have
been prepared with Chimera or ChimeraX software. Buried surface and interface surface area were calculated using PDBePISA%
webserver while protein-protein interactions were identified using PDBsum.®

Hydrogen-deuterium exchange mass spectrometry

CCL7, DARC and CCL7-DARC complex were prepared at 71uM. 4.5uL of the protein samples were mixed with 25.5uL of D,O buffer
(20mM HEPES pD 7.4, 150mM NaCl) and incubated for 10, 100, 1000, and 10,000 sec at room temperature. The deuterated samples
were quenched by adding 30uL of ice-cold quench buffer (0.1M NaH,PO,4 pH 2.01, 20mM TCEP and 10% glycerol) and snap-frozen
on dry ice and stored at -80°C. Non-deuterated samples were prepared by mixing 4.5uL of protein samples with 25.5uL of their
respective H,O buffers, followed by the same quenching and freezing steps, as described above. The quenched samples were di-
gested and isolated using the HDX-UPLC-ESI-MS system (Waters, Milford, MA, USA). The quenched samples were thawed and
immediately passed through an immobilized pepsin column (2.1x30mm) (Life Technologies, Carlsbad, CA, USA) at a flow rate of
50uL min™ in 0.05% formic acid in H,O at 12°C. The peptic peptides were collected on a C18 VanGuard trap column (1.7 umx30mm)
(Waters) for desalting with 0.05% formic acid in H,O and then separated by an Acuity UPLC C18 column (1.7um, 1.0x100mm) (Wa-
ters) at a flow rate of 40pL min™" with an acetonitrile gradient starting from 8% B and increasing to 85% B over 8.5 min. The mobile
phase A was 0.1% formic acid in H,O, and the mobile phase B was 0.1% formic acid in acetonitrile. Buffers were adjusted to pH 2.5
and the system was maintained at 0.5°C (except pepsin digestion which was at 12°C) to minimize back-exchange of deuterium. Mass
spectral analyses were performed by Xevo G2 quadrupole-time of flight (Q-TOF) equipped with a standard ESI source in MSE mode
(Waters) with positive ion mode. The capillary, cone, and extraction cone voltages were set to 3kV, 40V, and 4V, respectively. Source
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and desolvation temperatures were set to 120°C and 350°C, respectively. Trap and transfer collision energies were set to 6V, and trap
gas flow rate was set to 0.3mL min™'. Sodium iodide (2png pL™") was utilized to calibrate the mass spectrometer and Glu1-Fibrinopep-
tide B (200fg uL™") in MeOH:water (50:50 (v/v) + 1% acetic acid) was utilized for lock-mass correction. The ions at mass-to-charge
ratio (m/z) 785.8427 were monitored at scan time 0.1 sec with a mass window of +0.5Da. The reference internal calibrant was intro-
duced at a flow rate of 20pL min™! and all spectra was automatically corrected using lock-mass. Two independent interleaved acqui-
sition functions were created: the first function, typically set at 4eV, collected low energy or unfragmented data whereas the second
function collected high energy or fragmented data typically obtained by using a collision ram form 30-55eV. Argon gas was used for
collision induced dissociation (CID). Mass spectral were acquired in the range of m/z 100-2000 for 10 min. ProteinLynx Global Server
2.4 (Waters) was utilized to identify peptic peptides from the non-deuterated samples with variable methionine oxidation modification
and a peptide score of 6. DynamX 3.0 (Waters) was used to determine the level of deuterium uptake for each peptide by measuring
the centroid of isotopic distribution. Detailed HDX-MS data information is provided in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS
All the experiments described here were carried out in at least three biological replicates, and the data are plotted and analyzed using

GraphPad Prism v9. The details of data normalization and precise number of replicates are described in the corresponding figure
legends. The heatmaps and volcano plots for the phosphoproteomics and interactome analysis were plotted using R v3.7.
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Figure S1. Phylogenetic analysis of GPCRs highlighting the position of DARC, related to Figure 1

The phylogenetic plot presented here was obtained from www.gpcrdb.org.
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Figure S2. Lack of G protein activation and GRK recruitment downstream of DARC, related to Figure 1

(A) Stimulation with CCL7 does not induce G protein heterotrimer dissociation. Data (mean + SEM) represent three independent experiments, normalized with
respect to baseline signal (i.e., vehicle treatment) for each set.
(B and C) CCL7 treatment fails to induce GRK recruitment to DARC, as measured by BRET assay (B) and NanoBiT assay (C). Data (mean + SEM) represent four to
six independent experiments (B). Data (mean + SEM) represent three independent experiments, normalized with respect to baseline signal (i.e., vehicle treatment)
for each set, treated as 1 (C).
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Figure S3. Lack of B-arrestin recruitment to DARC, related to Figure 1
(A and B) DARC fails to elicit B-arrestin recruitment in response to CCL7, as measured by co-immunoprecipitation. A representative image from four independent
experiments and densitometry-based quantification of data (mean + SEM), normalized with respect to the signal observed at 30 min after ligand stimulation of
D6R (treated as 100%) is shown here. Data are analyzed using two-way ANOVA (Sidak’s multiple comparison; *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001).
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(C—F) Addition of V,-tail at different positions fails to induce B-arrestin recruitment. A representative image from four independent experiments and densitometry-
based quantification of data (mean + SEM), normalized with respect to the signal observed at 30 min after ligand stimulation of D6R (treated as 100%) is shown
here. Data are analyzed using two-way ANOVA (Sidak’s multiple comparison; **p < 0.001, ****p < 0.0001).

(G) TANGO assay confirms the lack of B-arrestin coupling to DARC. Data (mean + SEM) represent four independent experiments, normalized with respect to the
highest signal observed for CCR2V, (treated as 100%).
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Figure S4. Lack of G protein signaling and B-arrestin recruitment downstream of DARC in response to multiple chemokines and surface
expression of receptors in various assays, related to Figure 1

(A) Surface expression of all receptors for various assays.

(B) Schematic representation of the different chemokines that bind DARC (chemokines used in subsequent assays are highlighted).

(C) No decrease in cytosolic cAMP is observed upon stimulating DARC with multiple CC and CXC chemokines. Data (mean + SEM) represent three independent
experiments, normalized with respect to the baseline signal observed for each set (treated as 100%). For CXCL12, the observed response is due to endogenous
CXCR4, which is then blocked by pre-treatment with CXCR4 antagonist AMD3100.

(D) Multiple CC and CXC chemokines tested fail to induce B-arrestin recruitment to DARC, as measured by NanoBiT assay. Data (mean + SEM) represent three
independent experiments, normalized with respect to the baseline signal observed for each set (treated as 1).
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Figure S5. Mass-spectrometry-based phosphoproteomics analysis, related to Figure 2
(A) Schematic outline of sample preparation for phosphoproteomics assay.

(B) Significantly enriched pathways identified in phosphoproteomics (top-10) are represented by a Circos plot. Pathways that are significantly enriched are indicated on
the right side of the Circos, whereas the significantly differentially expressed proteins (DEPs) regulating these pathways are indicated on the left side of the Circos plot.
The unidirectional edges of the Circos plot show un-weighted association of the significant DEP (each having a unique color marker) with their respective pathway(s).
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(legend on next page)
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Figure S6. Mass-spectrometry-based interactome analysis, related to Figure 2

(A) Schematic outline of sample preparation for interactome assay.

(B) Significantly enriched pathways identified in interactome assay (all) are represented by a Circos plot. Pathways that are significantly enriched are indicated on
the right side of the Circos, whereas the significantly differentially expressed proteins (DEPSs) regulating these pathways are indicated on the left side of the Circos
plot. The unidirectional edges of the Circos plot shows un-weighted association of the significant DEP (each having a unique color marker) with their respective
pathway(s).
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Figure S7. Validation of CCL7 binding to purified DARC, docking sites on DARC in comparison with CCR2, and comparative analysis with
inactive and active state chemokine receptors, related to Figures 5 and 6

(A and B) Apo-DARC and CCL7-DARC were subjected to cryo-EM data collection, followed by 2D class average analysis and an ab initio reconstruction from a
small dataset. A clear density of CCL7 is apparent in the CCL7-DARC complex, confirming its binding to purified DARC.

(C) The extracellular and intracellular cavities have been highlighted in the CCL7-bound DARC in comparison with CCL2-CCR2 (PDB: 7XAS3) (left). Receptors are
shown as Coulombic charged surface to depict the constricted ligand binding pocket on DARC (right).

(D and E) Structural alignment of CCL7-DARC with inactive CCR5 (PDB: 5UIW), CXCR2 (PDB: 6LFL), and active CCR5 (PDB: 707F), CXCR2 (PDB: 6LFO)
structures. The deviations in TM5, TM6, and TM7 are shown. (Arrows with gray and cyan depict inactive CCR5 and CXCR2, respectively. Arrows with blue and
slate gray depict active CCR5 and CXCR2, respectively. TMs of DARC have been shown in red arrows).
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Figure S8. Interface of P-C motif on DARC, CCL7 HDX-MS analysis and schematic representation highlighting ligand promiscuity and lack of
transducer coupling, related to Figures 6 and 7

(A) CCL7 bound to DARC is shown as ribbon representation.

(B) Residues of the P-C motif are shown as sticks bound to CCL7 as surface. The P-C motif residues dock into the cavity in CCL7 formed by the C-I-C residues.
(C) Non-bonded contacts between P-C and C-I-C residues are shown as black dashed lines.

(D) HDX-MS profiles have been shown upon binding of CCL7 onto DARC. Different regions with distinct deuterium uptake values have been highlighted on the
structure of DARC (blue, reduced deuterium exchange; yellow, no exchange). The HDX-MS plots for the peptides with reduced exchange have been shown. Data
(mean + SEM) represent three independent experiments analyzed using two-way ANOVA (Sidak’s multiple comparison; *p < 0.05, *p < 0.01, **p < 0.001,
***p < 0.0001).

(E) The schematic illustrates the importance of the cleft formed by the cytoplasmic ends of TM5 and TM6 in G protein, GRK, and B-arrestin coupling (left). DARC
exhibits the most promiscuous interaction with chemokines, leading to scavenging functions. CRS2 in DARC is not directly involved in ligand binding. DARC
possesses relatively shorter TM5/TM6, exhibiting limited conformational changes as compared with the canonical GPCRs, thereby precluding the interactions
with G protein, GRK, and B-arrestins (right).
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