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ABSTRACT 30 

 The canonical paradigm of GPCR signaling recognizes G proteins and β-arrestins as the two primary 31 

transducers that promote GPCR signaling. Recent evidence suggests the atypical chemokine receptor 3 32 

(ACKR3) does not couple to G proteins, and β-arrestins are dispensable for some of its functions. Here, we 33 

employed proximity labeling to identify proteins that interact with ACKR3 in cells devoid of β-arrestin. We 34 

identified proteins involved in the endocytic machinery and evaluated a subset of proteins conserved across 35 

several GPCR-based proximity labeling experiments. We discovered that the bone morphogenic protein 2-36 

inducible kinase (BMP2K) interacts with many different GPCRs with varying dependency on β-arrestin. 37 

Together, our work highlights the existence of modulators that can act independently of G proteins and β-38 

arrestins to regulate GPCR signaling and provides important evidence for other targets that may regulate 39 

GPCR signaling.  40 
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INTRODUCTION 45 

G protein-coupled receptors (GPCRs) are the largest family of receptors in the human body, and 46 

represent the target of approximately one-third of all FDA-approved pharmaceutical drugs (1, 2). Most GPCRs 47 

signal through two main transducers: heterotrimeric G proteins and β-arrestins. In the canonical GPCR 48 

signaling paradigm, a ligand binds to the receptor’s extracellular domain, causing a conformational change that 49 

allows for heterotrimeric G proteins to engage with the receptor (3-5). G protein activation involves the catalytic 50 

exchange of GDP for GTP, resulting in dissociation of the Gα subunit from the Gβγ subunits. Gα subunits 51 

modulate effector proteins that regulate levels of downstream signaling molecules like cyclic AMP (cAMP), 52 

diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (6, 7). Following G protein activation, the GPCR 53 

Kinases (GRKs) phosphorylate the intracellular surface of the receptor, promoting the recruitment of β-54 

arrestins (8). β-arrestins desensitize G protein signaling by sterically hindering G protein coupling, and promote 55 

receptor internalization by scaffolding endocytic proteins, such as clathrin and the adaptor protein 2 (AP2) (9, 56 

10). β-arrestins can also regulate receptor signaling processes independently of G proteins by activating key 57 

signaling molecules, including mitogen-activated protein kinases (MAPKs), non-receptor tyrosine kinase Src, 58 

and the protein kinase B (PKB/Akt) (11-13).  59 

Given the ubiquity of GPCRs in most cell types and their implication in many pathologies, considerable 60 

effort has focused on elucidating the various mechanisms underlying GPCR activation and subsequent 61 

signaling responses. As a result, G proteins and β-arrestins are now recognized as canonical mediators of 62 

GPCR signaling. Interestingly, certain ligands or cellular conditions can induce preferential activation of G 63 

protein or β-arrestin pathways downstream of a receptor, a phenomenon dubbed biased signaling (14, 15). 64 

However, given the specificity and complex cellular responses initiated by GPCRs, sophisticated mechanisms 65 

that fine-tune downstream signaling beyond activating two signaling transducers are likely required. 66 

Researchers have found that GPCRs can interact with a variety of other GPCR interacting proteins (GIPs), like 67 

the receptor activity-modifying proteins (RAMPs) and Homer proteins, which can regulate receptor trafficking 68 

and activity (16-19). However, it is unclear if the activity of GIPs is always dependent on G proteins and/or β-69 

arrestins, or if there are G protein- and β-arrestin-independent effectors. Noncanonical GPCR signaling 70 

includes both the novel roles of G proteins and β-arrestins beyond their classically described functionality, and 71 

other modulators of GPCR signaling outside of these two canonical transducers (20-27). Identifying GPCR 72 
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signaling partners that regulate signaling independently of G protein or β-arrestin could provide novel 73 

therapeutic drug targets. 74 

Studying G protein- and β-arrestin-independent GPCR signaling pathways is difficult given the near 75 

ubiquitous requirement of these proteins for proper receptor function. However, the atypical chemokine 76 

receptor 3 (ACKR3), formerly known as the C-X-C chemokine receptor type 7 (CXCR7), provides a useful 77 

opportunity to study noncanonical GPCR signaling. ACKR3 was previously classified as a scavenger receptor 78 

for chemokines CXCL11 and CXCL12, as its binding of these ligands did not activate G proteins (28-31). 79 

However, it was later discovered that ligand binding to ACKR3 recruits β-arrestin, leading to the reclassification 80 

of ACKR3 as a completely β-arrestin-biased receptor (32, 33). It is hypothesized that the lack of G protein 81 

activation at ACKR3 is due to alterations in the canonical DRY motif of the receptor’s second intracellular loop 82 

(ICL2), which is crucial for G protein coupling (34, 35). Interestingly, recent evidence demonstrates that β-83 

arrestins are dispensable for some functionality at ACKR3. For example, receptor phosphorylation, but not β-84 

arrestin, is necessary for ACKR3 to internalize, promote interneuron motility, and regulate CXCL11 and 85 

CXCL12 levels (36, 37). These findings suggest that noncanonical signaling mechanisms that promote GPCR 86 

signaling independently of both G proteins and β-arrestins may exist. 87 

ACKR3, as a receptor that (1) does not activate G proteins, (2) recruits β-arrestin, but (3) demonstrates 88 

functionality independent of β-arrestin, serves as a unique model system to identify noncanonical GPCR 89 

signaling partners. Prior studies have successfully demonstrated the use of proximity labeling to interrogate 90 

protein:GPCR interactions at different receptors, using different ligands, and even at different subcellular 91 

locations (38-43). These prior studies have laid the foundation for our understanding of the GPCR 92 

“interactome”. Here, we performed proximity labeling of the β-arrestin-biased receptor ACKR3 in cells devoid 93 

of β-arrestin to determine what proteins may interact with a GPCR independently of G proteins and β-arrestins 94 

(39-41). We identified ~100 proteins whose interactions with ACKR3 significantly changed following receptor 95 

activation, of which many were involved in mechanisms of endosomal trafficking and recycling. We compared 96 

our data to three other published GPCR-based proximity labeling datasets, where G protein and β-arrestin 97 

signaling were preserved, and identified 17 conserved proteins. Gene Ontology and subsequent pathway 98 

analyses revealed that these effectors are likely involved in receptor endocytosis. Finally, we explored the role 99 

of one conserved interacting partner, bone morphogenic protein 2-inducible kinase (BMP2K), in GPCR 100 
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signaling. Using various biochemical assays, we determined that BMP2K recruits to ACKR3 in a β-arrestin-101 

independent fashion, but also recruits to a variety of other therapeutically-relevant GPCRs, suggesting that it 102 

may be a highly conserved GIP. We provide concrete evidence for G protein- and β-arrestin-independent 103 

GPCR interacting partners that may serve as novel druggable targets for modulating GPCR signaling activity. 104 
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RESULTS 105 

APEX2 Proximity Labeling of ACKR3 in β-arrestin-1/2 knockout HEK293 cells reveals noncanonical GPCR 106 

signaling effectors 107 

While many GPCRs require β-arrestin for receptor internalization, recent studies have demonstrated 108 

ACKR3 can internalize in the absence of β-arrestin, but in a manner requiring receptor phosphorylation (36, 109 

37). We evaluated ACKR3 trafficking to early endosomes in wild-type (WT) HEK293, β-arrestin-1/2 knockout 110 

(KO), and GRK-2/3/5/6 KO cell lines using Bioluminescence Resonance Energy Transfer (BRET). Consistent 111 

with previous data, ACKR3 internalized independent of β-arrestins, regardless of the endogenous (CXCL12) or 112 

synthetic (WW36 and WW38) ligand used to stimulate the receptor (Figure 1A-1D). Interestingly, we detected 113 

ACKR3 internalization in the absence of GRKs, with statistically insignificant increases in internalization levels 114 

upon rescue of each GRK isoform (Figure 1E). These results build upon previous studies showing that β-115 

arrestins are dispensable in ACKR3 internalization by also demonstrating that GRKs are not required to drive 116 

ACKR3 internalization (44, 45). 117 

To identify G protein- and β-arrestin-independent GPCR effectors, we generated an ACKR3 receptor 118 

construct with a C-terminal modified ascorbate peroxidase enzyme (APEX2). Following incubation with biotin 119 

phenol, cells were treated with hydrogen peroxide (H2O2) to catalyze a one-electron transfer reaction between 120 

APEX2 and biotin phenol, generating biotin-phenoxyl radicals that covalently bind to endogenous proteins 121 

within a 20-nm proximity to the APEX2 enzyme (Figure 2A) (46, 47). Biotinylated proteins are then isolated 122 

and identified using mass spectrometry. 123 

We generated and validated β-arrestin 1/2 KO HEK293 cells stably expressing ACKR3-APEX2 124 

(Supplemental Figures 1A-1F) (48). HEK293 cells were used due to their lack of endogenous ACKR3 125 

expression and prior use in other GPCR proximity labeling assays (49).  Our experimental design allowed us to 126 

probe potential protein interactions of a β-arrestin-biased receptor in a cellular system devoid of β-arrestin. We 127 

stimulated these cells with ACKR3’s endogenous ligand CXCL12 or vehicle control, and then isolated 128 

biotinylated proteins for subsequent analysis with mass spectrometry to identify potential ACKR3-interacting 129 

proteins (Supplemental Figure 1G). 130 

Of the nearly 6000 proteins identified using mass spectrometry, 101 showed a significant fold change in 131 

proximity with ACKR3 following stimulation with the endogenous ligand CXCL12, 40 of which showed an 132 
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increase and 61 of which showed a decrease (Figure 2B-2C). Many of the proteins with increased ACKR3 133 

proximity are involved in mechanisms of endosome formation, trafficking, sorting, and recycling. For instance, 134 

the protein with the greatest positive fold change is the vacuolar protein sorting-associated protein 29 (VPS29), 135 

a component of the retromer and retriever complexes, which is involved in sorting protein cargo from 136 

endosomes to the trans-Golgi network and the plasma membrane (50-52). Protein components implicated in 137 

other cargo sorting complexes, such as the adaptor protein 2 (AP2) and FTS-Hook-FHIP (FHF) complex were 138 

identified as well, suggesting G protein- and β-arrestin-independent mechanisms for activating this endocytic 139 

machinery (50, 53, 54). Other identified proteins are regulators of microtubule binding activity, suggesting that 140 

ACKR3 may undergo endosomal sorting and trafficking using microtubules (55). Many of the 61 protein hits 141 

with decreased ACKR3 interactions are plasma membrane-localized proteins, potentially suggesting that, 142 

following CXCL12 stimulation, ACKR3 undergoes endocytosis and is trafficked to subcellular compartments. 143 

 144 

Comparison of different GPCR interactomes reveals conserved canonical and noncanonical GPCR effectors 145 

An inherent limitation in proximity labeling is the identification of biologically inconsequential proteins 146 

due to non-specific binding of proteins during purification, bystander effects, and endogenous biotinylation of 147 

proteins, among others (56-58). To more confidently identify biologically meaningful GIPs, we selected three 148 

other GPCR-based proximity labeling datasets performed in HEK293 cells for further analyses (Figure 2D). 149 

These studies, conducted in the laboratories of Andrew Kruse, Howard Rockman, and Mark von Zastrow, 150 

identified potential protein-protein interactions at various GPCRs, including the β2-adrenergic receptor (β2AR), 151 

angiotensin II type I receptor (AT1R) and the δ-opioid receptor (DOR) (38-40). We performed two major 152 

comparative analyses: (1) we identified proteins whose abundance (i.e., proximity) changed significantly in the 153 

same direction across at least two of the four data sets (Figure 2E-2F) and (2) those that changed significantly 154 

in the same direction across all four data sets (Figure 2G-2H). Together, these approaches strengthen our 155 

ability to identify meaningful GIPs, at the cost of potentially removing less statistically powerful but biologically 156 

significant potential interactions. 157 

We identified 47 proteins that showed significant changes in their interactions with a GPCR following 158 

receptor activation in at least two out of four data sets (Figure 2E-2F). Of these interactions, 39 proteins 159 

experienced increased fold changes while 8 had decreased changes. We also performed an analysis 160 
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excluding the Kruse dataset, as it contained a single replicate, but found its exclusion had little impact on the 161 

proteins identified (Supplemental Figure 2A-2D). Of the 47 proteins identified in at least two of the datasets, 162 

17 were conserved across all four datasets, and all 47 proteins were present in our ACKR3 based experiment 163 

(Figure 2G-2I). More specifically, we found that, aside from the 17 proteins identified across all four datasets, 164 

12 were identified in three datasets, and 18 were found in ours and one other dataset (Figure 2J). Together, 165 

these analyses reflect a set of highly conserved potential protein:GPCR interacting partners that may vary in 166 

their dependence on G protein or β-arrestin functionality. 167 

 168 

Pathway analyses reveal clathrin-dependent endocytosis as a prominent conserved biological process that 169 

variably depends on G proteins and β-arrestins 170 

We performed Gene Ontology analyses of the 17 conserved protein hits to assess their reported molecular 171 

function, cellular compartment, and biological processes (Figure 3A-3C) (59). We found that many of these 172 

proteins localize to the plasma membrane or clathrin-coated pits and vesicles and have roles in clathrin 173 

binding, membrane binding, and endocytic adaptor activity (Figure 3A-3B). The top biological processes 174 

identified involve endocytosis and/or endosomal transport (Figure 3C). Further, several of the conserved 175 

proteins are also implicated in intracellular trafficking, including transport from the Golgi to endosomes and 176 

vesicle recycling. Endocytosis was the most prominent pathway in the Kyoto Encyclopedia of Genes and 177 

Genomes (KEGG) enrichment analysis. Various infectious processes were also identified, which may suggest 178 

the involvement of these particular endocytic mechanisms in bacterial and viral entry into the cell (Figure 3D) 179 

(60). Other implicated cellular pathways involve maintaining cellular structural integrity, such as through cell-180 

cell junctions and cytoskeleton regulatory proteins. Ultimately, our data demonstrates that receptor-mediated 181 

endocytosis, particularly clathrin-mediated, is a highly conserved mechanism in GPCR signaling. The 182 

implicated proteins are likely conserved at many GPCRs, but their dependence on G proteins and/or β-183 

arrestins is not clear. 184 

To further analyze the GPCR interacting proteins, we utilized the Search Tool for Retrieval of Interacting 185 

Genes/Proteins (STRING) database (61). Specifically, this database integrates publicly available sources of 186 

protein-protein interactions with computational methods to develop a comprehensive protein interaction 187 

network. We generated networks of the functional association of our identified hits using STRING, which 188 
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incorporates both known and predicted interactions (Figure 4). This analysis demonstrates associations that 189 

are meant to be specific and meaningful, such as proteins which jointly contribute to a shared function but does 190 

not necessarily mean they are physically interacting with each other. We first analyzed protein-protein 191 

interactions on the 47 significant hits found in at least two of the four datasets using strict and relaxed 192 

thresholds (false discovery rate of 0.1 versus 0.2) (Figure 4A and 4B). The networks which demonstrated the 193 

highest combined interaction score had many protein-protein interactions implicated in endocytosis and 194 

receptor trafficking like AP2, epsin, and phosphatidylinositol binding clathrin assembly protein (PICALM) (62). 195 

We then generated networks restricted to only using the top twenty proteins with the largest magnitude in fold 196 

change (Figure 4C and 4D). The interaction networks are very similar when using both strict and relaxed 197 

thresholds. Together, these findings suggest that the proteins which have the largest magnitude in fold change 198 

are interacting in a biologically meaningful way based on previously published experiments and databases, but 199 

also computationally predicted interactions. In agreement with our previous GO and KEGG analyses, these 200 

data further visually represent that these conserved hits are known and predicted to interact with each other, 201 

most likely, in receptor internalization and trafficking. 202 

 203 

BMP2K interacts with ACKR3 in the absence of G proteins, β-arrestins, or GRKs 204 

Our proximity labeling experiment and subsequent bioinformatics analyses revealed that bone 205 

morphology protein 2-inducible kinase (BMP2K) is significantly upregulated following ACKR3 activation, even 206 

in the absence of β-arrestin. Moreover, BMP2K showed significant proximity to GPCRs in the three other 207 

datasets as well, suggesting that it may be a conserved GIP. However, to our knowledge, BMP2K has not 208 

been studied in the context of GPCR signaling. BMP2K has previously been linked to AP2 phosphorylation and 209 

contains a kinase domain that shares a 75% structural similarity to AP2 Associated Kinase 1 (AAK1) (63-65). 210 

Using a NanoBiT complementation assay, we measured levels of BMP2K recruitment to ACKR3 in WT 211 

HEK293T cells, β-arrestin-1/2 KO cells, and GRK-2/3/5/6 KO cells (Figure 5A). We found that BMP2K 212 

recruited to ACKR3 both in the absence of β-arrestins and GRKs, and that rescue of β-arrestin 1 or 2 had 213 

minimal effect on the overall recruitment of BMP2K to ACKR3 (Figure 5B-5D, Supplemental Figure 3A-3B). 214 

 215 
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Putative ACKR3 phosphorylation sites important for β-arrestins recruitment are distinct from those for ACKR3 216 

internalization and BMP2K interaction 217 

Prior work has shown that specific phosphorylation sites on a GPCR can be important for distinct 218 

signaling events, such as G protein activation, and β-arrestin recruitment and conformation (66-68). To 219 

determine if specific phosphorylation sites on ACKR3 are necessary for BMP2K recruitment, we generated 220 

phosphorylation-deficient receptor mutants by mutating putative serine and threonine phosphorylation sites on 221 

the receptor’s C-terminus and intracellular loop 3 (ICL3) to alanine (Figure 5E). The phosphorylation deficient 222 

receptor mutants ranged in targeting ICL3 (ACKR3-S243A), proximal (ACKR3-S335A, T338A, T341A), medial 223 

(S347A, S350A, T352A, S355A), and distal (ACKR3-S360A, T361A) phosphorylation sites, as well as a 224 

truncation mutant (Y334X) that eliminated the entire C-terminal receptor tail. Alongside BMP2K recruitment, we 225 

also measured β-arrestin recruitment and receptor internalization for each of these ACKR3 mutants to evaluate 226 

if different phosphorylation sites regulate distinct ACKR3 signaling events (Figure 5F). 227 

We found that BMP2K recruitment to ACKR3 depends on the phosphorylation sites mutated. 228 

Specifically, the proximal and truncation mutants demonstrate the greatest reduction in BMP2K recruitment, 229 

followed by the medial mutant (Figure 5G). The recruitment profile of β-arrestins 1 and 2 to the ACKR3 230 

mutants were very similar to one another, with both β-arrestins demonstrating reduced recruitment to the 231 

truncation and the medial mutants, while the other ACKR3 mutants were similar to WT ACKR3 (Figure 5H-5I). 232 

By contrast, phosphorylation sites at the proximal region of the receptor tail were critical for promoting receptor 233 

internalization, paralleling the pattern observed for BMP2K recruitment to these mutants (Figure 5J). Kinetic 234 

tracings for each ACKR3 mutant experiment were also obtained (Supplemental Figure 3C-3F).  235 

To qualitatively evaluate the relationships between ACKR3 internalization and β-arrestin or BMP2K 236 

recruitment across the ACKR3 mutants, we generated bias plots which enable comparisons of the relative 237 

activity between two assays (Figure 5K-5M) (69). While the ACKR3 mutants exhibit a strong linear correlation 238 

between ACKR3 internalization and BMP2K recruitment, β-arrestin 1 and 2 demonstrate deviations in levels of 239 

ACKR3 internalization compared to β-arrestin recruitment for the proximal and medial mutants (Figure 5L-5M). 240 

The proximal mutant achieves high levels of β-arrestin recruitment despite low levels of ACKR3 internalization, 241 

and the medial mutant presents high levels of ACKR3 internalization despite having the least β-arrestin 242 

recruitment. These data suggest that specific structural elements regulate ACKR3 signaling events and 243 
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effector coupling, consistent with existing evidence suggesting that receptor phosphorylation sites can promote 244 

distinct canonical and noncanonical signaling events (66). Importantly, these data demonstrate that BMP2K 245 

interacts with ACKR3 in a manner that is independent from β-arrestins and may have a functional relevance to 246 

receptor internalization. 247 

   248 

BMP2K interacts with many therapeutically relevant GPCRs with varying dependence on β-arrestin expression 249 

The finding that BMP2K recruits to ACKR3 independent of β-arrestins (and G proteins) prompted 250 

further inquiry into whether BMP2K recruits to other GPCRs, and if its interaction with other receptors is 251 

similarly β-arrestin-independent. We selected four well-studied and therapeutically-relevant GPCRs with 252 

varying physiological functions and Gα subunit activation: AT1R, V2 vasopressin receptor (V2R), β2AR, and C-253 

X-C motif chemokine receptor 3 (CXCR3). Using the same NanoBiT complementation assay as in Figure 5, we 254 

measured BMP2K recruitment to these receptors in β-arrestin 1/2 KO cells with and without β-arrestin 1 or 2 255 

rescue.  256 

These four GPCRs demonstrated unique patterns of BMP2K recruitment that were largely dependent 257 

upon the presence of β-arrestin. At the AT1R, β-arrestin 1 and 2 each promoted the recruitment of BMP2K to 258 

the receptor, but little BMP2K recruitment was detected when both isoforms were absent (Figure 6A). BMP2K 259 

recruitment to V2R and β2AR similarly required β-arrestins, with β-arrestin 1 inducing greater BMP2K 260 

recruitment than β-arrestin 2 upon stimulation of each receptor (Figure 6B-C). By contrast, in the absence of 261 

β-arrestins, BMP2K recruited to CXCR3 slowly (Figure 6D). This recruitment pattern was expedited following 262 

addback of β-arrestin 1, but eliminated with the addback of β-arrestin 2. These findings indicate that BMP2K 263 

interacts with various GPCRs, but that the specific mechanism and temporal pattern of this interaction is 264 

largely receptor- and β-arrestin dependent.  265 
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DISCUSSION 266 

Noncanonical GPCR signaling is an emerging area of study that adds to our understanding of the 267 

complexity of GPCR signaling and how a single agonist:receptor interaction results in the activation of complex 268 

cellular and physiologic processes. For instance, recent findings suggest that Gαi can form a complex with β-269 

arrestin and scaffold MAPK, even at receptors that do not canonically couple to Gαi (23, 70). There have also 270 

been reported ternary complexes between G proteins, β-arrestins, and GPCRs that can modulate GPCR 271 

signaling (22, 71, 72). However, G proteins and β-arrestins are not the only modulators of GPCR signaling, 272 

with evidence that GIPs, such as PDZ domain-containing proteins and A-Kinase Anchoring Proteins (AKAPs), 273 

independently regulate GPCR signaling (3, 73). Because of recent evidence demonstrating that ACKR3 can 274 

signal without G proteins or β-arrestins, we hypothesized that this receptor could serve as a model GPCR to 275 

further explore noncanonical interacting partners of GPCR signaling.  276 

We found that ACKR3 internalization is preserved in both β-arrestin 1/2 KO and GRK 2/3/5/6 KO cell 277 

lines. Our data, alongside prior work which highlight the importance of receptor phosphorylation to achieve 278 

ACKR3 function, suggest that necessary ACKR3 phosphorylation can be GRK-independent, and may involve 279 

either basal phosphorylation and/or phosphorylation mediated by other kinases (37, 44). We then used 280 

proximity labeling to identify noncanonical signaling effectors of ACKR3, a receptor that does not couple to G 281 

proteins, in a cell line devoid of β-arrestin. We tracked ACKR3:protein proximity using APEX2 labeling, and 282 

identified ~100 proteins with significantly changed proximity to ACKR3 following receptor stimulation.  283 

Most of these proteins have recorded involvement in various forms of the endocytic machinery, such as 284 

cargo transport to the Golgi, and vesicle recycling to the plasma membrane. VPS29, which demonstrated the 285 

largest expression fold change, is not only a protein component of the endosomal cargo recycling machinery 286 

called the retromer complex, but has also been implicated in a newly discovered mechanism of endosomal 287 

recycling called the “retriever” complex (52). The retromer complex carries endosomal cargo to the trans-golgi 288 

network and the plasma membrane, and has been implicated at the parathyroid hormone receptor (PTHR) (74-289 

76). The retriever complex is part of a larger 15 protein assembly called the “commander” complex, which 290 

participates in endosomal trafficking between the plasma membrane, trans-golgi network, nucleus, and 291 

lysosomes (52, 77). While it cannot be directly deduced whether the VPS29 identified in our APEX experiment 292 

is representative of one or both the retromer and retriever complex in ACKR3 trafficking, it is possible that the 293 
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retriever complex, and by extension the commander complex, may be involved in GPCR endosomal sorting 294 

and trafficking as well (78). Another identified protein, the AKT interacting protein (AKTIP), is a component of 295 

the FHF complex, which is involved in attaching cargo to dynein for retrograde transport (79, 80). These 296 

findings suggest that numerous protein complexes with roles in endocytic trafficking, such as the retromer, 297 

commander, and FHF complexes, may regulate ACKR3 intracellular trafficking independently of β-arrestins. 298 

Our data reflects what is, to our knowledge, the first implementation of proximity labeling to study the 299 

interaction profile of a GPCR signaling without G protein or β-arrestin mediators. By comparing the proteins 300 

identified in the current dataset to three similar experiments at other conventional GPCRs, we identified 17 301 

proteins with significant GPCR interactions conserved across all datasets. Further pathway analyses of these 302 

proteins using GO, KEGG, and STRING revealed clathrin-mediated endocytosis as a highly conserved 303 

mechanism across each of these GPCRs. This is likely due to AP2’s ability to bind both β-arrestins and various 304 

motifs found in some GPCRs, thus facilitating β-arrestin dependent and independent clathrin-mediated 305 

endocytosis (27). Many of the protein effectors implicated in endosomal sorting and recycling that were 306 

detected in our dataset were not identified in the others. This finding may be due to differences in experimental 307 

conditions, dynamics of ACKR3 endocytosis, or the result of ACKR3 employing different endosomal machinery 308 

than other GPCRs. 309 

These analyses allowed us to identify unique β-arrestin-independent, ACKR3-interacting proteins which 310 

appear to function as conserved GPCR effectors. We identified BMP2K as one of the top hits in each proximity 311 

labeling dataset, and found that BMP2K recruits to ACKR3 in a β-arrestin- and GRK-independent fashion. We 312 

developed ACKR3 phosphorylation site deficient mutants to show that there are specific phosphorylation sites 313 

on the C-terminus of ACKR3 involved in BMP2K recruitment, with proximal sites demonstrating the most 314 

pronounced effect. In contrast, β-arrestin recruitment patterns were most influenced by medial sites, as 315 

reflected in earlier studies (44). Consistent with our finding that β-arrestin is not required for BMP2K 316 

recruitment, we discovered that the putative phosphorylation sites which regulate BMP2K recruitment to 317 

ACKR3 are different from those which regulate β-arrestin recruitment. Together, these data further suggests 318 

that BMP2K is a novel interacting partner at ACKR3, and that it likely possesses a receptor binding interface 319 

that is distinct from β-arrestin. Of note, BMP2K recruitment to the phosphorylation-deficient ACKR3 mutants 320 

was strikingly similar to the pattern of receptor internalization for these mutants, suggesting a relationship 321 
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between BMP2K and receptor endocytosis. It is possible that BMP2K may induce phosphorylation of ACKR3, 322 

thereby promoting receptor internalization, or that ACKR3 internalization may promote BMP2K recruitment. 323 

Further studies are needed to elucidate the temporal ordering and significance of BMP2K recruitment in 324 

ACKR3 internalization.   325 

Given our discovery of a novel G protein and β-arrestin independent effector of ACKR3, we also 326 

studied BMP2K engagement at four other GPCRs. Interestingly, we found that the kinetics and dependence on 327 

β-arrestin for BMP2K:GPCR interaction patterns varied across receptors. While ACKR3 recruits BMP2K 328 

without β-arrestins, other GPCRs had specific β-arrestin isoform requirements to promote BMP2K recruitment. 329 

While the AT1R exhibited a similar increase in recruitment of BMP2K following rescue with β-arrestin 1 or 2, 330 

only β-arrestin 1 rescue significantly increased BMP2K recruitment to CXCR3. These findings suggest that 331 

transducers like β-arrestin may be necessary to promote BMP2K engagement at some receptors but may be 332 

dispensable at others. It is well established that β-arrestin can act as a scaffold protein, binding to and 333 

promoting cargo proteins like clathrin and AP2 to the receptor (81). With BMP2K’s reported role in 334 

phosphorylating AP2, a necessary step in clathrin-mediated endocytosis, it is possible that β-arrestin may 335 

scaffold BMP2K to certain GPCRs that require β-arrestin for their function (63). 336 

Our experiments and analyses led to the identification of several protein hits conserved across GPCRs. 337 

However, it is important to note that these results are limited in their physiological relevance due to our 338 

experimental design. ACKR3 is not endogenously expressed in HEK293 cells, which limits the ability to 339 

associate our findings with ACKR3’s known role in inflammation, cardiac development, and neuronal migration 340 

(29, 82-84). Further studies of ACKR3’s function would likely benefit from investigating the receptor in cell 341 

types where endogenous ACKR3 signaling and function have been recorded, such as in macrophages and 342 

cardiomyocytes (85, 86). While CXCL12 is the endogenous ligand of ACKR3, it can also activate the C-X-C 343 

motif chemokine receptor 4 (CXCR4), known to be expressed in HEK293 cells (49). Because ACKR3 can 344 

dimerize with CXCR4, some of the protein interactions identified may be CXCR4-dependent (28). However, 345 

our experimental design requires a protein has to be within a 20-nanometer distance from the APEX2 enzyme 346 

in order to be biotinylated, resulting in minimal chances of off-target protein interactions (47). Importantly, 347 

CXCR4 was not identified as a protein hit in our dataset, further suggesting that the interactome identified in 348 

this manuscript is that of ACKR3 alone. 349 
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 Given the emphasis in canonical GPCR signaling on G proteins and β-arrestins, efforts to develop 350 

“biased” GPCR therapeutics that preferentially activate one pathway over the other have been extensively 351 

pursued (3, 87, 88). Despite these efforts, only one biased GPCR therapeutic has received Food and Drug 352 

Administration (FDA) approval and has demonstrated limited efficacy compared to other available treatment 353 

options (89). One reason for this lack of anticipated therapeutic benefit could be that associating far 354 

downstream cellular outcomes directly with levels of G protein versus β-arrestin signaling fails to recognize the 355 

influence of other factors that impact GPCR functionality (90). Considering the roles of G proteins and β-356 

arrestins independently of one another fails to recognize not only how the two influence one another, but also 357 

that there is a diverse array of other effector proteins known to directly interact with and modify GPCRs (17, 358 

19). G proteins and β-arrestins are also not the only modulators of GPCR signaling, and with emerging 359 

evidence showing the ability of GPCRs to signal in the absence of both, one should consider the roles of GIPs 360 

more thoroughly. Implementing the use of a systems pharmacology approach to thoroughly investigate the 361 

functional consequences of these different GIPs on signaling outcome may lead to a more holistic 362 

understanding of GPCR signaling, which could result in the development of more specific and efficacious 363 

therapeutics. 364 

 To our knowledge, this data serves as the first known evidence of BMP2K’s involvement in GPCR 365 

signaling, yet its functional mechanism has yet to be elucidated. Moreover, we have identified many new 366 

conserved protein effectors which may modulate GPCR signaling in ways that have yet to be explored. Given 367 

the nature of our experimental design, we anticipate that these other effectors will also demonstrate pleiotropic 368 

signaling behavior at different GPCRs. These findings highlight the potential behind exploring noncanonical 369 

signaling proteins, both in its capacity for revealing novel ways to modulate GPCR signaling, and in its 370 

expansion of potential drug targets for future therapeutics that may lead to more specified treatment 371 

responses. Although GPCR signaling is primarily mediated by G proteins and β-arrestin, we demonstrate that 372 

there are likely many other effectors which contribute to generating highly complex and specific cellular and 373 

physiologic responses.  374 
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MAIN AND SUPPLEMENTAL FIGURE TITLES AND LEGENDS 417 

 418 

Figure 1: ACKR3 endocytosis does not require β-arrestins or GRKs  419 

(A) Agonist concentration-response at thirty minutes of ACKR3 trafficking to early endosomes in HEK293 cells. 420 

Data shown are the mean ± SEM of n=5. Kinetic time-course of ACKR3 trafficking to early endosomes 421 

following stimulation with (B) WW36, (C) CXCL12, and (D) WW38 in β-arrestin 1/2 knockout cells with β-422 

arrestin rescue. Data shown are the mean ± SEM of n=3. (E) Agonist concentration-response at thirty minutes 423 

of ACKR3 trafficking to early endosomes in GRK 2/3/5/6 knockout cells with and without addback of each GRK 424 

isoform. Data shown are the mean ± SEM of n=4. Significance testing was performed using one-way ANOVA 425 

comparing the net BRET ratio at maximum dose between empty vector and other transfection conditions 426 

(pcDNA 3.1 vs. GRK).  427 

 428 

Figure 2: ACKR3 proximity labeling and comparison of APEX datasets reveal conserved GPCR 429 

interacting proteins  430 

(A) Schematic of ACKR3-APEX2 proximity labeling technique. (B) Volcano and (C) waterfall plots showing 431 

proteins with significant fold changes in proximity to ACKR3 following stimulation with CXCL12. Significance 432 

was determined by calculating the log 2-fold change and identifying those with a fold change greater than 2 or 433 

less than 0.5 and a False Discovery Rate (FDR)-corrected combined Fisher p-value cutoff of 0.1. ACKR3-434 

APEX2 proximity labeling protein hits are representative of n=3. (D) Schematic design of comparative analysis 435 

used to identify conserved GPCR interacting proteins. (E) Volcano and (F) waterfall plots showing all proteins 436 

identified in the four datasets with significant fold changes in interaction with a GPCR following activation. 437 

Proteins identified in at least 2 of the 4 datasets are shown (significant protein hits). (G) Volcano and (H) 438 

waterfall plots showing the proteins identified in every dataset (conserved protein hits). Significance was 439 

determined by calculating the median fold change for each protein across every dataset that included the 440 

protein. Identified proteins exhibited a median fold change greater than 2 or less than 0.5 and had a False 441 

Discovery Rate (FDR)-corrected combined Fisher p-value cutoff of 0.1. (I) Venn diagram showing overlap in 442 

the significant protein hits found in the present dataset (Rajagopal) and at least one of the other three GPCR 443 
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APEX datasets. (J) Multi-set Venn diagram showing the number of significant protein hits identified in each 444 

combination of the four GPCR APEX datasets.  445 

 446 

Figure 3: Gene Ontology and KEGG pathway enrichment for conserved GPCR interacting proteins 447 

identify clathrin binding and receptor-mediated endocytosis as top pathways. 448 

Gene ontology analysis identifying (A) molecular function (B) cellular component and (C) biological process 449 

associated with the conserved GPCR interacting proteins. (D) KEGG enrichment pathway analysis using 450 

reported molecular interactions and relation networks. Size represents the number of conserved proteins that 451 

have reported roles in the indicated function, compartment, process, or pathway. Color reflects the extent of q-452 

value enrichment. 453 

 454 

Figure 4: STRING analyses for GPCR interacting proteins 455 

Interaction networks were generated from the STRING database of regulated pathways and using various 456 

parameters. Protein-protein interaction network generated using 47 conserved hits at a false discovery rate 457 

(FDR) of (A) 0.1 and (B) 0.2. Shown are only the top interaction networks generated from each report. Protein-458 

protein interaction network generated using only the 20 conserved hits with the largest fold change at an FDR 459 

of (C) 0.1 and (D) 0.2. Magnitude of fold change for each protein is represented by the opacity of the red circle 460 

around each node, with a darker red hue representing a larger positive fold change. The basis for the listed 461 

interactions between nodes is outlined on the figure insert. 462 

 463 

Figure 5: BMP2K and β-arrestin recruitment to ACKR3 are dependent on distinct phosphorylation sites  464 

(A) Schematic representation of NanoBiT complementation assay used to detect BMP2K recruitment to 465 

ACKR3. BMP2K recruitment to ACKR3 in (B) WT HEK293 (C) β-arrestin 1/2 KO and (D) GRK 2/3/5/6 KO cells. 466 

Data shown are the mean ± SEM of n=5, n=3, and n=2 respectively. (E) Diagram of ACKR3 that shows the 467 

specific amino acids mutated to an alanine in each phosphorylation deficient mutant constructed. Black 468 

represents a complete C-terminal tail truncation mutant. (F) Schematic representation of NanoBiT 469 

complementation assays used to measure ACKR3 internalization, BMP2K recruitment to ACKR3, and β-470 

arrestin 1 or 2 recruitment to ACKR3 in HEK293 cells. Agonist concentration-response at five minutes of (G) 471 
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BMP2K (H) β-arrestin 1 and (I) β-arrestin 2 recruitment to ACKR3, and (J) ACKR3 trafficking to early 472 

endosomes in HEK293 cells. β-arrestin 1 and 2 recruitment to ACKR3 reflects the mean ± SEM of n=4, and 473 

BMP2K recruitment to ACKR3, and ACKR3 trafficking to early endosomes reflects the mean ± SEM of n=5. 474 

Significance testing was performed using one-way ANOVA with Dunnet’s post hoc testing comparing 475 

luminescent signal at maximum dose between the ACKR3 mutants (WT vs. mutant). Concentration-response 476 

curves are normalized to maximum signal observed across all receptors. *P<0.05, **P<0.005, ***P<0.0005, 477 

****P<0.0001. Bias plots demonstrating levels of ACKR3 internalization relative to (K) BMP2K (L) β-arrestin 1 478 

and (M) β-arrestin 2 recruitment to ACKR3 for each of the phosphorylation mutants. Arrows highlight the 479 

deviation in best fit lines for the proximal and medial mutants compared to WT in β-arrestin 1 and 2 recruitment 480 

level versus ACKR3 internalization. 481 

 482 

Figure 6: BMP2K interactions with different GPCRs has different requirements for β-arrestins  483 

Area under the curve and kinetic time-course of BMP2K recruitment to (A) AT1R following stimulation with 484 

10µM angiotensin II, (B) V2R following stimulation with 10µM arginine vasopressin, (C) β2AR following 485 

stimulation with 10µM isoproterenol, and (D) CXCR3 following stimulation with 10µM VUF10661. Data shown 486 

are the mean AUC ± SEM and mean ± SEM of between n=3-5. Significance testing was performed using one-487 

way ANOVA with Turkey’s post hoc testing comparing mean AUC between treatment groups (pcDNA vs. β-488 

arrestin 1 vs. β-arrestin 2). Kinetic time-course is normalized to maximum signal observed across all treatment 489 

groups. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.0001. 490 

 491 

Supplemental Figure 1: ACKR3-APEX2 proximity labeling experiment in β-arrestin 1/2 KO cell line 492 

(A) Confocal and Bright-field (BF) Microscopy to determine expression of ACKR3-APEX2 in β-arrestin 1/2 KO 493 

cells treated with puromycin selection following lentiviral transduction. Cells were treated with 5mL (containing 494 

~5ug) of ACKR3-APEX2 lentivirus. (B) Fluorescence-Activated Cell Sorting (FACS) demonstrating ACKR3-495 

APEX2 expression in β-arrestin 1/2 KO cells that did and did not receive lentivirus containing ACKR3-APEX2. 496 

(C) Kinetic time course of β-arrestin recruitment to the plasma membrane using a NanoBiT complementation 497 

assay in β-arrestin 1/2 KO cells with or without stable expression of ACKR3-APEX2 following stimulation with 498 

100nM CXCL12. (D) Immunoblot demonstrating absence of β-arrestin (A1CT) in β-arrestin 1/2 KO cells 499 
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containing ACKR3-APEX2. (E) Biotinylated protein expression in the presence and absence of biotin phenol 500 

and hydrogen peroxide. (F) Immunoprecipitation (IP) to show biotinylated and overall protein levels in whole 501 

cell lysate, flow through, and IP enrichment (pulldown) groups. Data shown aside from FACS are 502 

representative of n=3. (G) Schematic of the ACKR3-APEX2 proximity labeling experiment in β-arrestin 1/2 503 

knockout cells, with and without CXCL12 treatment. 504 

  505 

Supplemental Figure 2: Significant protein hits in alternative analysis of proximity labeling data. 506 

(A) Volcano and (B) waterfall plots showing all proteins identified with significant fold changes in interactions 507 

with a GPCR without the Kruse dataset included. Only proteins identified in at least 2 of the 3 datasets are 508 

shown. (C) Volcano and (D) waterfall plots showing the proteins identified in every dataset (conserved protein 509 

hits) when the Kruse dataset is not included in the analysis. Significance was determined as previously 510 

described in Main Figure 2.  511 

 512 

Supplemental Figure 3: Additional data on BMP2K interaction with ACKR3 and the phosphorylation 513 

deficient mutant experiments 514 

(A) Area under the curve of BMP2K recruitment to ACKR3 in β-arrestin 1/2 KO cells with β-arrestin rescue. 515 

Data shown are the mean AUC ± SEM of n=3 (B) Agonist concentration-response at five minutes of BMP2K 516 

recruitment to ACKR3 in GRK 2/3/5/6 KO cells following stimulation with CXCL12, WW36, and WW38. Data 517 

shown are the mean ± SEM of n=2. Kinetic time course of (C) BMP2K (D) β-arrestin 1 and (E) β-arrestin 2 518 

recruitment to ACKR3, and (F) ACKR3 trafficking to early endosomes in WT HEK293 cells. Ligand 519 

concentration and number of replicates is the same as stated in Main Figure 5.  520 
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MATERIALS AND METHODS 521 

Lead Contact 522 

Further information and requests for resources and reagents should be directed to and will be fulfilled by the 523 

lead contact, Sudarshan Rajagopal (Sudarshan.rajagopal@duke.edu).  524 

 525 

Materials Availability 526 

All plasmids generated in this study will be distributed upon reasonable request.  527 

 528 

Data and Code Availability 529 

• The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via 530 

the PRIDE partner repository with the dataset identifier PXD047836 (91) 531 

• This paper does not report original code.  532 

• All data reported in this paper and any additional information required to reanalyze the data reported in 533 

this paper is available from the lead contact upon request. 534 

 535 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 536 

Bacterial Strains  537 

XL-10 Gold ultracompetent E. coli (Agilent) were used to express all constructs used in this manuscript.  538 

 539 

Cell Lines 540 

Human Embryonic Kidney (HEK293) cells were grown in minimum essential media (MEM) 541 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO2. ∆β-542 

arrestin1/2, and ∆GRK2/3/5/6 CRISPR/Cas9 KO HEK293 cells were provided by Asuka Inoue, Tohoku 543 

University, Japan, and validated in prior publications (48). 544 

 545 

METHOD DETAILS 546 

Generation of Constructs 547 
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Construct cloning was performed using conventional techniques including restriction digest and overlap 548 

extension PCR cloning (New England Biolabs), and site-directed mutagenesis (QuikChange Lightning kit, 549 

Agilent Technologies). Linkers separating fluorescent proteins or luciferases and the cDNA for receptors, 550 

location markers, or other proteins were flexible and ranged between 6 and 16 amino acids. The position of the 551 

fluorescent proteins or luciferases relative to the construct of interest is indicated by its positioning either before 552 

or after the construct name. We utilized the 2x-Fyve sequence (RKHHCRACG) from the hepatocyte growth 553 

factor-regulated tyrosine kinase substrate to detect ACKR3 recruitment to early endosomes, and the CAAX 554 

membrane sequence to detect β-arrestin recruitment to the plasma membrane. All BMP2K constructs were 555 

derived from a pcDNA3-BMP2K plasmid provided by Jaroslaw Cendrowski, International Institute of Molecular 556 

and Cell Biology, Warsaw (92). All BMP2K experiments were performed using the human short splicing variant 557 

of BMP2K. The ACKR3-APEX2 plasmid was engineered using the backbone of an AT1R-APEX2 construct 558 

provided by Howard Rockman, Duke University, Durham (39). Mouse β-arrestin isoforms 1 and 2 were used 559 

for experiments involving β-arrestin 1 or 2 rescue and all experiments measuring β-arrestin recruitment to the 560 

plasma membrane and to GPCRs. Bovine GRK2, human GRK3 Isoform 1, human GRK5, and human GRK6 561 

isoform B were used for experiments involving GRK rescue in the GRK2/3/5/6 KO cell line. Human ACKR3, 562 

AT1R, β2AR, CXCR3A, and V2R isoform 1 were used in this study. 563 

 564 

Cell Culture and Transfection 565 

For both luminescence-based assays (NanoBiT split) and BRET based assays, cells were transiently 566 

transfected using polyethylenimine (PEI). This transfection method involves replacing the cell culture media 30 567 

minutes prior to transfection. Following the re-media of the cells, plasmid constructs were prepared and 568 

suspended in Opti-MEM (Gibco) which was added to reach a final volume of 100μL. In another tube, a 1 569 

mg/mL concentration of PEI was added to Opti-MEM to reach a final volume of 100μL.  For the experiments 570 

shown in this paper, the PEI:DNA ratio was 3:1, meaning that for every 1μg of DNA plasmid added, 3μL of PEI 571 

was also added. After allowing the PEI tube to incubate for 5 minutes, the 100μL PEI solution was added to the 572 

100μL DNA solution and gently pipetted. After allowing the combined solution to incubate to room temperature 573 

for 10-15 minutes, the 200μL solution was added to one well of a 6-well plate. 574 

 575 
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BRET and NanoBiT Luciferase Assays 576 

For the HEK293, β-arrestin 1/2 KO, and GRK 2/3/5/6 KO cells used, cells were seeded in 6 well plates 577 

averaging approximately 750,000 cells per well. For all BRET and NanoBiT assays performed, the cells were 578 

transiently transfected with their corresponding constructs using the aforementioned PEI method. ACKR3 579 

internalization in the HEK293, β-arrestin ½ KO, and GRK 2/3/5/6 KO cell lines were measured using a BRET 580 

complementation assay that included a C-terminal ACKR3-Renilla Luciferase II (RLucII) and 2xFyve-mVenus 581 

to measure ACKR3 recruitment to early endosomes.  582 

β-arrestin recruitment to the plasma membrane in parental and ACKR3-APEX2 expressing β-arrestin 583 

1/2 KO cells was assessed using a NanoBiT complementation assay involving SmBiT-β-arrestin-2 and LgBiT-584 

CAAX. BMP2K recruitment was similarly assessed using a NanoBiT complementation assay where, for 585 

studying recruitment of BMP2K to various GPCRs, SmBiT-BMP2K was tagged and transfected in with either 586 

ACKR3-LgBiT, AT1R-LgBiT, β2AR-LgBiT, CXCR3-LgBiT, or V2R-LgBiT. In constructing the phosphodeficient 587 

mutants of ACKR3, each of the ACKR3 mutants was cloned using ACKR3-LgBiT as the template plasmid. 588 

Internalization with the receptor mutants was measured using the early endosomal marker 2xFyve-SmBiT. C-589 

terminal BMP2K-SmBiT was used to measure BMP2K recruitment to the ACKR3 mutant receptors, and 590 

SmBiT-β-arrestin-1 and 2 were transfected alongside the ACKR3 mutants to measure β-arrestin recruitment to 591 

the ACKR3 mutant receptors. 592 

 Twenty-four hours following transfection, cells were washed with phosphate buffered saline (PBS) and 593 

collected using trypsin. Cells were resuspended in clear minimum essential medium (Gibco) with the addition 594 

of 2% FBS, 1% P/S, 10 mM HEPES, 1x GlutaMax (Gibco), and 1x Antibiotic-Antimycotic (Gibco). Upon 595 

resuspension, cells were plated into clear or white-bottomed, white-walled Costar 96-well plates with each well 596 

averaging approximately 50,000 to 100,000 cells. 597 

 The following day, the media was removed and replaced with 80μL of Hanks’ Balanced Salt Solution 598 

(HBSS) supplemented with 20mM HEPES and 3µM coelenterazine h for all BRET and NanoBiT 599 

complementation assays (Nanolight Technology, Pinetop, AZ), after which the cells were incubated at 37ºC for 600 

10 to 15 minutes. For all BRET assays, a standard 480nm RLuc emission filter and a 530nm long pass filter 601 

was used to quantify the net BRET ratio (Chroma Technology Co., Bellows Falls, VT). 602 

  603 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 28, 2024. ; https://doi.org/10.1101/2024.01.27.577545doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.27.577545
http://creativecommons.org/licenses/by-nc-nd/4.0/


For NanoBiT complementation and BRET experiments, three initial reads were taken prior to 604 

stimulating the cells with ligand to quantify a baseline luminescence or BRET ratio before adding ligand. Cells 605 

were stimulated with either a vehicle control (HBSS with 20 mM HEPES) or with the indicated ligand 606 

concentration. The change in luminescence or BRET ratio following ligand stimulation was normalized to 607 

vehicle treatment. The BRET experiment was quantified using a BRET ratio, where the acceptor signal 608 

(mVenus) was divided by the luminescent signal (RlucII). A net BRET ratio was quantified by normalizing to the 609 

BRET ratio of the vehicle treatment. For NanoBiT complementation assays, changes in luminescence were 610 

normalized to the maximum luminescence change. The 96 well plates were read using a BioTek Synergy Neo2 611 

plate reader or a Berthold Mithras LB 940 set at 37°C. All readings were performed using a kinetic protocol.  612 

 613 

Confocal microscopy 614 

ACKR3-APEX2 β-arrestin ½ KO Cells were plated in rat-tail-collagen-coated 35 mm glass bottomed 615 

dishes (MatTek Corporation, Ashland, MA). Cells were imaged with a Zeiss CSU-X1 spinning disk confocal 616 

microscope using the corresponding lasers to excite GFP (480 nm). Confocal images were arranged and 617 

analyzed using ImageJ (NIH, Bethesda, MD). 618 

 619 

Generation of Lentivirus and stably expressing ACKR3-APEX2 β-arrestin 1/2 KO cell line 620 

 After generating the aforementioned ACKR3-APEX2 fusion construct, we generated lentivirus as 621 

previously described using a second generation approach (66). Briefly, the receptor construct was cloned into 622 

a pLenti plasmid backbone consisting of the receptor underneath a CMV promoter. HEK293 cells were 623 

transfected using a calcium phosphate method with the pLenti receptor containing plasmid, envelope vector 624 

(pMD2.G), and packaging vector (psPAX2). 16h post-transfection, the HEK293 cell media was changed. At 625 

40h, the media was harvested, filtered, and replaced. At 64h post transfection, the viral containing media was 626 

harvested and added to the aliquot obtained at 40h, and virus was concentrated using the Lenti-X concentrator 627 

(Takara Bio, Japan) and viral titer was determined using qPCR per the manufacturer guidelines (ABM, 628 

Canada). β-arrestin 1/2 KO cells were transduced with virus multiplicity of infection of 80–100 in the presence 629 

of polybrene at 8mg/mL and left to incubated for 72h. Cells were then incubated with puromycin to select only 630 

for cells that were successfully transduced with lentivirus. 631 
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 632 

Fluorescence-Activated Cell Sorting (FACS) 633 

Cells that were successfully transduced with lentivirus and underwent puromycin selection were then 634 

sorted via FACS to obtain cells that express receptor to a similar degree. Specifically, cells were harvested and 635 

washed with PBS containing 2.5% FBS and 1.5mM EDTA. Allophycocyanin (APC) conjugated Anti- Human 636 

CXCR7 Monoclonal Antibody (Biolegend, San Diego, CA) was added to the cells per the manufacturers 637 

recommendation and allowed to incubate for 25 minutes on ice in the dark. Cells were then washed with PBS 638 

with 2.5% FBS and 1.5mM EDTA and resuspended in PBS containing DNAse (10µg/mL). Cells were filtered 639 

through a sterile 30µm filter and sorted using FACS on an Astrios (Beckman Coulter) sorter at the Duke 640 

University Cancer Institute. Analyses were conducted using FlowJo version 10 software. 641 

 642 

APEX2 proximity labeling 643 

 We followed an APEX2 protocol as described in prior publications (47). Stably expressing ACKR3-644 

APEX2 β-arrestin 1/2 KO cells were placed in a 6cm dish with starvation media (MEM, 1% P/S, and 0.5% 645 

FBS) for at least four hours prior to experimentation. 30 minutes to 1 hour prior to labeling, biotin phenol (Iris 646 

Biotech) in DMSO stored at -80ºC was added to the cells to a final concentration of 500µM. Cells were 647 

stimulated for a total of 3 minutes with CXCL12 at a final concentration of 100nM. During the final minute of 648 

agonist simulation, a solution of hydrogen peroxide in PBS was added to a final concentration of 1mM. Next, 649 

the cell media containing biotin phenol, CXCL12, and hydrogen peroxide was aspirated and cells were washed 650 

with 3mL of fresh quenching buffer (10mM sodium ascorbate, 5mM Trolox, 10mM sodium azide) three times to 651 

stop the proximity labeling. Cells were then lysed using 500mL of radioimmunoprecipitation (RIPA) buffer 652 

(150mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate 0.1% sodium dodecyl sulfate, 50mM Tris pH 7.4) 653 

supplemented with cOmplete protease inhibitor (Sigma-Aldrich) and quenching reagents (10mM sodium azide, 654 

10mM sodium ascorbate, and 5mM Trolox). Cells were collected, left to sit on ice for two minutes, and then 655 

rotated at 4ºC for 1 hour, followed by subsequent centrifugation at 17000G for 10 minutes where the 656 

supernatant was then collected and stored for further analyses. 657 

 658 

Immunoprecipitation of Biotinylated Proteins 659 
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 Isolation of biotinylated proteins was performed using streptavidin magnetic beads as previously 660 

described (47). Streptavidin magnetic beads were washed twice with 1mL of RIPA lysis buffer. Whole cell 661 

lysate samples were incubated and rotated with 30µL of streptavidin magnetic beads and 500µL of RIPA buffer 662 

for 1 hour at room temperature. The beads were then collected using a magnetic rack, and the supernatant 663 

was removed and stored for later immunoblotting analysis. The remaining magnetic beads were washed twice 664 

with 1mL of RIPA lysis buffer, once with 1mL of 1M KCl, once with 1mL of 0.1M sodium carbonate, once with 665 

1mL of 2M urea in 10mM Tris-HCl (pH 8.0), and then twice again with 1mL of RIPA lysis buffer. To elute 666 

biotinylated proteins from the magnetic beads, the samples were boiled for 10 minutes in 100µL of 25mM Tris, 667 

50mM NaCl, 10mM DTT, 2% SDS, and 5mM Biotin. We then vortexed the beads briefly, and cooled the 668 

sample on ice. The samples were then placed on the magnetic rack and the eluate was collected and placed 669 

on ice. 670 

 671 

Immunoblotting and Coomassie Stain 672 

Experiments were conducted as previously described (93). Lysates or eluents were resolved on SDS-673 

10% polyacrylamide gels, transferred to nitrocellulose membranes, and immunoblotted with the indicated 674 

primary antibody overnight at 4ºC. Specifically, we used A1CT (courtesy of the Lefkowitz Laboratory (94)) to 675 

detect expression of β-arrestin1/2 and anti-alpha-tubulin antibodies (ThermoFisher) to detect expression of 676 

tubulin. 677 

Peroxidase–conjugated polyclonal donkey anti-rabbit immunoglobulin (IgG) or polyclonal sheep anti-678 

mouse IgG were used as secondary antibodies. A peroxidase-conjugated streptavidin was used to detect 679 

biotinylated proteins. Immune complexes on nitrocellulose membrane were imaged as previously described by 680 

incubating cells in a mixture of a solution of 100mM Tris (pH 8.6) and 1.25mM sodium luminol in water with a 681 

solution of 1.1mg/mL para-hydroxy coumaric acid in DMSO (95). Cells were imaged using a ChemiDoc MP 682 

Imaging System (Bio-Rad). Representative immunoblots demonstrate all samples run, but are cropped to 683 

highlight the bands of interest. Coomassie staining was performed on polyacrylamide gels by staining the gels 684 

in a Coomassie solution (50% methanol, 10% acetic acid, 39.75% deionized water, and 0.25% Coomassie 685 

Blue R-250) overnight. Gels were then destained for 2-4 hours in 5% methanol, 7.5% acetic acid, and 87.5% 686 

deionized water and then imaged. 687 
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 688 

Mass Spectrometry (MS) Sample Preparation 689 

 Mass spectrometry was performed by the Duke Proteomics and Metabolomics Core Facility (Durham, 690 

NC). 6 samples (3 samples treated with vehicle control and 3 samples treated with CXCL12) were kept at -691 

80ºC until processing. Samples were spiked with undigested bovine casein at a total of either 120 or 240 pmol 692 

as an internal quality control standard. Next, samples were supplemented with 17.6 μL of 20% SDS, reduced 693 

with 10 mM dithiolthreitol for 30 min at 80ºC, alkylated with 20mM iodoacetamide for 30 min at room 694 

temperature, then supplemented with a final concentration of 1.2% phosphoric acid and 1012 μL of S-Trap 695 

(Protifi) binding buffer (90% MeOH/100mM TEAB). Proteins were trapped on the S-Trap micro cartridge, 696 

digested using 20 ng/μL sequencing grade trypsin (Promega) for 1 hr at 47C, and eluted using 50 mM TEAB, 697 

followed by 0.2% FA, and lastly using 50% ACN/0.2% FA. All samples were then lyophilized to dryness. 698 

Samples were resolubilized using 120 μL of 1% TFA/2% ACN with 25 fmol/μL yeast ADH. 699 

 700 

LC-MS/MS Analysis 701 

Quantitative LC/MS/MS was performed on 2 μL (16.6% of total sample) using an MClass UPLC system 702 

(Waters Corp) coupled to a Thermo Orbitrap Fusion Lumos high resolution accurate mass tandem mass 703 

spectrometer (Thermo) equipped with a FAIMSPro device via a nanoelectrospray ionization source. Briefly, the 704 

sample was first trapped on a Symmetry C18 20 mm × 180 μm trapping column (5 μl/min at 99.9/0.1 v/v 705 

water/acetonitrile), after which the analytical separation was performed using a 1.8 μm Acquity HSS T3 C18 75 706 

μm × 250 mm column (Waters Corp.) with a 90-min linear gradient of 5 to 30% acetonitrile with 0.1% formic 707 

acid at a flow rate of 400 nanoliters/minute (nL/min) with a column temperature of 55C. Data collection on the 708 

Fusion Lumos mass spectrometer was performed for three difference compensation voltages (-40v, -60v, -709 

80v). Within each CV, a data-dependent acquisition (DDA) mode of acquisition with a r=120,000 (@ m/z 200) 710 

full MS scan from m/z 375 – 1500 with a target AGC value of 4e5 ions was performed. MS/MS scans were 711 

acquired in the ion trap in Rapid mode with a target AGC value of 1e4 and max fill time of 35 ms. The total 712 

cycle time for each CV was 0.66s, with total cycle times of 2 sec between like full MS scans. A 20s dynamic 713 

exclusion was employed to increase depth of coverage. The total analysis cycle time for each injection was 714 

approximately 2 hours. 715 
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 716 

Quantitative MS Data Processing 717 

Following LC-MS/MS analyses, data were imported into Proteome Discoverer 2.5 (Thermo Scientific 718 

Inc.). In addition to quantitative signal extraction, the MS/MS data was searched against the SwissProt H. 719 

sapiens database (downloaded in Nov 2019) and a common contaminant/spiked protein database (bovine 720 

albumin, bovine casein, yeast ADH, etc.), and an equal number of reversed-sequence “decoys” for false 721 

discovery rate determination. Sequest with Infernys enabled (v 2.5, Thermo PD) was utilized to produce 722 

fragment ion spectra and to perform the database searches. Database search parameters included fixed 723 

modification on Cys (carbamidomethyl) and variable modification on Met (oxidation). Search tolerances were 724 

2ppm precursor and 0.8Da product ion with full trypsin enzyme rules. Peptide Validator and Protein FDR 725 

Validator nodes in Proteome Discoverer were used to annotate the data at a maximum 1% protein false 726 

discovery rate based on q-value calculations. Note that peptide homology was addressed using razor rules in 727 

which a peptide matched to multiple different proteins was exclusively assigned to the protein has more 728 

identified peptides. Protein homology was addressed by grouping proteins that had the same set of peptides to 729 

account for their identification. A master protein within a group was assigned based on % coverage.  730 

Prior to imputation, a filter was applied such that a peptide was removed if it was not measured in at 731 

least 2 unique samples (50% of a single group). After that filter, any missing data missing values were imputed 732 

using the following rules; 1) if only one single signal was missing within the group of three, an average of the 733 

other two values was used or 2) if two out of three signals were missing within the group of three, a 734 

randomized intensity within the bottom 2% of the detectable signals was used. To summarize to the protein 735 

level, all peptides belonging to the same protein were summed into a single intensity. These protein levels 736 

were then subjected to a normalization in which the top and bottom 10 percent of the signals were excluded 737 

and the average of the remaining values was used to normalize across all samples. We calculated fold-738 

changes between vehicle and CXCL12 based on the protein expression values and calculated two-tailed 739 

heteroscedastic t-test on log2-transformed data for each of these comparisons. 740 

 741 

Quantification and Statistical Analysis 742 
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Data were analyzed in Microsoft Excel (Redmond, WA) and graphed in Prism 9.5 (GraphPad, San 743 

Diego, CA). Kinetic time course data was acquired by tracking changes in luminescence signal of the highest 744 

non-toxic dose (compared to a baseline of no ligand treatment), with the maximum change in luminescence 745 

normalized to 100. Dose-response curves were fitted to a log agonist versus stimulus with three parameters 746 

(span, baseline, and EC50), with the minimum baseline corrected to zero. Statistical tests were performed 747 

using a one-way ANOVA followed by Tukey’s or Dunnet’s multiple comparisons test when comparing 748 

treatment conditions. When comparing treatment conditions in time-response assays, a one-way ANOVA of 749 

treatment and AUC was conducted. A significant interaction effect was defined as having an adjusted P value 750 

less than 0.05 (P < 0.05). Further details of statistical analysis and replicates is included in the figure legends. 751 

Lines are representative of the mean and error bars indicate the SEM. Independent replicates of plate-based 752 

experiments were procured by at least two different investigators when feasible.  753 

 754 

MS Data Postprocessing and Protein Identifier Mapping 755 

Rajagopal, Kruse, Rockman, and Von Zastrow datasets were filtered for treatment time points at 3 756 

minutes, 2 minutes, 1.5 minutes, and 3 minutes respectively, and all fold change data with respect to control or 757 

vehicle conditions across datasets were log2-transformed. Values above Q3 + 3x interquartile range (IQR) or 758 

below Q1 - 3xIQR were considered extreme points and removed. All protein accessions were mapped to the 759 

UniProtKB database gene names using the website https://www.uniprot.org/id-mapping for human-readable 760 

labeling of accessions as well as for input into the Gene Ontology/KEGG Enrichment analysis. Additionally, 761 

these UniProt identifiers were mapped to Entrez Gene identifiers using the mapIDs function from 762 

“AnnotationDbi” R package and the genome annotation database from the “org.Hs.eg.db” R package for input 763 

into the STRINGdb analysis (59, 96). Accessions were labeled “conserved” if they were present in all four 764 

datasets. Accessions were labeled significant if both the fold change was less than 0.5 or greater than 2 (0.5 < 765 

fold change < 2) and had a False Discovery Rate (FDR)-corrected combined Fisher p-value strictly less than 766 

0.1.  767 

 768 

Combined Fisher’s P-value Calculation 769 
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Combined p-values were constructed using Fisher’s method on the Rajagopal, Rockman, and Von 770 

Zastrow datasets. Briefly, each two-sided p-value was first converted to a one-sided p-value using the metap 771 

function from the “metap” R package (97). Then, the p-values were grouped by accession and combined 772 

across datasets using the sumlog function from the “metap” R package (97). Finally, the resultant combined 773 

Fisher p-values were corrected for multiple hypothesis testing to produce the FDR-corrected combined Fisher 774 

p-value.  775 

 776 

Gene Ontology/KEGG Enrichment and STRINGdb Protein-Protein Interaction and Clustering  777 

Gene Ontology (GO) Enrichment and KEGG Database Enrichment were performed using the enrichGO 778 

and enrichKEGG functions respectively from the R package “clusterProfiler” (59, 98). GO enrichment was 779 

assessed for the following categories: molecular function (MF), biological process (BP), cellular compartment 780 

(CC), and all three categories at once (ALL). GO and KEGG Enrichment categories were filtered for FDR-781 

corrected p-value < 0.1. STRINGdb (version 11.5, species 9606) protein-protein Interaction, network 782 

visualization, and clustering analyses were performed using the map, get_interactions, plot_network, and 783 

cluster functions from the R package “STRINGdb” (59, 99). STRINGdb minimum protein-protein interaction 784 

score threshold was set to 200 (or 0.200 on the STRINGdb webpage), and the FastGreedy algorithm was used 785 

for STRINGdb clustering with default parameters. 786 

 787 

Waterfall and Volcano Visualizations 788 

Volcano plots were constructed using functions from the “tidyverse” R package on the median log2 fold change 789 

across datasets for each accession and the associated negative log10 of the FDR-corrected Fisher combined 790 

p-value with a custom R-script (100). The accessions from the Kruse dataset, which did not report p-values, 791 

were assigned the FDR-corrected combined Fisher p-value to utilize the Kruse log2 fold changes in the volcano 792 

plots. Waterfall plots were similarly constructed using the individual log2 fold changes of each accession for 793 

each dataset.  794 
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KEY RESOURCES TABLE 795 

REAGENT OR RESOURCE SOURCE IDENTIFIER 
Antibodies 
Donkey polyclonal anti-rabbit IgG 
peroxidase conjugated 

Rockland Cat#611-7302 
 

Sheep polyclonal anti-mouse IgG 
peroxidase conjugated 

Rockland Cat#610-603-002 
 

Mouse monoclonal anti-human 
CD183 (CXCR3) APC conjugated 

BioLegend Cat#353707 

Mouse monoclonal anti-human 
CXCR7 (ACKR3) APC 
conjugated 

BioLegend Cat#391406 

Mouse monoclonal alpha tubulin ThermoFisher Cat#A11126 
Bacterial Strains 
XL10-Gold Ultracompetent E. 
Coli 

Agilent Cat#200315 

Chemicals, peptides, and recombinant proteins 
Recombinant Human CXCL12 Peprotech Cat#300-28A 
WW36 United Therapeutics  
WW38 United Therapeutics  
Angiotensin II human Sigma-Aldrich Cat#A9525 
Isoproterenol hydrochloride Sigma-Aldrich Cat#I6504 
[Arg8]-Vasopressin Sigma-Aldrich Cat#V9879 
VUF10661 Sigma-Aldrich Cat#SML0803 
GlutaMax Gibco Cat#35050061 
Antibiotic-Antimycotic Gibco Cat#15240062 
para-Nitrophenyl Phosphate Sigma-Aldrich Cat#4876 
Coelenterazine h NanoLight Technology Cat#301 
cOmplete Protease Inhibitor 
Cocktail 

Sigma-Aldrich Cat#11697498001 

Lenti-X Concentrator Takara Bio Cat#631232 
Polybrene Sigma-Aldrich Cat#TR-1003 
Critical commercial assays 
qPCR Lentivirus Titration Kit Applied Biological Materials 

(ABM) 
Cat#LV900 

QuikChange Lightning Site-
Directed Mutagenesis Kit 

Agilent Cat#210518 

Deposited Data 
Mass Spectrometry Proteomics 
Data 

ProteomeXchange PXD047836 

Experimental Models: Cell Lines 
Human: 293 ATCC Cat#CRL-1573; RRID:CVCL_0045 
Human: 293 ATCC Cat#CRL-3216; RRID:CVCL_0063 
Human: 293 β-arrestin 1/2 Knock 
Out 

Asuka Inoue (101) 

Human: 293 GRK 2, 3, 5, 6 
Knock Out 

Asuka Inoue (102) 

Recombinant DNA 
CXCR3 Rajagopal Lab N/A 
pLenti-ACKR3-APEX2 This work N/A 
pMD2.G Addgene  Cat#12259; RRID:Addgene_12259 
psPAX2 Addgene  Cat#12260; RRID:Addgene_12260 
PX459 Addgene  Cat#62988; RRID:Addgene_62988 
AT1R-APEX2 Rockman Lab (39) 
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ACKR3-APEX2 This work N/A 
ACKR3-LgBiT This work N/A 
ACKR3-RLucII Rajagopal Lab N/A 
ACKR3-S243A This work N/A 
ACKR3-S335A, T338A, T341A This work N/A 
ACKR3-S347A, S350A, T352A, 
S355A This work N/A 

ACKR3-S360A, T361A This work N/A 
ACKR3-Y334X This work N/A 
AT1R-LgBiT Rajagopal Lab N/A 
B2AR-LgBiT Rajagopal Lab N/A 
CXCR3-LgBiT Rajagopal Lab N/A 
V2R-LgBiT Rajagopal Lab N/A 
pcDNA3-BMP2K Jaroslaw Cendrowski (92) 
SmBiT-BMP2K This work N/A 
BMP2K-SmBiT This work N/A 
LgBiT-CAAX Rajagopal Lab N/A 
2xFyve-mVenus Rajagopal Lab N/A 
2xFyve-SmBiT Rajagopal Lab N/A 
β-arrestin 1 Rajagopal Lab N/A 
β-arrestin 2 Rajagopal Lab N/A 
SmBiT-β-arrestin 1 Rajagopal Lab N/A 
SmBiT- β-arrestin 2 Rajagopal Lab N/A 
GRK2 Rajagopal Lab N/A 
GRK3 Rajagopal Lab N/A 
GRK5 Rajagopal Lab N/A 
GRK6 Rajagopal Lab N/A 
Software and algorithms 

GraphPad Prism GraphPad Software 
https://www.graphpad.com/scientific-
software/prism/  

ImageJ (103) https://imagej.nih.gov/ij/ 
Adobe Illustrator Adobe https://www.adobe.com/ 

Excel Microsoft https://www.microsoft.com/en-
us/microsoft-365/excel 

Database for Annotation, 
Visualization, and Integrated 
Discovery (DAVID) 

(104, 105) https://david.ncifcrf.gov/home.jsp 

FlowJo Becton, Dickinson & Company https://www.flowjo.com/ 

ImageLab Bio-Rad https://www.bio-rad.com/en-
us/product/image-lab-software 

BioRender BioRender https://biorender.com/ 
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