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Abstract

β-arrestins (βarrs) are multifunctional proteins involved in signaling and regulation of seven 

transmembrane receptors (7TMRs), and their interaction is driven primarily by agonist-induced 

receptor activation and phosphorylation. Here, we present seven cryo–electron microscopy 

structures of βarrs either in the basal state, activated by the muscarinic receptor subtype 2 (M2R) 

through its third intracellular loop, or activated by the βarr-biased decoy D6 receptor (D6R). 

Combined with biochemical, cellular, and biophysical experiments, these structural snapshots 

allow the visualization of atypical engagement of βarrs with 7TMRs and also reveal a structural 

transition in the carboxyl terminus of βarr2 from a β strand to an α helix upon activation by 

D6R. Our study provides previously unanticipated molecular insights into the structural and 

functional diversity encoded in 7TMR-βarr complexes with direct implications for exploring novel 

therapeutic avenues.
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β-arrestins (βarrs) are multifunctional proteins that interact with and regulate a large 

repertoire of G protein–coupled receptors (GPCRs) at multiple levels (1–4). The interaction 

of GPCRs and βarrs is typically conceived to be driven primarily by agonist-induced 

receptor phosphorylation and receptor activation, although emerging studies have started 

to suggest additional contributing factors such as membrane interaction, catalytic activation, 

and the role of specific phospholipids (2–10). Structures of GPCR-βarr1 complexes have 

provided the first glimpse of high-resolution information about this interaction (11–16). 

However, considering the divergent sequences and phosphorylation patterns of GPCRs, 

the molecular mechanisms driving the broadly conserved nature of GPCR-βarr interaction 

and activation have been more elusive. Recent studies have shed light on phosphorylation-

mediated components of GPCR-βarr binding through broadly conserved phosphorylation 

motifs identified in a large number of GPCRs (17–20). For example, structural and 

biophysical studies have proposed the framework of phosphorylation codes and modulatory 

sites in the GPCR C terminus as a possible mechanism governing phosphorylation-mediated 

βarr interaction (19, 20). Two independent structural studies identified that the presence of a 

P-X-P-P–type phosphorylation motif in the C terminus of a broad set of GPCRs, where P is 

a phosphorylation site, as a critical determinant of βarr interaction and activation (17, 18).

There are several GPCRs, for example the human muscarinic receptor subtype 2 (M2R), 

that contain a short C terminus with few potential phosphorylation sites, but they harbor 

phosphorylation sites primarily in their third intracellular loop (ICL3) (5, 17, 21–23). Site-

directed mutagenesis and biochemical studies have shown that phosphorylation sites in the 

intracellular loops of some of these receptors contribute to βarr binding (24, 25). Whether 

these receptors engage the same binding interface with βarrs and impart similar activation 

features as GPCRs with phosphorylation sites on their C terminus remains unexplored in 

terms of direct structural visualization. Several seven transmembrane receptors (7TMRs), 

such as the human decoy D6 receptor (D6R), are sometimes classified as nonsignaling or 

nonfunctional GPCRs, as they lack functional G protein coupling. However, these proteins 

robustly interact with and signal through βarrs (26–29). The molecular mechanisms used 

by these receptors, known as atypical chemokine receptors (ACKRs) or arrestin-coupled 

receptors (ACRs), to bind and activate βarrs are also mostly elusive with respect to the 

binding interface and activation-dependent conformational changes vis-à-vis prototypical 

GPCRs (30–33).

Structures reveal atypical βarr binding modes to GPCRs

To visualize atypical modes of βarr recruitment, we focused our efforts on M2R, which has 

a short C terminus, with most of the potential phosphorylation sites localized in ICL3, 

and D6R, which is an intrinsically βarr-biased receptor with no detectable G protein 

activation despite robust βarr binding and signaling. We also determined the structure 

of βarr2 in the basal conformation and in complex with a phosphopeptide derived from 

a prototypical GPCR, the complement C3a receptor (C3aR) (Fig. 1). For M2R, we 

used a full-length, wildtype receptor phosphorylated in cellulo through coexpression of 

a membrane-tethered G protein–coupled receptor kinase 2 construct (GRK2CAAX) and 

agonist-induced phosphorylation followed by incubation with purified βarr1 and Fab30 to 

reconstitute the complex (fig. S1, A and B). Subsequently, we attempted to determine the 
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structure of this complex using cryo–electron microscopy (cryo-EM). Although the receptor 

component was not resolved at high resolution, presumably because of inherent flexibility, 

we successfully determined the structure of receptor-bound βarr1 at 3.1-Å resolution with 

focused refinement (Fig. 1C and fig. S2). Attempting to reduce the flexibility of the receptor 

component in this complex, we cross-linked the preformed M2R-βarr1-Fab30 complex 

using on-column glutaraldehyde cross-linking (34) followed by cryo-EM data collection. 

The receptor exhibited flexible positioning relative to βarr1, such that we could determine 

the structure of only the receptor-bound βarr1 at 3.2-Å resolution (Fig. 1C and figs. S1, 

C and D, and S3). These structural snapshots nevertheless allowed us to identify the 

phosphorylated region of the ICL3 in M2R that forms the key interaction interface with 

βarr1 and thereby allowed us to synthesize and validate the corresponding phosphopeptide 

(M2Rpp) (fig. S4, A and B) and determine the structure of the M2Rpp-βarr2-Fab30 complex 

at 2.9-Å resolution (Fig. 1C and figs. S1, E and F, and S5).

For D6R, we have reported previously that the critical determinants of βarr recruitment are 

located primarily in its C terminus (27). We therefore generated a set of phosphopeptides 

corresponding to the phosphorylated D6R and tested their ability to activate βarrs in vitro 

using Fab30 reactivity or limited proteolysis as readouts (fig. S4, C to F). On the basis 

of these assays, we identified D6Rpp2 (referred to hereafter as D6Rpp) as activating βarrs 

most efficiently, and we used it to reconstitute D6Rpp-βarr1/2-Fab30 complexes (fig. S1, 

G and H) and determined their structures at 3.4- and 3.2-Å resolution, respectively (Fig. 

1D and figs. S6 and S7). We also determined the structures of wild-type βarr2 in its basal 

conformation stabilized by Fab6 (Fig. 1A and figs. S1I and S8) and βarr1 in complex with 

a C terminus phosphopeptide of the complement C3a receptor (C3aR), a prototypical GPCR 

(Fig. 1B and figs. S1J and S9), as references for basal and typical active conformations. 

EM densities of the phosphorylated receptor domains and the key loops in βarrs in these 

above-mentioned structures are presented in fig. S10.

M2R-βarr1-Fab30 resembles a hanging conformation observed previously for prototypical 

GPCRs (11, 34) with a space between the receptor and βarr components, presumably owing 

to their interaction mediated primarily through the long ICL3 (~150 residues) in the M2R 

(Fig. 2, A to E). This space is observed in M2R complexes with both isoforms of βarrs and 

after receptor phosphorylation by either GRK2 or GRK6 (Fig. 2, A to D), suggesting that 

hanging conformations represent a major M2R-βarr population irrespective of βarr or GRK 

isoforms. Glutaraldehyde cross-linking appears to stabilize a more closely engaged complex, 

as reflected in negative-staining two-dimensional (2D) class averages (Fig. 2G), but did not 

improve resolution of the receptor component in cryo-EM. The structure of M2R-bound 

βarr1 revealed a phosphorylated stretch of ICL3 in the receptor that harbors the residues 

from E305 to G313 with four phosphorylation sites (Thr307, Ser309, Thr310, and Ser311) and 

docks on the N-domain of βarr1 (Fig. 2, F and H). M2Rpp derived from the ICL3 sequence 

visualized in M2R-bound βarr1 structure binds to an analogous interface on βarr2 (Fig. 2, 

I and J). The βarr1 and βarr2 in these structures exhibit an interdomain rotation of ~18° 

and 23°, respectively (Fig. 2, F, H, and J); disruption of the three-element and polar-core 

network (figs. S11, A to D, and S24); and reorientation of the critical loops compared 

with the basal conformation (fig. S11E). The phosphate groups in the M2R-ICL3 stretch 

resolved in these structures are organized in a P-X-P-P pattern, where P is a phosphorylation 
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site, and are engaged in ionic interactions with conserved Lys and Arg residues in βarrs 

organized in a K-R-K–type pattern involving R7/R8, K10/K11, K11/K12, R25/R26, K107/

K108, and K294/K295 (Fig. 2K). A comprehensive list of residueresidue contacts between 

the phosphopeptides and βarrs is provided in data S2.

The sequence analysis of M2R reveals that there are two plausible P-X-P-P–type motifs 

in the ICL3, one represented by T307-V-S309-T310, which is observed in the structures 

presented here, and the other represented by T340-N-T342-T343 (Fig. 2L). To validate the 

contribution of the T-V-S-T stretch in M2R-ICL3 in βarr engagement and activation, we 

generated two different mutants of the receptor with the phosphorylation sites in each of 

these P-X-P-P motifs changed to Ala residues by site-directed mutagenesis. Subsequently, 

we measured agonist-induced βarr1 recruitment to these mutants vis-à-vis the wild-type 

receptor using NanoBiT and coimmunoprecipitation assay. Mutation of T-V-S-T, but not 

T-N-T-T, nearly ablates βarr binding (Fig. 2, L and M, and fig. S12). These observations 

establish the key contribution of the T-V-S-T motif in M2R-ICL3 in driving βarr recruitment 

and underscore the shared mechanism of βarr activation by M2R and other prototypical 

GPCRs despite distinct receptor domains engaging βarrs.

βarr signaling complexes with atypical chemokine receptors

In contrast to prototypical GPCRs, some chemokine receptors, such as CXCR7, D6R, and 

a complement C5 receptor (C5aR2), lack G protein coupling but maintain robust βarr 

recruitment and downstream signaling (27, 35–38). These receptors, referred to as ACKRs 

or ACRs, are essentially intrinsically βarr-biased and represent an excellent model system 

to probe structural and functional diversity of βarrs. We thus attempted to reconstitute 

D6R-βarr complexes using coexpression of the receptor, GRK2 or GRK6, and βarr1/2, 

followed by in cellulo assembly of the complex through agonist stimulation and stabilization 

using Fab30. Although we observed clear complex formation and a typical architecture 

by negative staining that is reminiscent of the hanging conformation (Fig. 3, A and B), 

attempts to scale up the complex for cryo-EM analysis were not successful. Therefore, we 

focused our efforts to determine the structures of βarrs in complex with a phosphorylated 

peptide corresponding to the C terminus of D6R (D6Rpp) (Fig. 3D). We first confirmed 

that D6R-βarr interaction depends on receptor phosphorylation by truncating the C terminus 

of D6R harboring the phosphorylation sites, which resulted in near-complete ablation of 

agonistinduced βarr1 recruitment (Fig. 3C). Subsequently, we characterized D6Rpp using 

in vitro proteolysis and Fab30 reactivity assays (fig. S4, C to F) and further validated βarr 

activation by this peptide using hydrogen/deuterium exchange mass spectrometry (HDX-

MS). We observed that D6Rpp binding resulted in robust activation of βarrs, as reflected by 

conformational changes in multiple β strands and loop regions in the N-domain (Fig. 3, E 

and F, and fig. S13). We also observed notable differences between the HDX-MS pattern 

of βarr1 versus βarr2, such as reduced solvent exposure of β strands XIV and XV in the 

C-domain of βarr2, which suggests isoformspecific differences between activation of βarr1 

versus βarr2.

We determined the structures of βarr1 and βarr2 in complex with D6Rpp, stabilized by 

Fab30, at resolution of 3.4 and 3.2 Å, respectively (Figs. 1D and 3, G and H). We observed 
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a similar interaction interface of D6Rpp on N-domains of βarr1 and βarr2, although seven 

phosphates were resolved in the βarr2 structure compared to three in βarr1 (Fig. 3, G and 

H). However, we observed that three phosphate groups, on Ser348, Ser350, and Ser351, were 

organized in a P-X-P-P pattern and were engaged in interactions with selected Lys and Arg 

residues in the N-domain of βarrs (Fig. 3I). As in M2R, there are two putative P-X-P-P 

motifs in D6Rpp, but our structural snapshots only capture βarrs associated with one of them 

(fig. S14). We also observed interdomain movement in D6Rpp-bound βarrs, reorientation 

of the key loop regions compared with the basal state, and disruption of the three-element 

and polar core network (Fig. 3, G and H, and figs. S11 and S24). A comprehensive list of 

residueresidue contacts between the phosphopeptides and βarrs are given in data S2.

We observe that the distal C terminus of βarr2 (Tyr391 to Lys408) in the D6Rpp-bound 

conformation adopts an a-helical structure, which is positioned in the central crest of βarr2 

(Fig. 4, A and B) through extensive interactions (fig. S15). This α helix in βarr2 forms 

a key dimerization interface for the two protomers in this structure and is arranged in an 

antiparallel coiled-coil fashion with contacts across the two protomers (Fig. 4C and data S3). 

We analyzed this α helix using molecular dynamics (MD) simulations and observed that 

it exhibits robust stability over a 2-μs simulation time frame (Fig. 4D). We also observed 

that this stretch of βarr2 C terminus has a propensity to adopt an α-helical conformation 

even in isolated form, meaning, without the βarr2 core being present. We did not observe 

this a-helical structure in D6Rpp-bound βarr1, although the corresponding segment is not 

resolved in the structure.

Resolution of an extended βarr C-terminal tail

Previous structures of activated βarrs, either in complex with phosphopeptides or full-length 

receptors, have used either truncated βarrs or the C terminus is not resolved structurally. 

Even in the crystal structure of βarr2 in its basal conformation, only part of the C terminus is 

structurally resolved (39, 40). We determined the cryo-EM structure of wildtype, full-length 

βarr2 and resolved a longer stretch of the C terminus (Fig. 4, F and G, and fig. S16). A 

stretch of the βarr2 C terminus adopts a β strand in its basal conformation and docks to 

the N-domain to maintain the βarr in an inactive conformation. A previous structure of the 

β-appendage domain of adaptin (AP2) in complex with a peptide corresponding to the C 

terminus of βarr1 also exhibits an a-helical conformation of the peptide that is positioned 

onto a groove in the platform sub-domain of the β-appendage (Fig. 4E) (41). The propensity 

of the C terminus in βarr1 and βarr2 to adopt an α-helical conformation should be explored 

further.

Discussion

A cryo-EM structure of a chimeric M2R with engineered vasopressin receptor 2 C terminus 

(M2-V2R) with βarr1 has been determined previously (11); however, the ICL3 of M2R 

was not resolved in the structure. It thus has not been known how M2R or other similar 

GPCRs with a short C terminus but relatively longer ICL3 engage βarrs (42). Our structures 

of M2R-βarr1 and M2Rpp-βarr2 underscore that the key interaction interface and the 

activation mechanism remains conserved despite distinct domains on the receptor being 
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used to engage βarrs. Our work reveals how two βarr isoforms are able to interact with 

and regulate a broad set of receptors with a structurally conserved interface and activation 

mechanism. Comparing βarr structures determined thus far, including the C3aRpp-βarr1 

structure presented here, a higher interdomain rotation is observed in βarr2 than in βarr1 

(fig. S17). We speculate that this observation may provide a mechanism for how class B 

GPCRs, which have a relatively stable βarr interaction, exhibit apparently higher affinity for 

βarr2 over βarr1 (43). A comparison of our M2R-bound βarr1 structure with a previously 

reported M2R-V2R-βarr1 complex reveals the hanging conformation of βarr1 with respect 

to the receptor (fig. S18). This observation further underlines the occurrence of the hanging 

conformation as a major population in the context of native M2R-βarr interaction and offers 

a structural framework to design guided experiments to probe functional outcomes in future 

studies. However, the active conformations of βarr1 were similar in terms of the interacting 

residues on N-domain, key loops, and C-domain rotation values (fig. S19). We observe that 

M2R-βarr complexes can also form engagements that resemble fully engaged conformations 

of GPCR-βarr complexes, as is apparent in cryo-EM and negative-staining data and more 

pronounced after cross-linking. Thus, it is conceivable, although not yet established, that 

βarr-mediated M2R internalization and desensitization follows the same paradigm as other 

GPCRs, with the hanging conformation being sufficient to drive endocytosis and signaling, 

whereas the closely engaged conformation is required for desensitization.

The observation of an α-helical conformation in βarr2 upon activation by D6Rpp is 

intriguing from multiple perspectives. The same conformation is not observed in βarr1, and, 

although this may simply be due to higher flexibility of the C terminus in βarr1, it would be 

anticipated that extensive interactions would allow structural visualization of the α helix if 

it was being formed. D6Rpp-bound βarr2 exhibits a dimeric assembly that is different from 

the previously determined active-like structures, such as those bound to V2Rpp, C5aR1pp, 

M2Rpp, and IP6 captured in a trimeric state (fig. S20 and data S3). In addition, the α 
helix observed in the C terminus of βarr2 in D6Rpp-bound state is also absent from the 

previously determined βarr2 structures. Although it cannot be completely ruled out that 

these differences may arise from a preferential orientation of the samples on cryo-EM grids, 

we speculate that these differences underscore the conformational signatures in βarrs upon 

interaction with GPCRs as compared with ACRs, which should be investigated further. 

The α helix in D6Rpp-βarr2 also suggests a “chameleon” nature of the distal C terminus 

to adopt a β strand in the basal state while transitioning to an α helix upon activation 

(Fig. 4H). Such secondary structure switching is also observed for several other proteins 

that exhibit functional diversity (44). The positioning of the α helix in the central crest of 

βarr2 may interfere with the core interaction of βarr2 with the receptor, although it remains 

to be experimentally visualized. This idea is supported by the overlay of D6Rpp-bound 

βarr2 with previously determined GPCR-βarr structures where either of the ICLs of the 

receptors appears to clash with the α helix in βarr2 (Fig. 4I and fig. S21). Previous studies 

have demonstrated the dynamic nature of βarrs and conformational space that they explore 

upon activation by distinct phosphorylation patterns, which are linked to distinct scaffolding 

outcomes and downstream functions (45–48).

There are several key questions that remain to be answered in the context of GPCR-βarr 

interaction. Several prototypical GPCRs are likely to engage βarrs through their ICL3 but 
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lack the P-X-P-P motif, and some of the ACRs, such as CXCR7 and C5aR2, lack this 

motif in their C terminus, but they still recruit βarrs. The structural snapshots presented 

here involve isolated phosphopeptides with defined phosphorylation patterns without the 

transmembrane core of the receptors. The receptor core imparts additional conformational 

changes in βarrs (49, 50), and it is likely that additional mechanisms and/or conformations 

of βarrs are induced by receptors, especially in terms of the positioning of the proximal 

region of the phosphorylated segment. However, the conserved principle of “P-X-P-P key” 

to open the “K-K-R-K-R-K lock” is likely to be maintained and guide βarr activation even in 

the context of full receptors (fig. S22). Previous studies have demonstrated that different 

GRKs may phosphorylate distinct residues in GPCRs, resulting in a phosphorylation 

barcode that may impart distinct βarr conformations and functional outcomes (51–53). 

Precise mapping of the phosphorylation patterns of the receptors used here by different 

GRKs and visualizing the resulting βarr conformations is necessary. Like GPCRs, βarrs are 

conformationally dynamic proteins, and it is plausible that they may explore multiple active 

conformations depending on the phosphorylation patterns. Stabilizing chaperones such as 

Fab30 may preferentially recognize some of these conformations better than the others. 

βarrs have a strong tendency to form various oligomeric states including dimers, trimers, 

tetramers, and even higher-order oligomers (54, 55), although previous structures of βarr2 

either bound to IP6 (56) or GPCR phosphopeptides have revealed trimers (17). Future work 

should explore whether the dimeric arrangement observed here is specific to D6R. We 

predominantly observed dimeric arrangement in negative staining carried out at low protein 

concentrations that are easily achievable in a cellular context, although trimeric classes were 

also present.
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Fig. 1. A structural approach to understand the atypical modes of βarr interaction with 7TMRs.
(A) Cryo-EM structure of full-length βarr2 sheds light on its basal-state conformation. 2D 

class average (i), overall 3D map of βarr2 bound to Fab6 (ii), and structure of βarr2 alone 

(iii). (B) b-arrestins adopt two distinct modes of interaction with phosphorylated typical 

GPCRs. The phosphorylation pattern of complement receptor C3aR was used to delineate 

the “hanging” mode of βarr interaction. 2D class average (i), overall dimeric 3D map (ii), 

and structure of C3aRpp-βarr1 (iii). (C) A 3D reconstruction (left) showing a “hanging” 

mode of complex organization in M2R. High-resolution structures of M2R-ICL3–bound 

βarr1/2 are shown below. 2D class average (i), overall 3D map (ii), and structure of 

M2R-βarr1 (iii); M2R-βarr1 of cross-linked complex (iv, v, and vi); and M2Rpp-βarr2 

(vii, viii, and ix). (D) 2D class average (i), overall dimeric 3D map (ii), and structure (iii) 

of D6Rpp-βarr1, and D6Rpp-βarr2 (iv, v, and vi). The estimated resolutions for all the 

structures are shown next to each map.
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Fig. 2. Structural insights into ICL3-driven βarr interaction with M2R.
(A to D) Negative-staining EM class averages of M2R, endogenously phosphorylated by 

GRK2/6 in complex with βarr1 or βarr2. (E) Cryo-EM 2D classes, 3D reconstruction 

of “hanging” M2R-βarr1-Fab30 complex. (F) Structure of βarr1 bound to phosphorylated 

M2R-ICL3. The EM density of ICL3 and surrounding residues within 4 Å are shown in 

the inset. βarr1 attains an active conformation with a C-domain rotation of 18.4° with 

respect to the N-domain. (G) Representative negative-staining EM 2D classes depicting the 

effect of cross-linking. Yellow arrows show potential transition of the complex subunits. 
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(H) Structure of the crosslinked M2R-βarr1 complex. The EM density of ICL3 and 

surrounding residues within 4 Å are shown in the inset. C-domain rotation value with 

respect to N-domain is 18.6°. (I) Sequence of phosphopeptide derived from the ICL3 

of M2R. (J) Structure of M2Rpp-βarr2 in ribbon representation. M2Rpp is shown in 

yellow and βarr2 in blue. Density map of phosphopeptide and surrounding residues within 

4Å are displayed to the right. βarr2 attains an active conformation with 23.4° rotation 

of C-domain upon activation with M2Rpp. (K) The phosphorylated residues from ICL3 

making critical contacts with Lys and Arg residues of βarr1 (upper) and βarr2 (lower) 

are highlighted in blue. (L) Cartoon representation illustrating the presence of possible 

phosphorylation clusters in the ICL3 of M2R. Mutations of the two phosphor-motifs: TVST 

and TNTT were generated to assess the βarr recruitment measured by bystander NanoBiT 

assay (receptor+SmBiT-βarr1+LgBiT-CAAX). Substitution of phosphosites of TVST to 

AVAA leads to abrupt reduction in βarr recruitment, whereas TNTT to ANAA substitution 

maintains βarr recruitment, suggesting a critical role played by TVST on βarr recruitment 

to M2R (mean ± SEM; n = 3 independent experiments; normalized with respect to highest 

ligand concentration signal for M2RWT as 100%). (M) Role of TVST in βarr recruitment is 

further corroborated by coimmunoprecipitation assay. On carbachol stimulation, M2RAVAA 

showed drastic reduction in βarr1 recruitment. A representative blot and densitometry-based 

quantification are presented (mean ± SEM; n = 4 independent experiments; normalized with 

M2R 30-min stimulation condition signal as 100%; two-way analysis of variance, Tukey’s 

multiple comparisons test). The exact P values are as follows: M2RWT 0 min versus 15 min, 

P = 0.0006;M2RWT 0 min versus 30 min, P = <0.0001; M2RANAA 0 min versus 15 min, P 
= 0.0008;M2RANAA 0 min versus 30 min, P = <0.0001 (***P = 0.0001; ****P < 0.0001; 

ns, nonsignificant). Single-letter abbreviations for the amino acid residues are as follows: A, 

Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 

P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 3. Structural insights into D6R-βarr complex interaction and activation.
(A) Negative-staining EM 2D class averages of D6R-βarr1/2 complexes endogenously 

phosphorylated with GRK2/6. (B) A representative 2D class average highlighting the 

“hanging” mode of βarr1 interaction with the receptor. (C) Dose response curve for 

CCL7-induced βarr1 recruitment for the mentioned D6R constructs using NanoBiT assay 

(Receptor-SmBiT+LgBiT-βarr1) (mean ± SEM; n = 3 independent experiments; normalized 

with respect to the lowest ligand concentration signal as 1). (D) Design of selected 

phosphopeptide derived from the C terminus of D6R. (E and F) HDX-MS plots to show the 
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potential of generated phosphopeptides from D6R to activate βarr1 and βarr2, respectively. 

Among regions (a to f) showing significant changes upon deuterium exchange, the fragment 

at the C terminus (f) has been demonstrated to show activation of βarrs upon D6Rpp 

binding. (G) Structure of D6Rpp-βarr1 complex in ribbon representation. The density map 

of D6Rpp and surrounding residues within 4 Å are shown to the left. C-domain rotation 

of βarr1 bound to D6Rpp is 19.8°. (H) Structure of D6Rpp-βarr2 complex in ribbon 

representation. The density map of D6Rpp and surrounding residues within 4 Å are shown 

in the inset. C-domain rotation of βarr2 bound to D6Rpp was calculated to be 22.3°. (I) 

The phosphorylation pattern from D6Rpp engages with a network of Lys and Arg residues 

present on the N-domains of βarrs. Residues highlighted with blue circles show the Lys and 

Arg residues in βarr1 (upper) and βarr2 (lower).
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Fig. 4. Discovery of a C-terminal helix in D6R-activated βarr2.
(A) Cartoon representation of βarr2 bound to D6R phosphopeptide. βarr2 and D6Rpp are 

presented in gray and yellow, respectively, and the sequence of the C-terminal helix is shown 

in the inset. (B) D6Rpp-βarr2 structure displayed in surface representation in two different 

views to highlight the pose of the helix. The C-terminal helix (green) and D6Rpp (yellow) 

are shown as ribbon diagrams. (C) Dimeric organization of D6Rpp-βarr2 structure shown in 

ribbon representation (top left). Formation of antiparallel coiled-coil by the C-terminal helix 

of βarr2 at the dimeric interface (top right) shown as cartoon representation. The antiparallel 
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coiled-coil exhibits mixed ad layers. Helical wheel representation of the antiparallel coiled-

coil shows Asp at position d of one helix, which forms a salt bridge with Arg at position g 
in the other helix (bottom left). Heptad helical representation of the antiparallel coiled-coil 

residues in the βarr2 sequence (bottom right). (D) MD simulations confirm stability of the 

distal C-terminal helix/βarr2 interface. Structural snapshots (one snapshot every 10 ns, 7 × 

250 ns of simulation time) presented here are of the position of the C-tail during simulation. 

For each residue, frames where it assembles an α-helical conformation are colored green. 

Fragments of the C-terminal helix can spontaneously assemble an a-helical conformation 

(right corner, blue cartoon) in three out of four independent MD simulations (each 2 μs) 

which is overlayed with the crystallized C-tail for comparison (green cartoon). For each 

residue, frames where it assembles a helical conformation are colored green. Comparison 

of a spontaneously assembled helical conformation of the βarr2 C-tail (blue) with that 

present in the structure (gray). (E) Structure of AP2 b-appendage protein in complex 

with βarr1 C-terminal peptide (PDB ID 2IV8) is shown as cartoon representation (left). 

The βarr1 C-terminal peptide can be seen to adopt similar helical conformation as the 

C-terminal helix in the D6Rpp-bound βarr2 structure (right). The sequence alignment of the 

C-terminal stretches of βarr1 and βarr2 are shown in the inset. (F) Cryo-EM density map 

of the isolated C terminus of βarr2 and surrounding residues within 4Å. (G) The peptide 

stretch sequence (top) of the C-tail in basal βarr2 transforms into a helical conformation 

in the D6Rpp-bound state (highlighted in cyan circles). (H) The C-tail of βarr2 exhibits a 

chameleon-like property, adopting a helical conformation in the active state from a β strand 

in the basal state. (I) Ribbon representation of the β1AR-βarr1 structure superimposed with 

D6Rpp-βarr2 on βarrs (left) shows positioning of the C-terminal helix on the central crest of 

βarrs. Upon structural superimposition with all reported GPCR-βarr1 structures, ICL1/2/3 of 

various receptors reside on the central crest as a C-terminal helix on D6Rpp-βarr2 (right).
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