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Abstract 
β-arrestins (βarrs) interact with G protein-coupled receptors (GPCRs) to 

desensitize G protein signaling, initiate signaling on their own, and mediate receptor 

endocytosis.  Using a panel of GPCRs believed to couple differently to βarrs we 

demonstrate how distinct conformations of GPCR–βarr complexes are specialized to 

perform different subsets of these cellular functions. Our results thus provide a new 

signaling paradigm for the understanding of GPCRs, whereby a specific GPCR–βarr 

conformation mediates receptor desensitization, while another drives internalization 

and some forms of signaling.  

In addition, some GPCRs activate G proteins from within internalized cellular 

compartments resulting in sustained signaling. We used a variety of biochemical, 

biophysical, and cell-based methods to demonstrate the existence, functionality, and 

architecture of internalized receptor “mega-complexes” composed of a single GPCR, 

βarr, and G protein. EM of purified ‘megaplexes’ reveals that a single receptor binds 

simultaneously through its core region with G protein and with βarr in the tail 

conformation. Thus, the two GPCR–βarr conformations carry out distinct cellular 

functions and provide novel pharmacological drug targets. 
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Introduction 
G protein coupled receptors (GPCRs) are cell-surface transmembrane receptors 

involved in the signaling and regulation of many physiological processes (3) from 

cardiovascular to neurological to dermatological and constitute he targets of up to 50% 

of pharmaceutical drugs sold by prescription (4). GPCRs represent the largest protein 

family in the human proteome, with more than 850 members (and growing) and they 

share a common architecture of seven transmembrane helices (5). These members are 

typically classified into five major groups and further subdivided into families based on 

sequence similarities (6). GPCRs bind an array of ligands, from small molecules to 

polypeptides, that act to stabilize different receptor conformations and can then initiate 

many downstream cellular effects. 

 Classical GPCR signaling ensues when agonist binds to, and stabilizes, an active 

receptor conformation. This agonist bound GPCR, acting through its transmembrane 

core, promotes interaction with heterotrimeric G proteins (Gαβγ), thus stimulating 

guanine nucleotide exchange and separation of the Gα subunit from the Gβγ subunits 

(7). G protein subunits then interact with a variety of effectors, such as enzymes and ion 

channels, to initiate downstream responses (7, 8). 

In order to terminate G protein signaling, cells have devised a specialized 

desensitization mechanism that includes phosphorylation of receptors by GPCR kinases 

(GRKs) and subsequent recruitment of β-arrestins (βarrs) to the phosphorylated receptor 
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(9-12). There are two major non-visual arrestins, termed βarr1 and βarr2, which are 

~75% identical in protein sequence across species, and have similar functional 

mechanisms (13, 14). βarrs engage both the phosphorylated C-tail and the 

transmembrane core of the receptor. The latter interaction overlaps with the G protein-

binding site, and thus sterically hinders further G protein activation (15-17).  

Additionally, βarr binding initiates receptor internalization by interaction with 

the endocytic machinery (i.e. clathrin, adaptin-2, etc.) (18-20). Depending on the strength 

of the GPCR–βarr interaction, the receptor may either undergo transient internalization 

followed by recycling to the plasma membrane for weak interactions (Class A GPCRs), 

or sustained internalization into endosomes for stronger interactions (Class B GPCRs) 

(21, 22). Furthermore, βarrs themselves serve as an alternative signaling system by 

acting as adaptors and scaffolds, to interact with numerous signaling molecules (8).  

Recent x-ray crystallographic findings of the β2-adrenergic receptor (β2AR), a 

GPCR, in complex with Gs have indicated that the receptor forms a highly engaged 

complex with Gs that involves interactions of both the N-terminal and C-terminal 

domains of the Gαs subunit with intracellular loop 2, transmembrane domain 5 (TM5), 

and TM6 of the β2AR (23). A negative stain electron microscopy (EM) study of GPCR–

βarr complexes using a β2V2R receptor chimera (β2AR where the C-terminal tail was 

exchanged for the vasopressin type 2 receptor (V2R) C-terminal) revealed that βarr 

assumes two different conformations (2, 15); one in which the βarr is bound only to the 
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phosphorylated receptor C-terminal tail and appears to hang from the receptor (‘tail’ 

conformation), and a second more fully engaged conformation in which, in addition to 

the tail interaction, a flexible loop in βarr, termed the fingerloop, inserts into the 

transmembrane core of the receptor (‘core’ conformation). An arrangement similar to 

this ‘core’ conformation was recently described in a crystal structure of a rhodopsin–

visual arrestin complex (16). 
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1. Distinct Conformations of GPCR–β-Arrestin 
Complexes Mediate Desensitization, Signaling and 
Endocytosis 

1.1 Background 

Over the last decade, significant efforts have been made to understand the 

molecular properties and regulatory mechanisms that control the function of βarr 

interactions with GPCRs (24, 25). Once activated, GPCRs initiate a highly conserved 

signaling and regulatory cascade marked by interactions with: (i) heterotrimeric G 

proteins, which mediate their actions largely by promoting second messenger 

generation (26); (ii) GRKs, which phosphorylate activated conformations of receptors 

(27); and (iii) βarrs, which bind to the phosphorylated receptors to mediate 

desensitization of G protein signaling and receptor internalization (22, 28). In addition to 

their canonical function of desensitization and internalization, βarrs have been 

appreciated as independent signaling units, by virtue of their crucial role as both 

adaptors and scaffolds for an increasing number of signaling pathways (29-33).  

There are two driving forces that mediate βarr interactions with an activated 

GPCR: phosphorylation of the tail of the receptor by GRKs and/or binding to the 

transmembrane core of the receptor. But how each of these interactions contributes to 

βarr functionality remains unclear. Moreover, GPCRs tend to either interact with βarr 

transiently, termed “class A” GPCRs (e.g. β2-adrenergic receptor, β2AR), or tightly, 

known as “class B” GPCRs (e.g., Vasopressin type 2 receptor, V2R). For the current 
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study, we use a previously described chimeric β2V2R receptor construct, which 

comprises the β2AR with its C-terminal tail exchanged with the V2R C-terminal tail (12, 

13, 16). The β2V2R provides an ideal system for studying a GPCR–βarr complex in vitro, 

as it maintains identical pharmacological properties to the wild-type β2AR and has a 

robustly increased “class B” affinity for βarr1, which allows stable β2V2R–βarr complexes 

to be formed and purified. 

Structural insights have shed some light onto the complexity of the interaction 

between GPCRs and βarrs. A recent structural study of a constitutively active 

rhodopsin–arrestin fusion protein, revealed high-resolution information about a single 

conformation of the complex, in which the arrestin engaged via the transmembrane core 

of the receptor (16). However, negative stain electron microscopy (EM) analysis of an 

antigen-binding fragment 30 (Fab30) stabilized β2V2R–βarr1-Fab30 complex 

demonstrated that the β2V2R–βarr1 complex assumes two unique conformations: one in 

which ~63% of the βarr1 in the complex is bound only to the phosphorylated receptor C-

terminal tail and appears to hang from the receptor (‘tail’ conformation); and a second 

more fully engaged conformation representing ~37%, in which, in addition to the tail 

interaction, the fingerloop-region (FLR) of βarr1, inserts into the transmembrane core of 

the receptor (‘core’ conformation) (15).  

It is not known whether different GPCR–βarr conformations mediate distinct 

functional outputs. Thus, we sought to identify βarr1 mutants, which predominantly 
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form complexes with β2V2R in one or the other conformation and to then test their ability 

to promote βarr-mediated internalization, signaling and desensitization of G protein 

signaling. 

1.2 Results 

1.2.1 Formation of Stable GPCR–βarr Complexes 

We focused our mutagenesis approach on the FLR of βarr1 since this region 

mediates an essential interaction with the receptor transmembrane core (15, 34), which 

stabilizes the GPCR–βarr complex ‘core’ conformation (1). Disrupting this interaction 

through βarr1 mutagenesis, we reasoned, would allow us to obtain a βarr1 that 

predominantly forms GPCR–βarr ‘tail’ conformation complexes, and not any ‘core’ 

conformation complexes, when bound to GPCRs. 

To identify βarr1 mutants that primarily form β2V2R–βarr1 complexes in the ‘tail’ 

conformation, we devised a method to form (and purify) these complexes on a small 

scale (Figure 1A), and then applied single particle classification analysis using negative 

stain EM to assess their structural features (Figure 1, B-E). Furthermore, we developed a 

camelid nanobody, Nb32, which binds to and stabilizes active βarr1 that predominantly 

complexes with β2V2R in the ‘core’ conformation (Figures 1, B-F, 2, and 3). Using our 

method, the addition of Nb32 to the β2V2R–βarr1-Fab30 complex increased the 

percentage of β2V2R–βarr1 complexes in the ‘core’ conformation from 34% to 63% 
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(Figures 1F, 2, and 3), thus allowing a more precise assessment of βarr1 mutants 

defective in their ability to form β2V2R–βarr1 ‘core’ conformation complexes. 
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Figure 1: (T4L)β2V2R–βarr1 complexes formed and analyzed via electron 
microscopy (EM) with a new functional purification method.  

(A) Schematic representation of the purification method to generate (T4L)β2V2R–
βarr1 complexes. (B) Coomassie gel showing wild-type (WT) βarr1 interaction with 
(T4L)β2V2R in the absence or presence of conformation stabilizing antibodies (Fab30, 
Nb32). (C) Representative negative stain raw EM image of (T4L)β2V2R–βarr1-Fab30 
complexes. (D) Class averages of the (T4L)β2V2R–βarr1-Fab30 complexes (top) and 

(T4L)β2V2R–βarr1-Fab30-Nb32 complexes (bottom) from negative stain EM classification 
analysis. (E) Representative class averages (with cartoon representations) of the 

(T4L)β2V2R–βarr1-Fab30 complex in the ‘tail’ and ‘core’ conformations. The scale bars in 
C, D, and E correspond to 20 nm, 10 nm, and 10 nm, respectively. (F) Summarized 

results of the different βarr1 fingerloop region (FLR) constructs tested for their ability to 
form the (T4L)β2V2R–βarr1-Fab30 ‘core’ conformation in the presence or absence of 

Nb32. Note that the ‘tail’ conformation encompasses all those (T4L)β2V2R–βarr1 
complexes that are not in the ‘core’ conformation. 
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None of the mutations in the FLR of βarr1 that were tested prevented βarr1 from 

forming complexes with β2V2R as analyzed by pull-down assays and EM (Figures 1, 2 

and 3). However, several mutants severely reduced the ability of βarr1 to bind to 

receptor via the ‘core’ conformation, in the β2V2R–βarr1-Fab30 complex, even in the 

presence of Nb32 (Figure 1F). Most notable is the βarr1(ΔFLR) mutant, with the entire 

FLR removed, which led to a substantial decrease in the ‘core’ conformation of the 

β2V2R–βarr1-Fab30 complex even in the presence of Nb32. Together these results 

demonstrate that the βarr1(ΔFLR) mutant is strongly impaired in its ability to interact 

with the receptor transmembrane core, and thus serves as a model for βarr1 that forms 

complex with the β2V2R predominantly in the ‘tail’ conformation.  
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Figure 2: Characterization of Nb32 and Functional Purification 
(A) Immunoblot verifying the ability of Nanobody (Nb32) to interact with the 

active, V2Rpp-bound βarr1 in vitro.  (B) Coomassie gel showing different 
βarr1 constructs (see Figure 1F for mutant descriptions) and their interaction 

with (T4L)β2V2R in the absence or presence of conformation stabilizing 
antibodies (Fab30, Nb32). 
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Figure 3: Class averages of the different preps of (T4L)β2V2R–βarr1-Fab30 
complexes and (T4L)β2V2R–βarr1-Fab30-Nb32 complexes (bottom), using different 

βarr1 constructs, from negative stain EM analysis. 
(see Figure 1F for mutant descriptions) 
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1.2.2 Functional Consequences of GPCR–βarr1 Complexes  

1.2.2.1 Testing Recruitment & Endocytic Outcomes 

Next, using the β2V2R, the cellular functionality of βarr1(ΔFLR) was confirmed 

using well-established βarr1 recruitment and internalization assays (Figure 4). Removal 

of the FLR did not impair agonist-mediated recruitment of βarr1 or βarr1-mediated 

receptor internalization, indicating that βarr1(ΔFLR) can perform these functions for the 

β2V2R (Figure 4). We then set out to test whether distinct conformations of GPCR–βarr1 

complexes determine differential functional outcomes by employing an array of well-

established biochemical, cellular and biophysical assays. In addition to the chimeric 

β2V2R, its more physiological relatives, β2AR and V2R, were studied in parallel. 

Classical GPCR activation promotes translocation of βarr1 from the cytosol to the 

GPCRs in the plasma membrane, and subsequently facilitates intracellular trafficking of 

GPCRs to endosomes (20). Thus, to ascertain the impact of the βarr1(ΔFLR) mutant on 

recruitment to the β2AR, β2V2R, and V2R and subsequent trafficking, confocal 

microscopy imaging was applied. Using this approach, we tracked the cellular 

localization of N-terminal SNAP-tagged GPCRs (SNAP-β2AR, SNAP-β2V2R, or SNAP-

V2R) pre-labeled with SNAP-Surface 649 fluorescence substrate and GFP-βarr1(WT) or 

GFP-βarr1(ΔFLR) in βarr1/βarr2 double knock-out (DKO) HEK293 cells following 

agonist treatment (1). The experiments demonstrate that βarr1(WT or ΔFLR) is recruited, 

to both the β2V2R and V2R, and both mediate receptor internalization to endosomes, 30 

min post-stimulation, to a similar extent (Figure 5). In contrast, only the βarr1(WT), but 
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not the βarr1(ΔFLR), is recruited to the β2AR upon agonist-stimulation followed by 

receptor internalization. 
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Figure 4: βarr1(WT or ΔFLR) recruitment, internalization, and signaling. 



 

15 

(A) Concentration-response curves of BI-167107-stimulated βarr1(WT or ΔFLR) 
recruitment to the β2V2R and βarr1(WT or ΔFLR)-mediated β2V2R 

internalization. (B) Interaction between βarr1(WT or ΔFLR) and either rGFP-
CAAX (plasma membrane marker) or rGFP-FYVE (early endosomal marker) 

upon agonist stimulation of β2AR, β2V2R, or V2R. BRET titration curves 
obtained using a constant amount of rGFP-CAAX and with increasing 

amounts of RlucII-βarr1(WT or ΔFLR). BRET titration curves obtained using 
a constant amount of rGFP-FYVE and with increasing amounts of RlucII-

βarr1(WT or ΔFLR). BRET was measured 35 min following addition of 
agonist or vehicle. To stimulate the GPCRs, 1 µM BI-167107 was applied for 
the SNAP-β2AR and SNAP-β2V2R, and 100 nM arginine vasopressin (AVP) 

for the SNAP-V2R Data are expressed as net BRET absolute values, 
represents the mean ± S.E., and are pooled from N=6 experiments. (C) 200 

nM of 6xHis-βarr1(WT or ΔFLR) were incubated with equal concentrations 
of GST-Src-3D and with either control buffer or V2Rpp. The complexes were 
pulled down using glutathione sepharose beads, and the amount of 6xHis-

βarr1(WT or ΔFLR) bound to GST-SRC-3D was determined by 
immunoblotting (IB) using an anti-His antibody. Data represents the mean ± 

S.E. of N=3 experiments. One-way ANOVA were performed to determine 
statistical differences between basal and V2Rpp-stimulated states (**, p<0.01; 

****, p<0.0001), or V2Rpp-stimulated states of βarr1(WT) and βarr1(ΔFLR) (##, 
p<0.01). 

 
  



 

16 

 

 

Figure 5: Cellular localization of SNAP-β2AR, SNAP-β2V2R, or SNAP-V2R, pre-
labeled with SNAP-Surface 649 fluorescent substrate (red), and GFP-βarr1(WT or 

ΔFLR) (green), visualized by confocal microscopy.   
Cellular localization of fluorescently-tagged proteins prior to agonist addition (0 

min), or 30 min after agonist stimulation. To stimulate the GPCRs, 1 µM BI-167107 was 
applied for the (A) SNAP-β2AR and (B) SNAP-β2V2R, and 100 nM arginine vasopressin 

(AVP) for the (C) SNAP-V2R (100x objective, N=3 independent experiments, n=20-50 
cells per experiment). The scale bar corresponds to 10 µm.
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The cellular trafficking pattern of βarr1(WT or ΔFLR) was further quantified 

using bioluminescence resonance energy transfer (BRET) biosensors to monitor 

recruitment to the plasma membrane (rGFP-CAAX as a plasma membrane marker) and 

early endosome (rGFP-FYVE as an early endosomal marker) upon agonist-stimulation of 

the three GPCRs in DKO HEK293 cells (Figure 6A) (35). Agonist-stimulation of either 

β2AR, β2V2R, or V2R caused an increase in the BRET signal between RlucII-βarr1(WT) 

and the plasma-membrane rGFP-CAAX biosensor (Figures 4B and 6B). With the 

βarr1(ΔFLR), agonist-stimulation of either β2V2R or V2R also increased the BRET signal 

between RlucII-βarr1(ΔFLR) and rGFP-CAAX, but, for the β2V2R, to a slightly reduced 

extent compared to RlucII-βarr1(WT) (Figures 4B and 6B). These findings indicate that 

both β2V2R and V2R are not dependent, to any large extent, on the ‘core’ interaction to 

form a stable complex with βarr1. However, for the β2AR there was no increased BRET 

signal between RlucII-βarr1(ΔFLR) and rGFP-CAAX upon agonist stimulation, 

suggesting that the βarr1(ΔFLR) is unable to be recruited to this GPCR (Figures 4B and 

6B).  

A significant, but slightly reduced, agonist-promoted BRET increase between 

RlucII-βarr1(ΔFLR) and the early endosomal marker, rGFP-FYVE, biosensor was 

detected compared to βarr1(WT) for the β2V2R or V2R. These results suggest that 

βarr1(ΔFLR) is capable of mediating internalization of the β2V2R or V2R to early 

endosomes, although to a lesser extent than βarr1(WT) (Figures 4B and 6C). In 
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agreement with previous work (1) on the β2AR and its interaction with βarr1, showing 

that this Class A GPCR recycles quickly and that βarr1 is not present in endosomes, no 

change in the BRET signal was detected between RlucII-βarr1(WT or ΔFLR) and rGFP-

FYVE following agonist treatment of β2AR-transfected DKO HEK293 cells (Figures 4B 

and 6C). 
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Figure 6: Interaction between βarr1(WT or ΔFLR) and either rGFP-CAAX 
(plasma membrane marker) or rGFP-FYVE (early endosomal marker) upon agonist 

stimulation of β2AR, β2V2R, or V2R. 
(A) Schematic representation of the experimental design used to monitor 

agonist-promoted BRET between RlucII-βarr1 (WT or ΔFLR) and rGFP-
CAAX or rGFP-FYVE. (B) BRET concentration-response experiments 

assessing the agonist-stimulated RlucII-βarr1 (WT or ΔFLR) recruitment to 
plasma membrane located rGFP-CAAX. Upon agonist addition, a difference 

in BRET was detected between βarr1 (WT) and β2AR (p=0.0022), but not 
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between βarr1 (ΔFLR) and β2AR (p=0.4306). Agonist-mediated changes in net 
BRET between βarr1 (WT) and βarr1 (ΔFLR) were detected for both the β2AR 

(p=0.0015) and β2V2R (p<0.0001), but not V2R (p=0.0820). (C) BRET 
concentration-response experiments assessing the agonist-stimulated RlucII-

βarr1 (WT or ΔFLR) localization to early endosomal located rGFP-FYVE. 
Upon agonist addition, no BRET difference was detected between either 

βarr1 (WT) or βarr1 (ΔFLR) and β2AR (p=0.4188 or p=0.9016, respectively). 
Agonist-mediated changes in net BRET between βarr1 (WT) and βarr1 

(ΔFLR) were detected for β2V2R (p=0.0034) and V2R (p=0.0014), but not for 
β2AR (p=0.9057). BRET in all experiments was measured 30 min following 

addition of agonist or vehicle. To stimulate the GPCRs, 1 µM BI-167107 was 
applied for the β2AR and β2V2R, and 100 nM arginine vasopressin (AVP) for 

the V2R. Data are expressed as net BRET absolute values, represents the mean 
± S.E., pooled from N=4-6 experiments, and analyzed using either a paired t 
test (2 conditions) or one-way ANOVA with Tukey's multiple comparisons 

post hoc test (≥3 conditions). 
 

1.2.2.2 Testing βarr1-Mediated Signaling Functions 

The scaffolding function of βarrs, as signal transducers, has been characterized 

for multiple signaling proteins including c-Src (36, 37). Formation of GPCR–βarr1–c-Src 

ternary complexes has been demonstrated to regulate multiple cellular functions 

downstream of various GPCRs (38). Thus, to investigate the capacity of βarr1 in the 

GPCR–βarr1 ‘tail’ conformation to scaffold c-Src, we evaluated the ability of βarr1(WT 

or ΔFLR) to interact with c-Src upon activation of β2AR, β2V2R, or V2R in DKO HEK293 

cells by co-immunoprecipitation (co-IP). As expected, βarr1(WT) effectively binds c-Src 

upon stimulation of all three GPCRs (Figure 7, A and B). We also observed that the 

ability of the βarr1(ΔFLR) to scaffold c-Src, upon stimulation of the β2V2R and V2R, was 

slightly reduced relative to βarr1(WT) (Figure 7, A and B). In contrast, βarr1(ΔFLR) does 
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not interact with c-Src upon β2AR stimulation, as might be expected since βarr1(ΔFLR) is 

not recruited to β2AR. The scaffolding function of βarr1(ΔFLR) was further explored by 

glutathione sepharose (GST) pull-down assays using purified 6xHis-βarr1(WT or ΔFLR) 

and GST-c-Src either in the absence, or presence, of the phosphorylated V2R C-terminal 

peptide (V2Rpp). In the presence of V2Rpp an increased interaction was observed 

between βarr1(WT or ΔFLR) and GST-c-Src (Figure 4C). The βarr1(ΔFLR) mutant is 

slightly impaired relative to βarr1(WT) with respect to scaffolding c-Src in vitro; a trend 

also observed in our aforementioned cellular studies of both βarr1–c-Src scaffolding and 

βarr1-mediated GPCR internalization to endosomes (Figures 6C and 7A). 

1.2.2.3 Testing βarr1-Mediated Desensitization of G Protein Signaling 

βarr1 is known to promote desensitization of GPCR stimulated G-protein-

mediated signaling. The mechanism underlying βarr1-mediated desensitization is 

thought to involve the interaction between βarr and the receptor core; this ‘core’ 

conformation, presumably, sterically blocks the G protein binding site in the receptor 

core (39). To directly assess the importance of the FLR of βarr1 for receptor 

desensitization, we monitored the attenuation of agonist-stimulated Gs signaling, 

measured here as cyclic AMP (cAMP) accumulation, in either the DKO (for the β2AR) or 

a βarr1/βarr2/β2AR triple knock-out (TKO, for the β2V2R and V2R) HEK293 cell line 

expressing ICUE2, a fluorescence resonance energy transfer (FRET) biosensor detecting 

cytoplasmic cAMP (40). This ICUE2 biosensor measures cAMP concentration in real-
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time and thus represents an equilibrium between production and degradation of cAMP. 

β2AR, β2V2R, or V2R were all expressed at near endogenous levels (~100-400 fmol/mg), 

together with GRK2-CAAX, to ensure effective receptor phosphorylation and βarr1 

recruitment upon agonist challenge. For all three GPCRs, agonist stimulation led to a 

rapid onset of cAMP generation, and this signal was only minimally reduced 

throughout the 30 min duration of the experiment (Figure 7C). 

We next co-expressed either βarr1(WT or ΔFLR) to test their ability to desensitize 

G protein signaling. Within the first 2 min of agonist challenge β2AR, β2V2R, and V2R all 

stimulated cAMP production to a similar extent. Beyond 2 min, βarr1(WT) attenuated 

the cAMP responses differently among these receptors (Figure 7C), and most 

prominently for the wild-type β2AR, where the addition of βarr1(WT) led to a rapid, but 

incomplete, desensitization. In contrast, βarr1(ΔFLR) did not mediate any 

desensitization of the β2AR-stimulated cAMP response since it is not recruited to this 

receptor.  βarr1(WT)-mediated desensitization was also observed at the β2V2R-

stimulated cAMP response (Figure 7C). βarr1(WT) did not have a significant effect on 

V2R-stimulated cAMP signaling, which agrees with previous work (41). Most strikingly, 

expression of βarr1(ΔFLR) did not lead to any significant desensitization of G protein 

signaling for any of the GPCRs tested (Figure 7C). These results (Figure 7, A and C) 

demonstrate that the FLR domain of barr1, presumably through its role in forming the 

‘core’ interaction, is crucial for βarr1-mediated desensitization of G protein signaling.  
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Figure 7: Functional outcomes of different GPCR-βarr1 conformations. 
(A) Schematic representation of the functional outcomes mediated by GPCR-

βarr1 complex ‘tail’ conformation and GPCR-βarr1 complex ‘core’ conformation. (B) 
βarr1-mediated scaffolding of c-Src upon activation of β2AR, β2V2R, or V2R. HEK293 
DKO cells were transfected with plasmids for β2AR, β2V2R, or V2R, c-SRC, and HA-

βarr1(WT or ΔFLR). Serum-starved cells were stimulated with or without agonist BI-
167107 (1 µM) or AVP (100 nM) for 10 min, then cross-linked using DSP 

(dithiobis(succinimidyl propionate)), and finally anti-HA beads were used to pull down 
either βarr1(WT or ΔFLR). The amount of total c-Src bound to HA-βarr1(WT or ΔFLR) 

was determined by immunoblotting (IB). Data represents the mean ± S.E. of N=4-5 
experiments. One-way ANOVA were performed to determine statistical differences 

between basal and agonist-stimulated states (****, p<0.0001), or agonist-stimulated states 
in βarr1(WT) and βarr1(ΔFLR) transfected cells (##, p<0.01; ####, p<0.0001). (C) βarr1-

mediated desensitization of Gs promoted cAMP generation by the β2AR, β2V2R, or V2R. 
Real-time cAMP measurements, using ICUE2-expressing HEK293 cells, in response to 
agonist-stimulation of β2AR, β2V2R, and V2R. For the β2AR and β2V2R 1 µM BI-167107 
was used to stimulate cells. For V2R 100 nM AVP was used to stimulate cells. For each 

GPCR, either control plasmid (Mock, black), βarr1(WT) (blue), or βarr1(ΔFLR) (red) was 
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transfected. Surface expression of each GPCR was matched within each βarr1 
transfection condition. Data represents the mean ± S.E. of N=3-4 experiments and n≥44 

cells. Area under the curve (AUC) from 2 min after agonist-stimulation to the end of the 
experiment was used to calculate desensitization of the cAMP response for each GPCR 

and one-way ANOVA was performed to determine statistical differences relative to 
mock (**, p<0.01; ***, p<0.001) and βarr1 (WT) (#, p<0.05; ###, p<0.001) responses. 

 

1.3 Discussion 

Our results can be interpreted in the context of the classification of GPCRs 

according to the strength of their interaction with βarrs. Class A GPCRs, such as the 

β2AR, bind βarrs relatively weakly and dissociate from them in the course of 

internalization. They thus recycle rapidly to the plasma membrane. Class B GPCRs, such 

as the V2R or the β2V2R chimera, bind βarrs much more tightly, and once internalized 

remain bound to βarrs and resident in endosomes for significant periods of time. They 

recycle only slowly to the plasma membrane. For class B GPCRs, the GPCR–βarr 

complex, in the ‘tail’ conformation, appears to be capable of promoting βarr-mediated 

receptor internalization and some forms of signaling, but not desensitization of G 

protein signaling, which appears to be the exclusive purview of the ‘core’ conformation 

complex (Figure 7A). A recent study showed that some βarr-mediated functions are 

maintained when recruited to a potential ‘core’ deficient GPCR mutant, which supports 

our conclusions with respect to the function of the ‘tail’ conformation complex (42). 

However, the study did not address any biological role of the ‘core’ conformation. Our 

finding that the ‘core’ conformation complex appears to be crucial for mediating 
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desensitization is in agreement with the classical notion that G proteins and βarrs 

compete for overlapping binding sites in the receptor transmembrane core (39). 

Interestingly, for the class A β2AR, which binds βarr more weakly, the ‘tail’ 

conformation complex appears to be too unstable to lead to effective recruitment of the 

βarr1(ΔFLR). Our data thus suggest, that for such GPCRs, the ‘tail’ conformation 

complex might not exist in a stable enough form to participate in βarr-mediated 

activities. 

In addition, we have recently demonstrated that some GPCRs, such as the β2V2R 

and V2R but not the β2AR, can form GPCR–Gs–βarr ‘megaplexes’, and thus activate G 

protein from internalized compartments (1). In these megaplexes, the receptor binds 

βarr in the ‘tail’ conformation complex. Interestingly, in the current study we find a clear 

correlation between the GPCRs that form GPCR–βarr1 ‘tail’ conformation complexes 

and GPCRs that can activate G protein from internalized compartments. In contrast, 

GPCRs that rely more heavily on the ‘core’ conformation do not seem to activate G 

protein after being internalized by βarr. 

1.4 Methods 

1.4.1 Constructs 

Constructs expressing FLAG-b2V2R (15), SNAP-b2AR, SNAP-b2V2R, and SNAP-

V2R (1) have been previously reported and functionally verified. The plasmid encoding 

rat HA-tagged βarr1 was previously described (36). The plasmid encoding human c-Src 
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was reported previously (36). The BRET biosensor constructs rGFP-CAAX and rGFP-

FYVE were previously described and functionally verified (35).  βarr1 with GFP fused to 

its C-terminus was described previously (43). The plasmid encoding chicken GST-c-Src 

for use in the in vitro GST–c-Src pull-down assay was described previously (37). All 

βarr1 FLR mutants, including ΔFLR, were generated using the Quikchange II Site-

Directed Mutagenesis Kit (Stratagene). Mutations to the FLR region of βarr1 did not 

impact the ability of βarr1 to form complexes with b2V2R, as assessed by M1 pull-down 

assays and negative stain electron microscopy. The RlucII-βarr1 (ΔFLR) construct was 

obtained by removing the FLR from RlucII-βarr1 using PCR-driven overlap extension 

(44). 

1.4.2 Identification of Nanobody 32 

β2V2R–βarr1–Fab30 complex specific camelid nanobodies were selected using 

phage display technology (45). Briefly, one llama was immunized during six weeks with 

100 µg of the crosslinked β2V2R–βarr1–scFv30 complex. Peripheral blood lymphocytes 

(PBLs) were collected and the nanobody immune repertoire was cloned into the phage 

display vector pMESy4 as described previously (45). β2V2R–βarr1-Fab30 complex 

binders were identified by performing a first selection-round on solid phase coated 

crosslinked β2V2R–βarr1–Fab30 complex and a second selection-round on anti-Flag 

captured β2V2R(T4L)–βarr1–Fab30 complex. After selections, 188 clones were sequenced 

and periplasmic extracts were screened in an enzyme-linked immunosorbent assay 
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(ELISA). Of the 11 enriched sequence families, Nanobody 32 (Nb32) was found to be 

specific for the native and crosslinked β2V2R–βarr1–Fab30 complex (solid phase coated 

and anti-Flag captured) and did not recognize the individual complex partners β2V2R, 

βarr1 or Fab30 alone. 

The ability of Nb32 to interact with the active, V2Rpp-bound βarr1 was further 

verified in vitro. βarr1 was incubated with V2Rpp (Tufts University Analytical Core 

Facility) in a 1:2 molar ratio for 30 min at 25 °C. Subsequently, purified Nb32 was added 

at a 1:2 molar ratio with βarr1 and incubated for additional 30 min at 25 °C. Then, pre-

washed TALON His-Tag purification resin (Clontech) was added to the reactions and 

incubated for another 30 min at 25 °C. The final concentration of βarr1 in the binding 

reaction was 10 nM. Beads were washed four times with 1 ml buffer (20 mM HEPES 

pH 7.5, 100 mM NaCl) and proteins were eluted with SDS-PAGE gel loading buffer. The 

eluted proteins were run on a 4-20% SDS-PAGE gel and then stained with SimplyBlue 

SafeStain (Novex). Nb32 displayed its ability to pull down active, V2Rpp-bound βarr1 

and was therefore chosen for further experimentation.  

1.4.3 Protein Purification 

The plasmid pET22b-βarr1 (WT or ΔFLR) was transformed into E. coli BL21 

(DE3) cells. The transformed BL21 cells were cultured in Lysogeny Broth (LB) medium 

at 37 °C to an OD600 of 0.8 and induced with 0.3 mM isopropyl-β-D-thiogalactoside at 

25 °C. After growing overnight, the cells were harvested by centrifugation at 3,200 g and 
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resuspended in buffer containing 20 mM Tris-HCl pH 8.0, 150 mM NaCl. The cells were 

subsequently lysed by high-pressure homogenization and the cell lysate was then 

centrifuged at 13,000 g for 30 min at 4 °C. Protein in supernatant was purified by Ni-

NTA affinity chromatography and eluted with a gradient from 20 to 500 mM imidazole. 

The protein was further purified by size exclusion chromatography using a Superdex 

200 column (GE Healthcare). 

Expression and purification of Fab30 was performed as previously described 

(46). In short, Fab30 was expressed in the periplasm of E. coli strain M55244, extracted, 

and purified on Protein A/G agarose (Pierce). Fab30 was eluted with 10 mM sodium 

acetate pH 3.0 with 40 mM NaCl and neutralized with 0.1 M sodium acetate, pH 5.0. 

Fab30 was subsequently purified on a pre-packed Resource S column followed by 

dialysis in 20 mM HEPES, pH 7.4, 100 mM NaCl. Nb32 bearing a carboxy-terminal His6 

tag was expressed in the periplasm of E. coli strain WK6 and purified as previously 

described (47). 

1.4.4 Functional Purification of β2V2R–βarr1 complexes 

βarr1 residues were mutated using the Quikchange II Site-Directed Mutagenesis 

Kit (Stratagene). All mutant constructs were sequence verified and tested for expression 

in small-scale E. coli cultures. Next, sf9 cell lysates containing BI-occupied, 

phosphorylated Flag-β2V2R (15) were dounce homogenized in Lysis Buffer (20 mM 

HEPES, pH 7.4, 150 mM NaCl, 100 nM BI, 0.01% Lauryl Maltose Neopentyl Glycol 
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(LMNG), and 100 µM TCEP), and mixed with sonicated E. coli lysates expressing βarr1 

mutants in Lysis Buffer to form β2V2R–βarr1 complexes for 1 h, then solubilized in the 

detergent LMNG for 1 h, and purified in the presence of Fab30 and/or Nb32 by M1 anti-

FLAG immunoprecipitation (IP). This small-scale purification scheme provided enough 

β2V2R–βarr1 complex to assess the structural features by EM as illustrated in Figure 1. 

1.4.5 Electron Microscopy 

T4L-β2V2R–βarr1 complexes were prepared for EM using a conventional negative 

staining protocol (48). Each βarr1 FLR mutant was subjected to two different formats for 

complex formation: T4L-β2V2R–βarr1-Fab30; and T4L-β2V2R–βarr1-Fab30-Nb32. The 

negative stained sample was imaged at room temperature with a Tecnai T12 electron 

microscope operated at 120 kV using low-dose procedures. Images were recorded at a 

magnification of ×71,138 and a defocus value of ~1.5 µm on a Gatan US4000 CCD 

camera. All images were binned (2 × 2 pixels) to obtain a pixel size of 4.16 Å on the 

specimen level. Particles were excised using Boxer (part of the EMAN 2.1 software suite) 

(49). Two-dimensional reference-free alignment and classification of particle projections 

was performed using ISAC (50). For each β2V2R–βarr1 complex, approximately 5000 0° 

particle projections of native complexes were subjected to Iterative Stable Alignment 

and Classification (ISAC), producing classes accounting for the particle projections and 

conformation assignments shown in Figures 1 and 3. 
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1.4.6 DiscoveRx Cell Lines and Assays  

1.4.6.1 Medium 

Stable cell pools engineered in a U-2 OS cell host (ATCC) were maintained in 

Eagle’s Minimal Essential Medium (EMEM), supplemented with 10% heat-inactivated 

FBS, 1X pen-strep-glutamine plus 250 µg/mL hygromycin (βarr1-EA selection marker), 

and 500 µg/mL G418 (selection marker for the ADRB2-AVPR2 hybrid receptor). Growth 

media for the internalization stable pools was also supplemented with 0.25 µg/mL 

puromycin (selection marker for the ProLink tag anchored to early endosomes).  

1.4.6.2 βarr1(ΔFLR)-EA Construct Generation 

A cDNA of an engineered mutant of human βarr1 (NM_004041.3), with the 15 

amino acid residues of the finger loop region deleted (amino acids 63-77), was 

synthesized as a DNA string (GeneArt Strings™; ThermoFisher). The resulting βarr1 

(ΔFLR) mutant construct was subsequently engineered into a retroviral vector with the 

β-galactosidase Enzyme Acceptor (EA) fragment fused in-frame to the C-terminus.  

Sequence analysis of the resulting βarr1 (ΔFLR)-EA fusion construct confirmed that the 

insert in the retroviral vector contained the expected sequence. 

1.4.6.3 ADRB2-AVPR2 Receptor Chimera Construct Generation 

A hybrid receptor was designed by fusing the intracellular tail of human AVPR2 

(NM_000054.4; amino acids 343-371) to the C-terminus of the extracellular domain and 

seven transmembrane domains of human ADRB2 (NM_000024.4; amino acids 1-329) 
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downstream of an amino terminal FLAG tag.  A cDNA of the ADRB2-AVPR2 hybrid 

receptor was synthesized as a DNA string (GeneArt Strings™; ThermoFisher).  The 

resulting receptor chimera was subsequently engineered into two retroviral vectors: One 

vector with the receptor fused in-frame to a ProLink (PK) β-galactosidase fragment at 

the C-terminus (ADRB2-AVPR2-PK); the second vector without the PK tag present 

(ADRB2-AVPR2).  Sequence analysis of the two constructs confirmed the expected 

sequence of the hybrid receptor. 

1.4.6.4 Cell Pool Generation and Validation 

Arrestin-EA parental cell pool: Native U-2 OS parental cells were retrovirally transduced 

with vectors encoding the wild type or ΔFLR mutant of human βarr1-EA, and then 

placed under hygromycin selection for 10 days to generate stable pools. Expression of 

the appropriate EA-fusion construct in each stable pool was evaluated using the 

PathHunter® ProLink Detection Reagent (DiscoverX), per the manufacturer’s 

instructions, but with the following protocol modification: exogenous EA was 

substituted with 50 µM exogenous Enzyme Donor (the complement to EA) or PBS (No 

ED control). Arrestin Recruitment Assay cell pool: U-2 OS cells stably expressing the wild 

type or ΔFLR mutant of human βarr1-EA were retrovirally transduced with a construct 

encoding the ADRB2-AVPR2-PK hybrid receptor and placed under G418 selection for 10 

days to generate stable pools. Expression of the ADRB2-AVPR2-PK construct in both 

stable pools was evaluated with PathHunter® ProLink Detection Reagent (DiscoverX) in 
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the presence or absence of exogenous EA.  Functional activity of the hybrid receptor in 

the stable pools was evaluated by assaying arrestin recruitment in response to the β2AR 

agonist isoproterenol. Internalization Assay cell pool: A fusion construct encoding a motif-

associated with early endosomes (from EEA1) fused to PK (previously generated and 

hereafter referred to as Endo-PK) was used to anchor the PK β-galactosidase fragment to 

early endosomes. Cells from the wild type and ΔFLR mutant βarr1-EA stable pools were 

sequentially transduced with Endo-PK (puromycin) and the ADRB2-AVPR2 hybrid 

receptor (G418) under appropriate antibiotic selection to produce triple-stable pools. 

Function of the hybrid receptor was confirmed in the wild type and mutant U-2 OS 

βarr1-EA / Endo-PK / ADRB2-AVPR2 triple-stable pools by arrestin-mediated 

internalization of the hybrid receptor in response to isoproterenol. 

1.4.7 EFC Assays 

To assess wild type βarr1 signaling (U-2 OS βarr1-EA ADRB2-AVPR2-PK), 

mutant βarr1 signaling (U-2 OS β-Arrestin1(mutant)-EA ADRB2-AVPR2-PK), wild type 

βarr1-mediated internalization (β-Arrestin1-EA/Endo-PK ADRB2-AVPR2) or mutant 

βarr1-mediated internalization (β-Arrestin1-EA/Endo-PK ADRB2-AVPR2), cells from 

the respective stable pools were seeded at 5000 cells / well in 384-well plates, in culture 

medium without selection antibiotics, and allowed to adhere and grow overnight in a 

humidified incubator at 37 °C, 5% CO2. Cells were stimulated with a dose response of BI 

for 1.5 hours (Arrestin recruitment assay) or 3 hours (internalization assay) at 37 °C, then 
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lysed for 1 hour in the dark in the presence of PathHunter Detection Reagent 

(DiscoverX), per the manufacturer’s recommendations (51). Signal was read on an 

Envision (Perkin Elmer) instrument, and data plotted using GraphPad Prism. 

1.4.8 Generation of HEK293 Cell Lines Deficient for βarr1/2 and 
β2AR/βarr1/2 

Generation of the Barr1/2-double knockout (DKO) HEK293 cells was previously 

described (O’Hayre et al., manuscript in submission). Using a similar strategy, 

functional β2AR product was eliminated by introducing a null mutation into the ADRB2 

gene using CRISPR/Cas9 technology. The sgRNA-encoding sequence targeting the 

ADRB2 gene (5’- CATTCAGATGCACTGGTACC-3’) was inserted into the Bbs I site of 

the pSpCas9(BB)-2A-GFP (PX458) vector (a gift from Dr. Feng Zhang, Broad Institute; 

Addgene plasmid # 48138) using two synthesized oligonucleotides (5’- 

caccGCATTCAGATGCACTGGTACC-3' and 5’- aaacGGTACCAGTGCATCTGAATGC-

3'; a guanine nucleotide (G) was introduced at the -21 position of the sgRNA 

(underlined), which enhances transcription of the sgRNA; nucleotides that annealed to 

the Bbs I-digested PX458 vector were shown as lowercase letters). The plasmid was 

purified using a PureYieldTM Plasmid Miniprep System (Promega). Correctly inserted 

sgRNA-encoding sequences were verified by sequencing using the Sanger method 

(FASMAC, Japan). 

The βarr1/2-DKO HEK293 cells were seeded into a 6-well plate at cell numbers of 

1 x 104 cells (2 ml) per well and incubated for 24 h before transfection. The ADRB2-
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targeting vector plasmid (1 µg) was transfected into the cells using Lipofectamine® 2000 

(2.5 µl; Life Technologies) according to a manufacturer’s instruction. Seventy-two-hours 

later, cells were harvested and GFP-positive cells were isolated using a cell sorter 

(SH800, Sony). The GFP-positive cells were diluted with culture media and seeded in 96-

well plates for limiting dilution. After approximately two-weeks incubation with routine 

addition of fresh media, wells containing an apparent single clone were treated with 

trypsin and EDTA. The harvested cells was passaged into a 6-well plate and the other 

half was analyzed for mutations in the targeted site by a restriction enzyme method. The 

targeted ADRB2 locus was PCR-amplified using primers (5’- 

CAGTGGATCGCTACTTTGCC-3’ and 5’- TGGCATAGGCTTGGTTCGTG-3’) with an 

initial denaturation cycle of 95ºC for 2 min, followed by 35 cycles of 95ºC for 15 sec, 64ºC 

for 30 sec and 72ºC for 30 sec. The PCR product was digested with Kpn I (Takara Bio) 

and its fragmentation was analyzed by a capillary electrophoresis system (MultiNA, 

Shimadzu).  

Candidate positive clones were further analyzed by genomic DNA sequencing 

using direct sequencing or a TA cloning method. The lack of functional β2AR was also 

confirmed by assessing isoproterenol- or formoterol-stimulated cAMP production. After 

meeting the criteria, functional characterization, a cell line devoid of functional βarr1/2 

and β2AR was established. 
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1.4.9 Confocal Microscopy  

For co-localization studies, HEK293 DKO cells were transfected with N-terminal 

SNAP-tagged receptors (New England Biolabs) (1), and GFP-βarr1(WT or ΔFLR) (52), 48 

h prior to the experiments. The day before the experiment, cells were plated on poly-D-

lysine coated 35-mm glass bottom dishes (MatTek) and were starved for at least 2 h in 

serum-free medium prior to the experiment. For the co-localization studies, SNAP-

tagged receptors were labeled with SNAP-Surface 649 (New England Biolabs) for 10-15 

min, and then washed with FluoroBrite DMEM (Life Technologies). All experiments 

were conducted at 37 °C in FluoroBrite DMEM (Life Technologies). Prior to, or at 

different time points, during stimulation of the receptors, cells were fixed with ice cold 

6% formaldehyde (Sigma-Aldrich) diluted in DPBS. Confocal images were obtained on a 

Zeiss LSM510 laser-scanning microscope using multi-track sequential excitation (488, 

633 nm) and emission (515–540 nm, GFP-βarr1(WT or ΔFLR); or SNAP-Surface 649) 

filter sets. 

1.4.10 Bioluminescence Resonance Energy Transfer (BRET) Assay  

To measure the recruitment of barr1 to the plasma membrane, cells were co-

transfected with Flag-tagged b2AR, Flag-b2V2R, or V2R along with RlucII-βarr1 (WT or 

ΔFLR) and rGFP-CAAX, which serves as a BRET acceptor tethered to the plasma 

membrane. To assess receptor-mediated βarr1 endosomal targeting, cells were co-

transfected with either Flag-b2AR, Flag-b2V2R, or Flag-V2R along with RlucII-βarr1 (WT 
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or ΔFLR) and rGFP-FYVE, which serves as a BRET acceptor at early endosomes. Cells 

were transfected and seeded on poly-D-lysine-coated 96-well white microplates 

(Greiner). Forty-eight hours later, cells were washed with DPBS followed by addition of 

Tyrode’s buffer (NaCl 137 mM, KCl 0.9 mM, MgCl2 1 mM, NaHCO3 11.9 mM, NaH2PO4 

3.6 mM, HEPES 25 mM, glucose 5.5 mM, CaCl2 1 mM, pH 7.4). Cells were subsequently 

stimulated with BI-167107 (1 µM for b2AR and b2V2R) or AVP (100 nM for V2R) for 30 

minutes at 37 °C. The Rluc substrate coelenterazine 400a (2.5 µM; NanoLight 

Technology) was added 5 minutes before BRET measurement. All BRET measurements 

were performed using a Synergy Neo (BioTek) microplate reader with an acceptor filter 

(515 ± 30 nm) and donor filter (400 ± 80 nm) 

The net BRET signal was defined as the BRET signal obtained in presence of 

rGFP-tagged biosensor subtracted by the one obtained with luciferase alone (RlucII-

tagged biosensor). BRET titration curves were performed by co-transfecting a constant 

amount of the RlucII-tagged biosensor with increasing amounts of the rGFP-tagged 

biosensor. Net BRET values were expressed as a function of the total expression level of 

the rGFP-tagged biosensor (recorded using FlexStationII) over the total expression level 

of the RlucII-tagged biosensor (detected by the Synergy Neo microplate reader) for each 

transfection condition. 
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1.4.11 Measurement of Cell Surface Expression by ELISA 

For all BRET experiments, equal surface expression in DKO HEK293 cells for the 

different receptors were determined by ELISA. Culture medium was removed and cells 

were fixed with DPBS containing 3.7% formaldehyde for 5 min. Cells were washed 3 

times in washing solution (0.2% BSA in DPBS) and non-specific binding sites were 

blocked by incubating cells for 45 min in blocking solution (1% BSA in DPBS). Cells were 

washed 3 times and incubated for 45 min with anti-Flag M2 monoclonal antibody 

(Sigma-Aldrich, 1:10000 in blocking solution). After 3 washes, blocking solution was 

added for 15 min. Cells were then incubated 45 min with anti-mouse HRP conjugated 

antibody (1:1000 in blocking solution; GE Healthcare). After 3 washes with washing 

buffer, followed by 4 washes with DPBS, HRP activity was detected by incubating cells 

with o-phenylenediamine dihydrochloride (Sigma-Aldrich). Adding 0.6M HCl stopped 

the reaction and absorbance was read at 492 nm using a Tecan GENios multifunction 

microplate reader (MTX Lab Systems, Inc). 

1.4.12 Co-Immunoprecipitation experiments  

To detect the effects of βarr1 (WT or ΔFLR) on BI or AVP-induced βarr1–c-Src 

complex formation downstream of β2AR, β2V2R and V2R, HEK293 cells were co-

transfected with Flag- tagged β2AR, β2V2R or V2R along with HA-βarr1 (WT or ΔFLR) 

and c-Src. Forty-eight hours after transfection, cells were starved for 4 h and then 

stimulated with BI (100 nM for β2AR and β2V2R) or AVP (1µM for V2R) for 10 min. 
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Subsequently, the cells were placed on ice and dithiobis (succinimidyl propionate) cross-

linking reagent (1.2 mM; Thermo Fisher Scientific) was added dropwise. The cell lysates 

were subjected to co-IP using anti-HA beads and incubated overnight at 4 °C. Immune 

complexes were analyzed by Western blotting with anti-HA antibody (Santa Cruz 

Biotechnology) and monoclonal anti-Src antibody (36D10; Cell Signaling).  

1.4.13 GST–c-Src pull-down Assay 

In vitro pulldown experiments to assess binding of c-Src to βarr1 were performed 

as previously described (37). In detail, 200 nM 6xHis-βarr1 (WT or ΔFLR) were mixed 

with or without a 3-fold molar ratio of V2Rpp (Tufts University Analytical Core Facility) 

and incubated in binding buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1 

mM DTT) at room temperature for 30 min. After the incubation, GST-c-Src-3D protein 

was added to a final concentration of 200nM and incubated for another 1 h at room 

temperature. Then, the reaction mixture was further incubated with 10 µl of Glutathione 

Sepharose beads for 2 h at 4 °C with end-over-end rotation. The Glutathione Sepharose 

beads were collected and washed four times with cell lysis buffer. The samples were 

boiled for 10 min in 2× SDS loading buffer. The βarr1–c-Src complexes were analyzed by 

Western blotting with anti-His antibody (Abcam), and anti-GST antibody (Cell 

Signaling).  
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1.4.14 Fluorescence Resonance Energy Transfer (FRET) Assay  

DKO HEK293 cells expressing b2AR endogenously were transiently transfected 

with ICUE2 (40), GRK2-CAAX, and HA-βarr1 (WT or ΔFLR). TKO HEK293 cell lines 

were transiently transfected with b2V2R or V2R along with ICUE2 (40), GRK2-CAAX, and 

HA-βarr1 (WT or ΔFLR). The cells were subsequently plated in poly-D-lysine coated 35-

mm glass bottom dishes (MatTek). Forty-eight hours after transfection, the cells were 

washed once in Dulbecco’s phosphate-buffered saline (DPBS) followed by addition of 

imaging buffer (10 mM HEPES, 125 mM NaCl, 5 mM KCl, 1.5 mM MgCl2, 1.5 mM CaCl2, 

10 mM glucose, 0.2% bovine serum albumin (BSA), pH 7.4). Cells were imaged in the 

dark, on a 37 °C temperature-controlled stage, for the entire experiment using a 

DeltaVision Deconvolution microscope (GE Healthcare) with a Coolsnap HQ2 CCD 

camera (Photometrics) controlled by SoftWoRx 6.1 (GE Healthcare). Dual emission ratio 

imaging used a CFP/YFP dichroic mirror, and 470 ± 24 nm and 535 ± 25 nm emission 

filters for CFP and YFP, respectively. Exposure times were 200 ms for CFP and 100 ms 

for YFP, and images were taken every 15 s. Experiments were initiated by addition of 

agonist and ICUE2 FRET was followed for 30 min. For the analysis of whole cell cAMP 

responses, responses were averaged from a field of cells (≥44 transfected cells) and these 

responses were averaged across experimental replicates. Analysis, herein, ignores 

subcellular gradients of cAMP and instead reports the average concentration of cAMP 

experienced by diffusible proteins, such as ICUE2. Background corrections of 
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fluorescent images were carried out by subtracting the intensity of the background from 

the emission intensities of fluorescent cells expressing the reporters. All responses 

represent a decrease in FRET ratio (FRETCFP/YFP/CFP) and were normalized to cAMP 

responses stimulated by addition of 50 µM forskolin + 200 µM IBMX. Baseline 

experiments were conducted to define “no response” and to correct for bleaching of the 

fluorophores. 

1.4.15 Surface Expression Measured by Radioligand Whole Cell 
Binding 

Obtaining endogenous and matched surface expression was confirmed for FRET 

by whole cell binding assays using cell membrane impermeable radioligands. HEK293 

cells were grown until confluent in 6-well plates. Cells were washed once in cold DPBS 

followed by cell detachment using 0.02% EDTA. Cells were re-suspended in Minimal 

Eagle’s Medium (MEM)/0.1% BSA/10 mM HEPES, pH 7.4 and centrifuged at 4000 rpm 

for 5 min. The cell pellet was re-suspended in MEM/0.1% BSA/10 mM HEPES and 

samples were transferred to a 96-square-well plate (Labnet International Inc.). For β2AR- 

and β2V2R-expressing cells, 30 nM radioactive [3H]-CGP 12177 (Perkin Elmer) was added 

to each sample. For V2R-expressing cells, 4 nM radioactive [3H]-(Arg8)-vasopressin 

(Perkin Elmer) was added to the sample. Non-specific binding was determined by 

addition of 10 µM propranolol (Sigma-Aldrich) to β2AR- and β2V2R-expressing cells. 

Non-specific binding was determined by addition of 30 µM AVP to V2R-expressing cells. 

Cells were incubated on ice for 3 h followed by transfer to Whatman GF-B filter paper, 
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and washed 4 times with cold wash buffer (50 mM Tris, pH 7.4, 12.5 mM MgCl2, 2 mM 

EDTA). Filter paper containing sample was mixed with scintillation fluid (Research 

Products International Corp.) and counted on a β-counter for 3 min (Perkin Elmer). 

Protein concentration was determined by BCA assay (Pierce). For these desensitization 

experiments, protein expression of HA-βarr1(WT or ΔFLR) and GRK2-CAAX were 

matched by western blotting for each receptor. 

1.4.16 Data and Statistical Analysis 

All graphs were generated and analyzed using GraphPad Prism 7 (GraphPad 

Software, Inc). Data represents the mean ± SEM of three or more independent 

experiments.  
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2. GPCR–G Protein–β-arrestin Super-complex mediates 
Sustained G Protein Signaling 

2.1 Background 

Our current understanding features G protein signaling originating at the cell 

surface, followed by rapid βarr-mediated quenching of G protein signaling both by 

competition with G proteins for receptor interaction and by internalization of the 

receptors. However, recent findings have begun to challenge these paradigms. A 

number of GPCRs have been reported to engage in sustained G protein signaling rather 

than being desensitized after initial agonist stimulation (41, 53-56). Interestingly, this 

newly appreciated sustained phase of G protein activation appears to be mediated by 

internalized receptors in endosomes, from where they modulate effectors such as 

adenylyl cyclase (41, 53-57). These findings cannot be accommodated within the 

traditional model of GPCR signaling systems since prolonged residence of a GPCR in 

endosomes requires a persistent “Class B” interaction of βarr with the receptors, which 

should prevent G protein activation (41, 57, 58). 

The observation of the ‘tail’ conformation of the GPCR–βarr complex, in which 

the entire receptor cytoplasmic surface encompassing intracellular loops 1, 2 and 3 is 

exposed, raises the question as to whether it might be possible for both Gs and βarr to 

simultaneously interact with the receptor, and thus provide a molecular basis for 

sustained G protein signaling by GPCRs from endosomes. Accordingly, here we set out 
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to test this hypothesis, using a variety of cellular, biochemical and biophysical 

approaches. 

2.2 Results 

2.2.1 Real-time cAMP Kinetic Studies of Class A and Class B GPCRs 

Sustained G protein signaling by internalized GPCRs has been demonstrated for 

a number of receptors. Interestingly, this feature has been more commonly observed in 

Class B GPCRs, including the parathyroid hormone type 1 receptor (PTHR) (53), V2R 

(41), and thyroid-stimulating hormone receptor (TSHR) (54). These receptors form more 

stable complexes with βarr compared to Class A GPCRs, which only transiently interact 

with βarr (21). Given that Class B receptors bind βarr more tightly, and given the well-

characterized role of βarr in desensitizing GPCRs, it seems paradoxical that Class B 

receptors, rather than Class A receptors, promote sustained G protein signaling.  

To directly assess the relative propensity of Class A and B GPCRs to promote 

sustained signaling, we monitored agonist-stimulated Gs signaling, measured here as 

cAMP accumulation, in HEK293 cells stably expressing ICUE2, a fluorescence resonance 

energy transfer (FRET) biosensor detecting cytoplasmic cAMP (59). This ICUE2 

biosensor measures cAMP concentration, in real-time, thus representing an equilibrium 

between production and degradation of cAMP. These cells were transiently transfected 

with the β2AR as a prototypical Class A GPCR or the V2R as a prototypical Class B 

GPCR. In addition, we used a modified version of the β2AR, the β2V2R, in which the 
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β2AR C-terminal tail has been exchanged with the V2R C-terminal tail. The β2V2R 

maintains the pharmacological properties of the β2AR, but has significantly higher 

affinity for βarr than β2AR, and this increase in affinity manifests predominantly as a 

change in the receptor internalization pattern from Class A to B (21, 22). In addition, we 

have successfully purified stable and functional GPCR–βarr complexes using the β2V2R. 

Therefore, the β2V2R was used to study both the cellular and biophysical basis for 

sustained G protein signaling by internalized Class B GPCR–βarr complexes. 

Within the first 5 min of agonist challenge β2AR, β2V2R, and V2R all stimulated 

cAMP production to a similar extent. Beyond 5 min, the cAMP responses were 

attenuated to different levels among these receptors, and most prominently for the wild 

type β2AR (Figure 8). In addition, the agonist-stimulated cAMP response was 

diminished slightly more at the β2V2R compared to the V2R (Figure 8A). These results 

suggest that Class B GPCRs promote sustained G protein signaling to a greater degree 

than a prototypical Class A GPCR. 



 

45 

 

Figure 8: Sustained Gs signaling from internalized compartments by β2AR, 
β2V2R, and V2R.  

(A) Real-time cAMP measurements, using ICUE2-expressing HEK293 cells, in 
response to agonist-stimulation of β2AR (red), β2V2R (blue), and V2R (black). For β2AR 

and β2V2R 1 µM ISO was used to stimulate cells. For V2R 100 nM AVP was used to 
stimulate cells. Surface expression of all GPCRs was matched. Data represents the mean 

± S.E. of N=3 experiments and n≥90 cells. Area under the curve (AUC) was used to 
calculate the total cAMP response for each GPCR and one-way ANOVA was performed 
to determine statistical differences relative to β2AR (**, p<0.01; ****, p<0.0001) and β2V2R 
(##, p<0.01) responses. (B) Schematic representation of the experimental design used to 
demonstrate sustained Gs activation and signaling from internalized GPCRs. (C) Real-

time cAMP measurements utilized to demonstrate intracellular Gs signaling by GPCRs. 
Agonist-stimulated cAMP responses (100 nM ISO for β2AR and β2V2R, or 100 nM of 

desmopressin (DESMO) for V2R) was antagonized at 10 min by addition of 10 µM of cell 
membrane impermeable antagonist (CGP-12217 for β2AR and β2V2R, or H-3192 for V2R; 
shown in blue). The impact of cell membrane impermeable antagonists was measured 

relative to total antagonism caused by cell membrane permeable antagonists (ICI-118551 
for β2AR and β2V2R, or SR121463 for V2R). Data represents the mean ± S.E. of N=3 

experiments and n≤87 cells. AUC was used to calculate the total cAMP response for each 
GPCR after respective treatments. One-way ANOVA was performed to determine 

statistical differences among the antagonists compared to DMSO (*, p<0.05; ***, p<0.001; 
****, p<0.0001) or compared to cell membrane impermeable antagonist (#, p<0.05; ####, 

p<0.0001). 
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To investigate whether sustained G protein signaling of Class B GPCRs arises 

from internalized compartments β2AR, β2V2R, or V2R-expressing cells were agonist-

stimulated for 10 min to allow for internalization to occur. Then, Gs signaling arising 

from only the cell membrane was inhibited by the addition of 10 µM of a membrane 

impermeable antagonist (CGP-12177 for β2AR and β2V2R, or (d(CH2)51,D-

Tyr(Et)2,Val4,Arg8,des-Gly9)-Vasopressin (H-3192) for V2R, Figure 8B) (60, 61). To inhibit 

Gs signaling arising from both the cell membrane and the internalized compartments 10 

µM of a cell permeable antagonist (ICI-118551 for β2AR and β2V2R, or SR121463 for V2R, 

Figure 8B) was used (62, 63). 

Under these conditions, for the β2AR, both antagonists quickly inhibited almost 

all Gs signaling (Figure 8C). However, for the β2V2R, only ICI-118551 fully blocked Gs 

signaling, whereas CGP-12177 only partially inhibited it (Figure 8C). These results 

indicate that a significant fraction of the β2V2R-stimulated cAMP originates from 

internalized compartments. In a similar fashion, the V2R-stimulated cAMP response was 

only partially antagonized when exposed to the cell membrane impermeable antagonist, 

H-3192, but fully antagonized upon addition of the cell membrane permeable 

antagonist, SR121463 (Figure 8C). Therefore, V2R-mediated Gs signaling at 10 min, post 

agonist-stimulation, is due in part to internalized receptors. These results demonstrate 

that both the β2V2R and V2R stimulate Gs signaling from internalized compartments, 

whereas the β2AR does not seem to exhibit such behavior using this method. 
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2.2.2 Monitoring Heterotrimeric Gs Activation at Internalized 
Compartments by Class A and Class B GPCRs using BRET 
Biosensors 

To confirm that the receptor-stimulated cAMP response from internalized 

compartments results from Gs activation, and not from other signaling cascades, we 

monitored agonist-stimulated heterotrimeric Gs activation directly by bioluminescence 

resonance energy transfer (BRET), which detects the proximity between two proteins 

within a 10 nm range (64). Upon Gs activation, the Gαs subunit separates from the Gβγ 

subunits. This separation was detected upon agonist challenge of β2AR, β2V2R, or V2R-

expressing cells as a decrease in BRET between the BRET pair RlucII-117-Gαs and 

GFP10-Gγ1 (Figure 9A-B). Such BRET-based assays have been developed as sensors of G 

protein activation (65). 

To specifically monitor Gs activation/separation at internalized compartments, 

we developed an agonist washout protocol. In short, agonists were allowed to stimulate 

receptors for varying time intervals (0.5 to 14 min) followed by a washout of the 

agonists. Next, the cells were incubated for 20 min in agonist-free media and responses 

were recorded (Figures 8B and 9C). Since washout only removes agonist from the 

extracellular environment, but not from the intracellular environment, which contains 

internalized receptors, the receptors insensitive to agonist washout must be activating 

the Gs from within internalized compartments (Figure 8B). 
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As shown in Figure 9C, the agonist washout protocol blunted Gs activation in 

β2AR, β2V2R, and V2R-expressing cells. However, by increasing the duration of 

stimulation prior to agonist washout, and thereby allowing more receptors to 

internalize, a substantially diminished signal reduction by agonist washout was 

observed (Figure 9C). This dampening in signal reduction was most prominent, and 

statistically significant, for b2V2R and V2R, which still maintained 54% and 64% of their 

Gs activity, respectively, when cells were pre-stimulated for 14 min followed by agonist 

washout, as compared to the unwashed control conditions (Figure 9C). For the b2AR, 

increasing the duration of stimulation prior to agonist washout did not result in a 

statistically significant difference in remaining Gs activity when compared to 0.5 min 

pulse stimulation (Figure 9C). In this setup, the Class B GPCRs, b2V2R and V2R, seem to 

activate heterotrimeric Gs from internalized compartments whereas the Class A GPCR, 

b2AR, does not to any significant degree. 
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Figure 9: Sustained Gs activation from internalized compartments by β2AR, 
β2V2R, and V2R assessed by BRET.  

(A) Schematic representation of the experimental design used to monitor agonist-
promoted Gs activation, which leads to the separation of Gαs and Gβγ subunits, 

measured by BRET between RlucII-117-Gαs and GFP10-Gg1. (B) BRET titration curves 
obtained using a constant amount of RlucII-Gαs and with increasing amounts of GFP10-

Gg1. BRET was measured 35 min following addition of agonist or vehicle. Data are 
pooled from N=4 experiments. (C) Relationship between the duration of agonist 

stimulation time and Gs activation response 20 min after agonist washout. Gs activity 
was determined by assessing the reduction in BRET signal between RlucII-117-Gαs and 

GFP10-Gγ1. Surface expression of all GPCRs was matched. Data are shown as % of 
BRET decrease observed in the unwashed condition (i.e. in the continuous presence of 
agonist) and represents the mean ± S.E. of N=4-5 experiments. One-way ANOVA was 

performed to assess significant differences in Gs response by increasing agonist 
stimulation time versus pulse stimulation (0.5 min) (*, p<0.05; **, p<0.01; ***, p<0.001; 

****, p<0.0001). 
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2.2.3 Co-localization of GPCR, βarr, and Gαs in Endosomes by 
Confocal Microscopy 

Receptor internalization from the plasma membrane into endosomes is driven by 

formation of a GPCR–βarr complex. Therefore, to investigate whether G protein may 

interact with GPCR–βarr complexes in endosomes, we began by tracking the cellular 

localization of N-terminal SNAP-tagged GPCRs (SNAP-β2AR, SNAP-β2V2R, or SNAP-

V2R) pre-labeled with SNAP-Surface 649 fluorescence substrate, mStrawberry-βarr2, and 

mEmerald-67-Gαs expressed in HEK293 cells upon agonist treatment using confocal 

microscopy.  

Prior to agonist stimulation, SNAP-tagged receptors (β2AR, β2V2R, or V2R) and 

mEmerald-67-Gαs are predominantly located at the plasma membrane, whereas 

mStrawberry-βarr2 is distributed evenly throughout the cytoplasm (Figures 10A, 11, and 

12A). Upon agonist stimulation, mEmerald-67-Gαs translocates rapidly from the plasma 

membrane to the cytoplasm, and after 5 min of receptor stimulation mEmerald-67-Gαs 

is predominantly distributed within the cytoplasm (Figures 10A, 11, and 12A). In 

contrast, upon agonist stimulation, mStrawberry-βarr2 is recruited from the cytoplasm 

to the activated SNAP-tagged receptors (5 min post-stimulation) at the plasma 

membrane followed by GPCR–βarr complex internalization into endosomes (>20 min 

post-stimulation) (Figures 10A, 11, and 12A). At longer agonist exposure times (>20 min 

post-stimulation), increased mEmerald-67-Gαs intensity can be visualized in β2V2R–

βarr2 and V2R–βarr2 containing endosomes (Figures 10 and 12), but this was not 
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observed for the β2AR, likely as it only forms transient complexes with βarr2 (Figure 11). 

Line scan analysis of all three fluorophores within these endosomes demonstrates co-

localization of β2V2R/V2R, βarr2, and Gαs, supporting the hypothesis that “megaplexes” 

of Class B GPCRs, βarr, and heterotrimeric Gs form in endosomes (Figures 10B-C and 

12B-C). 
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Figure 10: Cellular localization of SNAP-β2V2R pre-labeled with SNAP-Surface 
649 fluorescent substrate (649), mStrawberry-βarr2, and mEmerald-67-Gαs visualized 

by confocal microscopy (100x objective).  
(A) Cellular localization of SNAP-V2R (649), mStrawberry-βarr2, and mEmerald-

67-Gαs prior to agonist addition (0 min), or 5 min and >20 min after 10 µM ISO 
treatment (N=4 experiments, n=49 cells). (B) Representative endosome (orange dotted 

box) demonstrating co-localization of SNAP-β2V2R (649), mStrawberry-βarr2, and 
mEmerald-67-Gαs at >20 min post ISO addition. (C) Line-scan analysis of representative 

endosomal fluorophore intensities. 
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Figure 11: Cellular localization of SNAP-β2AR pre-labeled with SNAP-Surface 
649 fluorescent substrate (649), mStrawberry-βarr2, and mEmerald-67-Gαs visualized 

by confocal microscopy (100x objective).  
(A) Cellular localization of SNAP-β2AR (649), mStrawberry-βarr2, and 

mEmerald-67-Gαs prior to agonist addition (0 min), or 5 min and >20 min after 10 µM 
ISO treatment (N=4 experiments, n=33 cells). (B) Representative endosome (orange 

dotted box) demonstrating co-localization of SNAP-β2AR (649), mStrawberry-βarr2, and 
mEmerald-67-Gαs at >20 min post ISO addition. Note for this class A receptor that there 

is no colocalization in endosomes. 
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Figure 12: Cellular localization of SNAP-V2R pre-labeled with SNAP-Surface 
649 fluorescent substrate (649), mStrawberry-βarr2, and mEmerald-67-Gαs visualized 

by confocal microscopy (100x objective). 
(A) Cellular localization of SNAP-V2R (649), mStrawberry-βarr2, and mEmerald-

67-Gαs prior to agonist addition (0 min), or 5 min and >20 min after 1 µM arginine 
vasopressin (AVP) addition (0 min), or 5 min and > 20 min after agonist treatment (N = 4 

experiments, n = 31 cells). (B) Representative endosome (orange dotted box) 
demonstrating co-localization of SNAP-V2R (649), mStrawberry-βarr2, and mEmerald-

67-Gαs at >20 min post AVP addition. (C) Line-scan analysis of representative 
endosomal fluorophore intensities. 
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2.2.4 Agonist-stimulated Interaction between βarrs and Gs Subunits 

To confirm molecular proximity between different megaplex components upon 

receptor stimulation we utilized BRET. If megaplexes form, G protein and βarr will 

interact simultaneously with a single active receptor, and thus, measurement of BRET 

between Gs subunits (Gαs or Gγ2) and βarr1/2 upon agonist stimulation can serve to 

detect these complexes (Figure 13A). In BRET titration experiments, agonist-stimulation 

for 20 min of either β2V2R or V2R increases the BRET signal between RlucII-67-Gαs and 

GFP10-βarr1/2 (Figure 13B and 13D). A significant agonist-promoted BRET increase 

between RlucII-Gg2 and GFP10-βarr1/2 was also detected, indicating that the agonist-

promoted recruitment of barr1/2 to the β2V2R or V2R brings barr1/2 into close proximity 

to both the Gas and Gbg subunits. In contrast, no change in the BRET signal was 

detected between GFP10-βarr1/2 and either RlucII-67-Gαs or RlucII-Gg2 upon ISO 

treatment of β2AR-transfected HEK293 cells (Figure 13B and 13D). Interestingly, in BRET 

kinetic experiments, which are slightly more sensitive than titration experiments, a weak 

ISO-promoted BRET signal was observed between GFP10-βarr1/2 and RlucII-67-Gαs but 

not RlucII-Gg2 in cells expressing b2AR. (Figure 13C and 13E). In BRET kinetic 

experiments, for both β2V2R and V2R, the agonist-mediated signals between barr1/2 and 

both RlucII-67-Gαs and RlucII-Gg2 were pronounced and rapidly increased until 

plateauing ~10 min after agonist treatment. 
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In the resting state heterotrimeric Gs is initially located at the cell membrane and 

βarr is dispersed within the cytoplasm, thus, we tested whether the BRET signals 

detected upon agonist stimulation could have arisen from random collisions between 

the plasma membrane-translocated βarr and any membrane proteins. To control for this 

possibility, BRET was measured between the membrane protein RlucII-CD8 and GFP10-

βarr1/2 upon agonist-stimulation of β2AR, β2V2R or V2R (Figure 13A). In this setup, no 

BRET response was observed upon agonist stimulation of any of the receptors indicating 

that the BRET detected between barr and both Gas and Gg2 reflects molecular proximity 

consistent with the formation of megaplexes (Figure 13B-E). Taken together, these 

experiments provide further evidence that megaplexes containing receptor, barr and Gs 

form robustly at both the β2V2R and V2R. 
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Figure 13: Interaction between βarr1/2 and either Gas or Gg2 upon agonist 
stimulation of β2AR, β2V2R, or V2R.  

(A) Schematic representation of the experimental design used to monitor agonist-
promoted BRET between RlucII-67-Gαs (1), RlucII-Gg2 (2), or RlucII-CD8 (3), and 

GFP10-βarr1/2. (B and D) BRET titration curves using a constant amount of RlucII-67-
Gαs, RlucII-Gg2 or RlucII-CD8 and increasing amounts of GFP10-βarr1 (B) or GFP10-
βarr2 (D) monitored 20 min after agonist stimulation. Data are expressed as net BRET 

absolute values and represents the mean ± S.E. and are pooled from N=3-5 experiments. 
Surface expression of all GPCRs was matched. (C and E) Kinetics of agonist-promoted 

BRET between GFP10-βarr1 (C) or GFP10-βarr2 (E) and RlucII-Gαs, RlucII-Gg2, or 
RlucII-CD8 obtained for all three GPCRs. Each kinetic point represents the mean ± S.E. 

of DBRET between agonist-stimulated and vehicle treated conditions (N=3-10 
experiments). Two-way ANOVA was performed to determine significant differences 

between CD8 condition and Gαs or Gg2 for each time point (a, p < 0.05; b, p < 0.01; c, p < 
0.001; d, p < 0.0001). 

0.0 0.3 0.6 0.9 1.2
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.2 0.4 0.6 0.8
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 100 nM AVP

0.0 0.2 0.4 0.6
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3 0.4
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII
N

ET
 B

R
ET

2

Vehicle 100 nM AVP

0.0 0.2 0.4 0.6 0.8
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3 0.4
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00

0.02

0.04

0.06

0.08

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 100 nM AVP

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

a a b
c

b b b
a c d

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

c
d d

d d
d d

d
d

d
d d

d d

d

dd
d

d
d d d d d

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

c

d
d

d d d d
d d d

d d
d d d d d

d d d d

b

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.2 0.4 0.6 0.8 1.0
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 100 nM AVP

0.0 0.1 0.2 0.3 0.4
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 100 nM AVP

0.0 0.1 0.2 0.3 0.4
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 1 µM ISO

0.0 0.1 0.2 0.3
0.00
0.02
0.04
0.06
0.08
0.10

GFP10/RlucII

N
ET

 B
R

ET
2

Vehicle 100 nM AVP

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

b b b ba a

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

d
c d

d dd
d d d d d d

d
d d

d d

d d
d d d d d

c

5 10 15 20 25 30
0.00

0.01

0.02

0.03

Time (min)

Δ
B

R
ET

2

Gγ2
CD8

Gαs

c c
ca

dd
d

d d
d d

d

d d d d d
d d d

d d
d

a

A

D E

C

β2AR 

β2AR 

β2V2R 

β2V2R 

V2R 

V2R 

Kinetics 

Kinetics 

BRET between βarr2 and: 

BRET between βarr1 and: 

B

BRET between GFP10-βarr2 and: 

BRET between GFP10-βarr1 and: 

RlucII-Gαs RlucII-Gγ2 RlucII-CD8 

RlucII-Gαs RlucII-Gγ2 RlucII-CD8 



 

58 

2.2.5 GPCR–βarr Fusion Proteins Activate Heterotrimeric G Protein 
upon Agonist Stimulation 

The BRET and confocal data shown thus far support the existence of megaplexes 

and suggest that these complexes occur more readily for the Class B GPCRs, β2V2R and 

V2R, and minimally for the Class A β2AR. However, these results do not demonstrate 

whether GPCR-βarr complexes can directly activate G protein. To investigate whether 

GPCR–βarr complexes can interact with, and activate, G protein in a cellular 

environment we generated fusion proteins of GPCR–βarr and investigated their ability 

to activate Gs in HEK293 cells. We used the β2V2R as our model Class B GPCR to be 

consistent with the biophysical experiments in this study where we assessed the ability 

of a purified β2V2R-βarr1 complex to interact with and activate Gs (see below). To date, 

we have been unable to purify biochemically functional GPCR-βarr complexes using 

other Class B GPCRs, such as the V2R. The β2V2R has been rigorously characterized both 

herein and in previous studies; it displays similar biological properties to the V2R, as 

well as to other Class B GPCRs, and has been routinely used as a robust model Class B 

GPCR (21, 22, 66, 67).  

Initially, we tested the functionality and stability of the β2V2R–βarr1/2 fusions. 

Immunoprecipitation (IP) of the FLAG-tagged fusion proteins, expressed in HEK293 

cells, confirmed that the fusions were intact and not subjected to cellular cleavage 

(Figure 14A-B). 
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Figure 14: Functional Characterization of the β2V2R-βarr1/2 Fusion Proteins.  
(A and B) Anti-FLAG immunoprecipitation (IP) of (A) β2V2R–βarr1 and (B) 

β2V2R–βarr2 expressed in HEK293 cells. Detection of the FLAG-tagged β2V2R component 
by western blots (WB) using anti-FLAG antibody (leftmost panels in A and B). Detection 

of the βarr1/2 components by western blots using antibodies against βarr1 and βarr2, 
respectively (rightmost panels in A and B). The western blots are representative of N = 4 

experiments. (C) Quantification of 1 µM ISO-stimulated ERK1/2 phosphorylation 
responses in mock, β2V2R, β2V2R–βarr1, and β2V2R–βarr2 transfected HEK293 cells. 

Surface expression of all receptor constructs was matched. Data represent mean ± SE of 
N = 6 experiments. Student’s t tests were performed to determine statistical differences 

between the mock control and β2V2R, β2V2R–βarr1, or β2V2R–βarr2 transfected cells 
(∗p <0.05). 
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When compared with b2V2R, ISO-promoted displacement of 125I-cyanopidolol 

(CYP) binding for both β2V2R–βarr1/2 fusions revealed a biphasic curve reflecting a 

higher affinity state for agonist (Figure 15A): β2V2R–βarr1 dissociation constant logKiHi = 

-7.11±0.03 (41%) and logKiLo = 6.01±0.03 (59%); and β2V2R–βarr2 dissociation constant 

logKiHi = -8.29±0.03 (49%) and logKiLo = -6.47±0.03 (51%). These results are characteristic 

of the allosteric effect of barr on receptor binding properties, as previously reported (68), 

and confirm the functional interaction between the two moieties of the fusions. Fusion to 

barr had no effect on the affinity of the antagonist ICI-118551 (Figure 15A). When 

expressed in HEK293 cells both fusions constitutively internalize resulting in a relatively 

low amount of β2V2R–βarr1/2 fusions being present at the cell membrane (Figure 15B). 

This internalization pattern further shows that βarr, as a fusion partner, retains its 

functionality to promote βarr-mediated receptor endocytosis. Furthermore, when 

stimulated with ISO, the β2V2R–βarr1/2 fusions promote ERK1/2 phosphorylation at 10 

min post-stimulation (Figures 14C and 15C). These results indicate that both individual 

proteins, of the β2V2R–βarr1/2 fusions, are functional when expressed in cells. 
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Figure 15: Functionality and capability of β2V2R–βarr1/2 fusions to activate Gs 
in HEK293 cells.  

(A) Functional assessment of β2V2R–βarr1/2 fusions using radioligand 
competition binding experiments. Both agonist (ISO) and antagonist (ICI-118551) 
successfully competed off [125I]-CYP at β2V2R, β2V2R–βarr1, and β2V2R–βarr2. Data 

represents the mean ± S.E. of N=3-4 experiments. (B) Cellular localization of SNAP-β2V2R 
and SNAP-β2V2R–βarr1/2 fusions pre-labeled with SNAP-Surface 649 fluorescent 

substrate (649) using confocal microscopy (100x objective, N=3 experiments and n≥16 
cells). (C) Characterization of 1 µM ISO-stimulated ERK1/2 phosphorylation response at 
10 min post-stimulation in mock, β2V2R, β2V2R–βarr1, and β2V2R–βarr2 transfected cells 

(N=6 experiments). (D) ISO-stimulated Gs activation in mock (grey), β2V2R (black), 
β2V2R–βarr1 (red), and β2V2R–βarr2 (blue) transfected cells determined by BRET titration 

curves 30 min after stimulation (N=4 experiments). (E) Real-time cAMP measurement, 
utilizing HEK293-ICUE2 cells, in response to ISO-stimulation of β2V2R (black), β2V2R–

βarr1 (red), and β2V2R–βarr2 (blue). Data represents the mean ± S.E. of N=3 experiments 
and n≥93 cells. Surface expression of GPCRs was matched in all experiments. 
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To test whether β2V2R, as part of the β2V2R–βarr fusions, retains its ability to 

activate Gs, changes in BRET were measured between RlucII-117-Gαs and GFP10-Gγ1 in 

response to ISO stimulation as compared to vehicle treatment. As shown in Figure 15D, 

ISO stimulation of β2V2R–βarr1/2 induced a decreased BRET between RlucII-117-Gαs 

and GFP10-Gγ1, reflective of the Gs subunits separation and activation, although to a 

lesser extent than non-fused β2V2R. These results demonstrate that both β2V2R–βarr1/2 

fusions can activate Gs to some degree, upon agonist-mediated receptor stimulation, 

despite their constant coupling to functional βarr1/2. 

To further confirm the ability of the β2V2R–βarr1/2 fusions to activate Gs, real-

time kinetic studies of ISO-stimulated cAMP production were undertaken. Both β2V2R–

βarr1/2 fusions were able to initiate Gs signaling (Figure 15E), providing further support 

that G proteins are capable of being activated by GPCR–βarr complexes. 

2.2.6 In Vitro Formation and Isolation of Megaplexes 

To further investigate whether GPCRs can form megaplexes by simultaneously 

interacting with βarr and heterotrimeric G protein, we attempted to form such 

megaplexes in vitro and to then isolate them by co-IP. For this study, we used the FLAG-

β2V2R expression construct to form stable complexes with βarr1 in sf9 insect cells, as 

previously described (15). Following stimulation with the high-affinity agonist, BI-

167107 (BI), β2V2R forms appreciable amounts of complex with βarr1 that can be purified 

by affinity purification and size-exclusion chromatography (SEC). To obtain highly 
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stable β2V2R–βarr1 complexes, that remain intact throughout the purification, we added 

the conformationally active antibody binder, Fab30, which binds to and stabilizes active 

βarr1 conformations (15, 46). We were unable to obtain monodispersed and functional 

V2R–βarr1 complexes using this approach (Figure 2). 

To test whether this Fab30-stabilized BI-occupied β2V2R–βarr1 complex (Fab30 

complex) interacts with the heterotrimeric Gs, we added purified Gs in excess to the 

Fab30 complex and pulled-down the FLAG-β2V2R using M1 anti-FLAG beads. As shown 

in Figure 16A, βarr1 and all three components of the heterotrimeric Gs (Gαs, Gβ1, and 

Gγ2) were pulled-down together with FLAG-β2V2R in a stoichiometric fashion. A similar 

result was observed when using protein A/G agarose beads, which bind Fab30, to pull-

down the individual components of the megaplex, confirming that it forms in vitro 

(Figure 16A). 
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Figure 16: In vitro formation and functional characterization of the megaplex.  
(A) Coomassie stained gels of representative co-IP experiments of the megaplex 

by either M1 anti-FLAG beads (to pull-down FLAG-β2V2R; left panel) or protein A/G 
agarose beads (to pull-down Fab30; right panel) (N=4 experiments). (B) Schematic 
presentation of the biochemical steps in G protein activation in the megaplex: (1) 

Heterotrimeric G protein is recruited to the GPCR–βarr ‘tail’ conformation to form the 
megaplex in an agonist-dependent manner; (2) Activated receptor in the megaplex 

stimulates GDP-GTP exchange in the heterotrimeric G protein, causing activation and 
separation of the Gαs subunit; and (3) Activated Gαs subunit has intrinsic GTPase 
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activity causing hydrolysis of GTP to GDP and inorganic phosphate (Pi). (C) M1 anti-
FLAG co-IP experiment of BI-occupied β2V2R, Fab30 complex, or Cz-occupied β2V2R 
both with, and without, heterotrimeric Gs present. Gs binding was determined and 

quantified by western blot using an anti-Gαs antibody. Data represents the mean ± S.E. 
of N=4 experiments. One-way ANOVA was performed with pairwise comparison to BI-

β2V2R (****, p<0.0001). (D) M1 anti-FLAG co-IP experiment with either BI-occupied 
β2V2R–Gs complex or megaplex in presence of either control buffer, 20 µM GDP, or 20 
µM GTPγS. Gαs subunit separation was determined and quantified by western blot 

using an anti-Gαs antibody. Data represents the mean ± S.E. of N=4 experiments. Two-
way ANOVA was performed to assess significant differences between control buffer (*, 

p<0.05; **, p<0.01; ****, p<0.0001) and GDP (####, p<0.0001). There were no statistical 
differences between the BI-occupied β2V2R–Gs complex and the megaplex. (E) 

Characterizing the ability of BI-occupied β2V2R (top), or Fab30 complex (bottom) to 
modulate GDP-GTP exchange and Gs activity via GTPase activity. Data represents the 

mean ± S.E. of N=5-6 experiments. Two-way ANOVA was performed to test the effect of 
Gs presence at each receptor/complex concentrations (**, p<0.01; ****, p<0.0001), and one-

way ANOVA to test the effect on Gs modulation by different receptor/complex 
concentrations (#, p<0.05; ####, p<0.0001). 
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2.2.7 Megaplex In Vitro Functionality 

To test the functionality of the receptor in the megaplex we first investigated 

whether binding of the heterotrimeric Gs to the Fab30 complex is agonist-dependent by 

FLAG-tag co-IP (Figures 16 and 17). The Fab30 complex was able to bind Gs to a similar 

extent as agonist BI-bound β2V2R (Figure 16C). In contrast, the antagonist carazolol (Cz)-

bound β2V2R had almost no ability to bind Gs indicating that the binding of the 

heterotrimeric Gs to β2V2R in the Fab30 complex is dependent on an agonist-stabilized 

active receptor conformation (Figure 16C). 

We next investigated whether the β2V2R maintains its guanine nucleotide 

exchange factor (GEF) functionality with respect to the heterotrimeric Gs when residing 

in the megaplex. To assess GEF functionality, the megaplex was formed in the presence 

of either GDP or non-hydrolysable GTPγS. An exchange of GDP to GTPγS in the 

heterotrimeric Gs causes activation of the Gαs subunit and separation from the Gβγ 

subunits (Figure 16B). This separation event was followed by a FLAG-tag co-IP. The 

addition of GDP caused a small decrease in Gs binding to the BI-occupied β2V2R and 

Fab30 complex (Figure 16D). However, the addition of GTPγS led to a nearly complete 

separation of the Gαs subunit from both the BI-occupied β2V2R and Fab30 complex 

(Figure 16D). This dramatic effect indicates that the receptor retains its GEF functionality 

while residing in the megaplex and can promote G protein activation and separation. 
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Interestingly, unlike the Gαs subunit, the Gβγ subunits remained in complex with both 

the Fab30 complex and BI-occupied β2V2R after GTPγS treatment (Figure 17). 

Once activated by the receptor, the Gαs subunits display intrinsic GTPase 

activity. To further characterize the β2V2R functionality in the megaplex, modulation of 

Gs, measured as GTPase activity by the Fab30 complex, was investigated. As shown in 

Figure 16E, the Fab30 complex does indeed positively modulate the GTPase activity of 

the Gs, and to a similar level as the BI-occupied β2V2R control. These in vitro experiments 

clearly show that the receptor, in the megaplex, retains its full capability to both interact 

with and to activate heterotrimeric Gs. 
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Figure 17: In vitro Functional Characterization of the Megaplex. 
(A) Representative Coomassie stained gel of an M1 anti-FLAG coIP experiment 

of BI-167107 (BI)-occupied β2V2R, Fab30 complex, or carazaolol (Cz)-occupied β2V2R 
both, with or without, heterotrimeric Gs present. (B) Representative Coomassie stained 
gel of an M1 anti-FLAG coIP experiment with either BI-occupied β2V2R–Gs complex or 

the megaplex, in the presence of either control buffer, 20 µM GDP, or 20 µM GTPγS. 
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2.2.8 Structural Studies of the Megaplex using Electron Microscopy 

To investigate the architecture of the megaplex, we formed complexes on a 

preparative scale and isolated them by SEC (Figure 18A-B). To increase the overall 

stability and homogeneity of the megaplex preparation, we employed two strategies, 

which were previously utilized to form stable β2AR–Gs complexes (23): (1) we removed 

GDP from the heterotrimeric Gs by addition of apyrase; and (2) we stabilized the 

nucleotide-free transition state of the Gs, which is known to interact strongly with the 

β2AR transmembrane core region by adding the conformationally active nanobody 

binder, Nb35. These two strategies resulted in a stable and monodisperse preparation of 

megaplexes as assessed by SEC and conventional negative stain EM (Figures 18 and 19) 

(48). The β2V2R construct used for our in vitro studies was engineered to contain an N-

terminal T4-lysozyme fusion, (T4L)β2V2R, which can be used as a marker for receptor 

orientation in EM studies (15, 69). 
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Figure 18: Large-Scale Formation and Isolation of Megaplex by SEC for Single-
Particle EM Analysis. 

(A and B) The megaplex was formed by mixing SEC purified Fab30 complex, 
purified from the first eluted SEC peak, the green curve (15), with purified Gs. The 

β2V2R–Gs interaction was further stabilized by (1) removal of the Gs-bound nucleotide 
via apyrase treatment and (2) by the addition of Nb35. The megaplex was isolated using 
SEC (red curve); both the chromatographic peak appearance (A) and Coomassie stained 

gels of the peak fractions (B) suggest a homogenous and monodispersed megaplex 
complex. (C) Two-dimensional (2D) single particle classification analysis of (T4L)β2V2R–

Gs-Nb35–βarr1-Fab30 megaplexes from 6026 negatively stained particles using EM. 
 

20 40 60 80 100
0

100

200

300

ml

m
A

u

Fab30 complex + BI-β2V2R Megaplex

Fab30 complex

BI-β2V2R
Megaplex

A

B

C



 

71 

To visualize the structure of the in vitro reconstituted megaplex we applied 

classification and averaging of the EM particle projections (Figure 18C). The class 

averages revealed a complex architecture with distinct features that allow domain 

assignment, with the T4L marking the receptor extracellular face and the heterotrimeric 

Gs bound diametrically opposite at the intracellular side of β2V2R, in a configuration that 

appears identical to the previously characterized (T4L)β2AR–Gs (Figure 19B-C) (69). 

Additional density attributed to βarr1-Fab30 is observed on the side of the β2V2R–Gs 

complex. This configuration of βarr1, which interacts with the phosphorylated β2V2R C-

terminal tail, is reminiscent of the ‘tail’ conformation of the (T4L)β2V2R–βarr1-Fab30 

complex that we previously reported by EM (15). In fact, overlaying the averages of the 

(T4L)β2AR–Gs complex and the ‘tail’ configuration of the (T4L)β2V2R–βarr1-Fab30 

complex (using receptor and T4L densities as the common features) results in a 

projection that appears almost identical to the one of the megaplex (Figure 19B-C). In 

this super-complex, βarr1 is positioned adjacent to the Gβγ subunits and several class 

averages indicate a direct interface between Gβγ and βarr1 (Figure 18C).  
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Figure 19: EM analysis of the (T4L)β2V2R–Gs-Nb35–βarr1-Fab30 megaplex. 
 (A) Representative EM image of negative stained megaplex. (B) Representative 

class averages of the megaplex (135 total particle projections). (C) Class averages of the 
previously published (T4L)β2AR–Gs-Nb35 complex and the (T4L)β2V2R–βarr1-Fab30 

complex in the ‘tail’ conformation (15, 69). Superimposition of these averages results in a 
density map that is identical to the one representing the megaplex. The scale bars in A, 

B, and C correspond to 100 nm, 10 nm, and 10 nm, respectively. 
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This possible Gβγ–βarr1 interaction was further explored by glutathione 

sepharose (GST) pull-down assays, whereby an interaction between the GST-βarr1, in 

complex with Fab30 and the phosphorylated V2R C-terminal peptide (V2Rpp), and 

heterotrimeric Gs was observed (Figure 20). Interestingly, when the Gβγ subunits were 

separated from the Gαs subunit by addition of non-hydrolysable GTP surrogate, 

GDP•AlF4-, Gβγ binds GST-βarr1 more prominently whereas Gαs subunit association 

with GST-βarr1 diminishes (Figure 20B-C). These results suggest that a direct interaction 

occurs between βarr1 and Gβγ subunits. Consistent with this finding, we further 

demonstrated that expression of the Gβγ scavenger, T8-βARKct, significantly reduced 

the β2V2R-stimulated BRET response between RlucII-Gγ2 and GFP10-βarr1 in HEK293 

cells (Figure 20D). 



 

74 

 

Figure 20: Glutathione Agarose-Based Pull-Down of GST-βarr1 Bound to 
Phospho-V2R C-Terminal Peptide and Fab30 Mixed with Heterotrimeric Gs 

 (A–D) Samples were prepared in the presence of control buffer, GDP, or 
GDP⋅AlF4−. (A) Representative Coomassie stained gel of the pull-down experiment. (B) 

Representative western blot using an anti-Gβ1antibody and quantification of Gβγ 
binding. (C) Representative western blot using an anti-Gαs antibody and quantification 
of Gαs binding. Data represent mean ± SE of N = 3 experiments. One-way ANOVA was 

performed to determine statistical differences relative to basal Gβγ binding (∗p < 
0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001). (D) Molecular proximity between GFP10-βarr1 

and RlucII-Gγ2 upon β2V2R-stimulation assessed by BRET. The experiment was 
performed in the absence or presence of T8-βARKct expression, and measurements were 

done throughout 30 min of agonist stimulation. Data represent mean ± SE of N = 8-9 
experiments. 
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2.3 Discussion 

Sustained G protein signaling by internalized GPCRs has been difficult to 

incorporate within the classical understanding of GPCR signaling since receptor 

internalization is thought to be driven by the formation of GPCR–βarr complexes and 

because βarr plays a fundamental role in the desensitization of GPCR-mediated G 

protein signaling. Thus, we found it surprising that Class B GPCRs including PTHR, 

V2R, and TSHR, which are known to interact tightly with βarr, have been shown to 

promote sustained G protein signaling from internalized compartments (41, 53, 54, 58). 

In the current study we directly demonstrate that by exchanging the C-terminal tail of 

the β2AR with the V2R C-terminal tail (β2V2R), the receptor internalization pattern 

changes from Class A to B, and that the β2V2R chimera displays similar behavior to the 

V2R (Figures 10 and 11) (21, 22). Interestingly, as observed with the V2R, this 

modification significantly enhances the ability of the β2V2R, relative to β2AR, to promote 

sustained G protein activation and signaling from internalized compartments (Figures 8 

and 9). Previous findings suggest a role for βarr in sustained G protein signaling by the 

PTHR and V2R. Co-expression of a constitutively active version of βarr1 enhances 

sustained G protein signaling at the PTHR and V2R, and such signaling was diminished 

by siRNA knockdown of both βarr1/2 (41, 57, 58). In contrast, for the Class A GPCR, 

β2AR, desensitization of Gs signaling is enhanced by a constitutively active βarr1, but 

diminished by siRNA knockdown of βarr1/2 (58, 59).  
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How is βarr involved in receptor-mediated G protein activation at internalized 

GPCRs?  Several studies with the PTHR, V2R, TSHR, δ opioid, and CCR1 (58, 70-74) 

indirectly support our megaplex hypothesis for GPCRs. In the present study, however, 

we provide direct evidence for formation of megaplexes; super-complexes in which the 

heterotrimeric Gs subunits come into close proximity with βarr1/2 upon stimulation of 

the β2V2R or V2R (Figure 13). This event seems to occur at internalized receptors (Figure 

10). Furthermore, upon agonist addition, β2V2R–βarr1/2 fusions retain the ability to 

activate Gs and promote signaling (Figures 14 and 15). We demonstrated in vitro that the 

receptor in a purified agonist-occupied β2V2R–βarr1-Fab30 complex interacts strongly 

with heterotrimeric Gs through its transmembrane core, while it couples simultaneously 

with βarr1 through the receptor C-terminal tail (Figures 16 and 20). This megaplex 

architecture allows the receptor to promote GDP-GTP exchange and to activate Gs 

(Figures 16, 17, and 18), and thus explains how βarr can drive receptor internalization 

without interfering with G protein coupling to the receptor.  

Why does βarr partake in sustained internalized G protein activation at Class B 

GPCRs while desensitizing it at others, such as the prototypical Class A GPCR, β2AR? 

The current study suggests that a strong interaction between the GPCR C-terminal tail 

and βarr is required to robustly form a megaplex (Figures 13, 16, and 19). To obtain a 

highly stable β2V2R–βarr1 complex, used for the aforementioned structural studies, this 

complex was engineered to have a strong interaction between the receptor C-terminal 
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tail and βarr1, which was accomplished by exchanging the β2AR C-terminal tail with the 

V2R C-terminal tail and stabilizing the active conformation of βarr1 with Fab30 (15). 

β2V2R and βarr1 only interact through the V2R C-terminal tail region in the ‘tail’ 

conformation, which is the arrangement that allows the receptor to interact with Gs. 

Thus, in order to form megaplexes, it might be a requirement for GPCRs to have a C-

terminal tail that promotes a strong interaction with βarr upon phosphorylation. Class B 

GPCRs have been reported to contain highly conserved serine/threonine 

phosphorylation site clusters in their C-terminal tails, which are critical for the formation 

of highly stable GPCR–βarr complexes (75, 76). Therefore, a dependency on a strong C-

terminal tail interaction, that promotes the ‘tail’ conformation, could explain why Class 

B GPCRs form megaplexes that lead to G protein signaling from internalized 

compartments. On the other hand, Class A GPCRs lack serine/threonine clusters at their 

C-terminal tails and, thus, promote a transient interaction between the GPCR C-terminal 

tail and βarr (75). Therefore, formation of Class A GPCR–βarr complexes, might be 

dependent on the interaction between the receptor transmembrane core and βarr, which 

would explain why Class A GPCRs only form megaplexes to a limited degree.  

Overall, our results indicate that megaplexes of a single Class B GPCR, βarr, and 

heterotrimeric G protein exist and may explain the recently appreciated phenomenon of 

sustained G protein signaling from endosomes. 
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2.4 Methods 

2.4.1 Real-time Measurement of cAMP Production 

HEK293-ICUE2 cell lines transiently transfected with GPCRs were imaged in the 

dark, on a 37 °C temperature-controlled stage, for the entire stimulation experiment 

using a DeltaVision Deconvolution microscope (GE Healthcare) with a Coolsnap HQ2 

CCD camera (Photometrics) controlled by SoftWoRx 6.1 (GE Healthcare). Dual emission 

ratio imaging used a CFP/YFP dichroic mirror, and 470 ± 24 nm and 535 ± 25 nm 

emission filters for CFP and YFP, respectively.  

2.4.2 Bioluminescence Resonance Energy Transfer (BRET) Assay  

Upon agonist stimulation, transfected HEK293 cells were incubated at 37°C and 

luciferase substrate coelenterazine 400a was added 5 min prior to reading BRET in a 

Synergy Neo microplate reader (BioTek) equipped with an acceptor filter (515 ± 30 nm) 

and donor filter (410 ± 80 nm). The BRET signal was determined as the ratio of light 

emitted by GFP10-tagged biosensors (energy acceptors) and light emitted by RlucII-

tagged biosensors (energy donors). 

2.4.3 Confocal Microscopy 

HEK293 cells transfected with fluorescence protein were fixed with ice cold 6% 

formaldehyde diluted in DPBS prior to, or at different time points, during stimulation of 

the GPCRs. Confocal images were obtained on a Zeiss LSM510 laser-scanning 
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microscope using multi-track sequential excitation (488, 568, 633 nm) and emission (515–

540 nm, 585–615 nm, 650 nm) filter sets. 

2.4.4 Co-immunoprecipitation of In Vitro Complexes 

Fab30 complex, BI-β2V2R, or Cz-β2V2R were mixed with Gs in a molar ratio of 

1:1.5 in presence of control buffer, 100 nM BI, 100 nM Cz, 20 µM GDP, or 20 µM GTPγS. 

Next, FLAG-β2V2R was immobilized on M1 anti-FLAG agarose-beads followed by 

extensive wash. Finally, FLAG-β2V2R and associated proteins were eluted by elution 

buffer containing 1 mg/ml FLAG peptide. 

2.4.5 Megaplex Preparation for Structural Studies 

To form stable megaplexes, Fab30 complex was incubated with Gs and Nb35 in a 

molar ratio of 1:1.5:3 for 1 h at room temperature. Megaplex was treated with 25 mU/ml 

of apyrase for 1 h and the CaCl2 concentration was adjusted to 4 mM. Finally, the 

megaplex was purified on an SEC column (Superdex 200, 16/600, GE Healthcare).  

2.4.6 Electron Microscopy 

Megaplexes were prepared for EM using conventional uranyl formate negative 

staining. The negative stained sample was imaged at room temperature with a Tecnai 

T12 electron microscope operated at 120 kV using low-dose procedures. Images were 

recorded at a magnification of ×71,138 and a defocus value of ~1.5 µm on a Gatan 

US4000 CCD camera. All images were binned (2 × 2 pixels) to obtain a pixel size of 

4.16 Å on the specimen level. 
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Future Goals  
Over the last decade, significant efforts have been made to understand the 

molecular properties and regulatory mechanisms that control the function of transducer 

interactions with GPCRs (24, 25). Work done in our lab discovered ligands which 

selectively activate βarr signaling, a phenomenon known as biased agonism, functional 

selectivity, or ligand-directed signaling (77). The ramifications of ‘biased agonism’ are 

extensive—in principle, ‘biased’ drugs that selectively activate subsets of signaling 

pathways, and thus trigger only particular effects at the physiological level (e.g., desired 

therapeutic outcomes and diminished side effects), could be developed for any number 

of GPCRs (78, 79). In fact, the first clinical tests of ‘biased’ drugs have yielded promising 

results (80). Progress in GPCR structural biology has provided the first high-resolution 

snapshots of receptor activation (16, 81-84) and more recently structure-based drug 

discovery (85, 86). The next step forward will be to appreciate the complexities of 

receptor activation—to illuminate the full breadth of these receptor conformations and 

their diverse signaling outcomes, when in complex with their partners. Accordingly, it is 

critical to gain structural insight into the conformational basis of ‘biased’ signaling at 

GPCR-transducer complexes (87). 

Sustained G-protein signaling via mega-complexes represents a largely 

unexplored area with physiological consequences. This extended mode of signaling has 

been confirmed for multiple different GPCRs such as the PTHR (53), V2R (41), CCR1 
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(74), and the dopamine D1 receptor (88), among others, which makes it tempting to 

propose that this form of signaling may be a fairly general phenomenon for many 

GPCRs. 

The therapeutic promise of targeting these megaplexes has already been 

appreciated. In the case of the PTHR, it has been shown that cAMP generation can be 

modulated (i.e. prolonged or attenuated) using different forms of short-acting and long-

acting parathyroid hormones (89). This result has the potential to serve as a key to 

developing new therapies for hypoparathyroidism and osteoporosis. It has also been 

shown that sustained G protein signaling can be induced by high affinity agonists that 

are tightly bound to the receptor, over long periods of time, and are resistant to low 

endosomal pH levels, whereas low affinity agonists may dissociate before the sustained 

G protein signaling phase initiates (41, 55, 90). Therefore, further characterization of this 

megaplex, and a better understanding of the physiological consequences of sustained 

signaling, can help inform the drug discovery process, specifically the development of 

long-acting drugs, as well as compounds that regulate such novel physiological 

responses. 

In this context, a high-resolution structure of the megaplex would be very 

valuable. From our extensive in vivo and in vitro characterization of this megaplex, we 

are attempting to solve its structure using cryo-electron microscopy (cryo-EM). Such a 
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structure would lay the basis for the development of ‘biased’ drugs and clearly inform 

the computational community. 

Perspective 
Melanoma is the deadliest form of skin cancer and there are limited treatments 

available to patients (91). Recent studies have suggested that GPCRs play a factor in skin 

cancers (i.e. metastatic melanoma phenotype) (92). Chemokine receptors and protease-

activated receptors (PARs), two families of GPCRs, have both been implicated in the 

signaling pathways related to metastatic melanoma and disease progression (93, 94).  

The GPCRs known to form megaplexes and promote endosomal G protein 

signaling all belong to a specific class of GPCRs, termed Class B, that bind βarrs tightly, 

causing prolonged receptor internalization. One consistent feature observed at class B 

GPCRs, that leads to such behavior, is that the C-terminal tail contains clusters of 

phosphorylation sites. We are now identifying chemokine receptors and PARs which 

contain clusters of C-terminal phosphorylation sites, that potentially form megaplexes 

and participate in endosomal G protein signaling. 

Our initial study has focused on the chemokine receptor 7 (CCR7), which has 

been associated with a greater risk of melanoma metastasis (93, 95). Interestingly, CCR7 

has two endogenous ligands, CCL19 and CCL21, which lead to a differentially 

phosphorylated C-terminal receptor tail (96). We are employing BRET and cell signaling 

assays to show that the ligand CCL21, but not CCL19, leads to sustained G protein 
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signaling from internalized CCR7. We are currently assessing the implications of CCR7-

mediated internalized G protein signaling to the metastatic melanoma phenotype. These 

results could provide a unique opportunity to develop novel drug targets against 

metastatic melanoma. 

The fascinating findings presented in totality herein provide a biophysical basis 

for the newly appreciated phenomenon of sustained G protein signaling from 

internalized GPCRs, represents a paradigm shift in GPCR biology, and provides novel 

pharmacological drug targets (compartmentally and/or spatially based). 
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