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G P C R  S I G N A L I N G

G protein–coupled receptor endocytosis generates 
spatiotemporal bias in β-arrestin signaling
András D. Tóth1,2,3†, Bence Szalai1,2†‡, Orsolya T. Kovács2, Dániel Garger2,4, Susanne Prokop2, 
Eszter Soltész-Katona1, András Balla2,5, Asuka Inoue6, Péter Várnai2,5,  
Gábor Turu1,2*, László Hunyady1,2*

The stabilization of different active conformations of G protein–coupled receptors is thought to underlie the varying 
efficacies of biased and balanced agonists. Here, profiling the activation of signal transducers by angiotensin II type 1 
receptor (AT1R) agonists revealed that the extent and kinetics of β-arrestin binding exhibited substantial ligand-
dependent differences, which were lost when receptor internalization was inhibited. When AT1R endocytosis was 
prevented, even weak partial agonists of the β-arrestin pathway acted as full or near-full agonists, suggesting that 
receptor conformation did not exclusively determine β-arrestin recruitment. The ligand-dependent variance in 
β-arrestin translocation was much larger at endosomes than at the plasma membrane, showing that ligand efficacy in 
the β-arrestin pathway was spatiotemporally determined. Experimental investigations and mathematical modeling 
demonstrated how multiple factors concurrently shaped the effects of agonists on endosomal receptor–β-arrestin 
binding and thus determined the extent of functional selectivity. Ligand dissociation rate and G protein activity had 
particularly strong, internalization-dependent effects on the receptor–β-arrestin interaction. We also showed that 
endocytosis regulated the agonist efficacies of two other receptors with sustained β-arrestin binding: the V2 vasopressin 
receptor and a mutant β2-adrenergic receptor. In the absence of endocytosis, the agonist-dependent variance in 
β-arrestin2 binding was markedly diminished. Our results suggest that endocytosis determines the spatiotemporal 
bias in GPCR signaling and can aid in the development of more efficacious, functionally selective compounds.

INTRODUCTION
G protein–coupled receptors (GPCRs) represent the largest family 
of cell surface receptors, and they engage various signaling proteins 
upon stimulation by their agonists. Certain ligands stimulate selec-
tive or stronger activation of different transducers, a phenomenon 
called biased signaling or functional selectivity (1). This concept has 
gained great attention because biased drugs may exert beneficial 
clinical effects because of their lack of engagement with signaling 
pathways that induce undesired side effects. Regarding biased sig-
naling, the angiotensin II type 1 receptor (AT1R) is one of the most 
extensively studied GPCRs. Whereas its endogenous peptide ligand 
angiotensin II (AngII) serves as a full agonist for AT1R, several studies 
have shown that derivatives of AngII that lack an aromatic amino acid 
residue in the eighth position preferentially activate β-arrestin rather 
than G protein signaling (2, 3). Moreover, diverse functional actions 
of AT1R agonists have also been demonstrated across different G 
protein and GPCR kinase (GRK) subtypes (4–7). Furthermore, differ-
ent ligand bias profiles have also been linked to specific in vivo effects, 

and TRV120027, a β-arrestin–biased agonist of AT1R, has even been 
evaluated in clinical trials (8–12).

It was theorized that the pathway-selective cellular actions of 
biased ligands are based on their ability to stabilize receptors in dif-
ferent conformations (13, 14), which was later proven by the eluci-
dation of corresponding crystal structures (15). Consistent with 
community guidelines, here we use the term “ligand bias” to refer 
to biased signaling emerging from distinct, agonist-induced recep-
tor conformations (1). Despite having unique translational poten-
tial, it has remained elusive how ligand bias interferes with the 
generally known kinetic and spatial factors that regulate receptor 
signaling. Advancements in live cell–based sensors and genetically 
modified cell lines have greatly improved our understanding of 
how the temporal alteration or synchronization of signaling path-
ways can transmit specific information (16, 17). Moreover, the concept 
and importance of “temporal bias” is increasingly acknowledged, 
given that many studies have shown that the activities of distinct 
signaling pathways can differentially change over time, and the kinetics 
of these changes happen in a ligand-specific manner (1, 17–19). Fur-
thermore, data suggest that some ligands exhibit “location bias” or 
“spatial bias,” which means that they may differently stimulate re-
ceptor signaling in distinct subcellular compartments (20–23). 
These levels of complexity pose a great challenge to the precise ex-
perimental investigation of the kinetic and spatial factors that affect 
biased signaling and consequently complicate the rational design of 
novel pathway-selective clinical drugs.

Here, we aimed to identify the principal dynamic processes that 
act interdependently with ligand bias to evoke functionally selective 
cellular responses. To comprehensively investigate the spatiotemporal 
layer of biased signaling, we conducted a systematic series of advanced 
kinetic assays with a set of AT1R agonists and formulated an in silico 
model of receptor signaling. We found that differences in the extent 
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of the interaction between AT1R and β-arrestin in response to dis-
tinct agonists, including balanced and biased ligands, were almost 
completely lost upon inhibition of receptor internalization, and the 
effects of the key regulatory factors that drive ligand specificity in 
β-arrestin binding were manifested at endosomes. Our results reveal 
a strong correlation between ligand dissociation rate and the extent 
of the AT1R–β-arrestin interaction after receptor internalization. 
Furthermore, our experiments revealed that the recruitment of β-
arrestin2 to AT1R by balanced agonists was facilitated by the activity 
of members of the Gq/11 family of G proteins, leading to the in-
creased abundance of AT1R–β-arrestin complexes predominantly at 
the endosomal compartment. Last, our mathematical model and 
expanded experimental results with the V2 vasopressin receptor 
(V2R) and the β2-adrenergic receptor (β2AR) suggest that endocy-
tosis provides a general platform for kinetic and spatial factors to 
shape the overall signaling outcome together with ligand bias in a 
mutually dependent manner.

RESULTS
Ligand-specific differences in AT1R–β-arrestin binding 
depend on receptor endocytosis
To comprehensively investigate the temporal characteristics of bi-
ased signaling, we monitored the activation of a large set of AT1R 
transducers in real time after stimulation with nine AT1R peptide 
ligands, which display markedly different affinities and signaling 
bias profiles (fig. S1) (24–26). All agonists were applied at a concen-
tration of 10 μM, which results in complete or near-complete satu-
ration of AT1R, and the endogenous agonist AngII was selected as 
the reference ligand. The receptor–β-arrestin interaction was as-
sessed with a bioluminescence resonance energy transfer (BRET)–
based assay (27), whereby the BRET signal between RLuc-labeled 
AT1R and Venus-tagged β-arrestin was measured. All of the ligands 
stimulated the binding of β-arrestin1 (fig.  S2) and β-arrestin2 
(Fig. 1A) to AT1R, although their efficacies varied. We found that 
the differences in agonist effects continuously increased over time; 
for example, for β-arrestin2 recruitment, the fold difference be-
tween AngII and (Sar1, Ile4, Ile8)–AngII (SII-AngII) was 1.6-fold at 
2 min, which increased to 3.2-fold at 20 min after stimulation 
(Fig. 1A). G protein activation was monitored by measuring the dis-
assembly of tagged G protein subunits (28–30). For this purpose, we 
used the TRUPATH BRET biosensor set (31). In contrast with the 
β-arrestin recruitment assay, the ligands could be divided into two 
groups on the basis of their ability to activate the Gq protein 
(Fig. 1B). These groups are referred to as Gq-activating and non–
Gq-activating ligands. Members of the latter group are also fre-
quently referred to as β-arrestin–biased agonists. In addition, the 
Gq-activating ligands effectively activated other G protein TRUPATH 
sensors as well (including G11, Gi1, Gi2, Gi3, GoA, GoB, G12, and G13), 
and some G proteins were also partially activated by the β-arrestin– 
biased ligands (fig. S3). The activation kinetics of the distinct G pro-
tein sensors greatly differed; however, in contrast with the divergent 
ligand-dependent kinetics of β-arrestin binding, the relative differ-
ences between ligand effects for G protein activation were stable 
over time (Fig. 1, B and C). These data are consistent with previous 
observations that AT1R can be stabilized in multiple active confor-
mations, which may selectively couple to distinct transducers. In 
addition, our results demonstrate the existence of marked temporal 
differences, which influence signaling efficacy in a ligand- and 

transducer-specific manner and thus shape the extent of the appar-
ent functional selectivity.

Because a substantial pool of receptors is expected to be internal-
ized during the investigated time frame, we assessed how their spatial 
distribution influenced the temporal aspects of transducer activity. 
First, we focused on the β-arrestin pathway, where the most promi-
nent temporal differences were observed. To study this question, 
we overexpressed a dominant-negative form of dynamin2A (Dyn-
K44A) to inhibit receptor endocytosis (32). We observed that the 
agonist-specific β-arrestin2 binding curves converged over time 
(Fig.  1D), in contrast with the divergent behavior under normal 
conditions. Furthermore, the ligand-dependent differences in AT1 
R–β-arrestin2 binding were almost completely lost in Dyn-K44A– 
expressing cells at later times (Fig. 1D versus Fig. 1A). For example, 
the prototypical β-arrestin–biased agonist SII-AngII switched 
from being a weak partial agonist to being a near-full agonist. 
Concentration-response analysis performed with the values from 
the area under the curve (AUC) of AT1R–β-arrestin2 interaction re-
vealed a strong relationship between the efficacy and potency values 
of the distinct agonists under normal conditions. However, when en-
docytosis was inhibited, we found almost equal ligand efficacies for 
β-arrestin2 recruitment (Fig. 1, E and F, and figs. S4 and S5), whereas 
the potency values of the distinct ligands were not significantly dif-
ferent (fig. S5J).

Next, we verified the effects of receptor endocytosis by applying 
two additional methodologies to inhibit internalization. First, we 
used a rapamycin-inducible phosphatidylinositol 4,5-bisphosphate 
[PtdIns(4,5)P2] depletion system (fig. S6), because acute degrada-
tion of plasma membrane PtdIns(4,5)P2 prevents GPCR internal-
ization (25, 33). We found that PtdIns(4,5)P2 depletion did not 
alter the AngII-stimulated AT1R–β-arrestin2 interaction but mark-
edly enhanced the effects of the less efficacious agonists, in a man-
ner similar to that of Dyn-K44A coexpression (Fig. 1, G and H, 
and fig.  S6). We also used a hypertonic sucrose solution, which 
inhibits clathrin-mediated endocytosis (25, 32, 34). Upon pre-
treatment of cells with hypertonic sucrose, highly similar effects to 
those caused by PtdIns(4,5)P2 were observed on β-arrestin2 re-
cruitment (Fig.  1I and fig.  S7A). During these experiments, we 
found that the hypertonic sucrose solution decreased the detected 
luminescence intensities probably by affecting luciferase activity 
(fig. S7B). Nevertheless, the administration of hypertonic sucrose 
had the advantage that no additional construct had to be ex-
pressed, making it easy to use in different assays of transducer ac-
tivation. The inhibition of receptor endocytosis with hypertonic 
sucrose resulted in similar changes in β-arrestin1 recruitment as 
those that occurred with β-arrestin2 (Fig. 1J and fig. S7C). In con-
trast, the activation kinetics of Gq, Gi3, and G12, which are repre-
sentative members of G protein subfamilies, were only slightly or 
moderately affected, and the overall differences between ligands in 
their ability to activate G proteins were not altered significantly 
(Fig. 1J and fig. S7, D to F). Similarly to hypertonic sucrose, Dyn-
K44A coexpression had no substantial effect on Gq sensor activa-
tion, and neither the efficacy nor the potency of Gq-activating 
ligands was significantly altered (fig. S8). When we calculated the 
bias factors for Gq-activating ligands using the operational model 
(35, 36), AngIV appeared to be a Gq-biased agonist over time 
(Fig. 1K). Dyn-K44A overexpression, however, reduced the biased 
property of AngIV, consistent with the selective effect of Dyn-
K44A on the receptor–β-arrestin interaction.
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Fig. 1. Ligand-specific tem-
poral differences in AT1R–
β-arrestin binding are lost 
upon inhibition of receptor 
internalization. (A) Real-time 
measurement of AT1R–β-arrestin2 
(βarr2) binding upon stimula-
tion with the indicated agonists. 
(B) Real-time measurement 
of Gq protein activation after 
AT1R stimulation with the in-
dicated agonists. (C) Compara-
tive analysis of the temporal 
variability in ligand effects. The 
variance in ligand-specific BRET 
responses was calculated as 
the squared SD of the respons-
es of all agonists. To highlight 
the temporal change in the 
distribution of ligand-specific 
signals, each variance value 
was divided by the variance of 
the initial measurement point 
(~2 min after stimulus). The 
corresponding kinetic curves 
are shown in (A) and (B) and 
figs. S2A and fig. S3 (A to H). 
(D) Real-time measurement 
of AT1R–β-arrestin2 binding 
in Dyn-K44A–overexpressing 
cells. (E) Concentration-response 
curves of AT1R–β-arrestin2 
binding with or without Dyn-
K44A coexpression, showing 
AUC values. The correspond-
ing kinetic curves are shown in 
figs. S4 and S5, and the fitted 
half-maximal effective concen-
tration (EC50) values are shown 
in fig. S5J. (F) Relationship be-
tween the potency and efficacy 
values of different agonists 
with and without receptor in-
ternalization. Data display the 
linear correlation under both 
conditions (Mock, r2 = 0.6624; 
Dyn-K44A, r2 = 0.5685), but the 
slopes of the linear regression curves were significantly different (−17.45 ± 4.708 versus −4.745 ± 1.506, P = 0.0233). The 95% confidence intervals are marked by dotted 
lines. (G to I) Ligand-dependent extent of β-arrestin2 binding at later times (~20 min). Inhibition of endocytosis was achieved by three independent experimental 
methods: overexpression of Dyn-K44A (G), **P  =  0.0044; PtdIns(4,5)P2 depletion with rapamycin (Rapa) (H), **P  =  0.0068; and hypertonic sucrose treatment (I), 
*P = 0.0179. Levene’s tests were performed to evaluate the statistical significance of variances in each distribution, which were conducted on data scaled to their respec-
tive averages. Box and whiskers plots, complemented by aligned dot plots, show the distribution of the mean response magnitudes of agonists. Veh, vehicle. (J) Assess-
ment of the extent of β-arrestin1 and G protein recruitment by different ligands with or without receptor endocytosis. Data were processed and displayed as for (G) to (I). 
**P = 0.0087 for β-arrestin1 (βarr1); P = 0.1 for Gq; P = 0.4888 for Gi3; P = 0.9733 for G12. The corresponding kinetic curves are shown in (A) and (D) (for G); fig. S6B [for (H)]; 
(A) and fig. S7A [for (I)]; and figs. S2A and S7C, (B) and fig. S7D, figs. S3D and S7D, and figs. S3G and S7F [for (J)]. Except for the concentration-response curves, the ligands 
were applied at 10 μM. Data in (A) to (F) are means ± SEM of three to 19 experiments. Data are expressed as a percentage of the peak AngII-induced effect (at 100 nM or 
10 μM) of the kinetic curves in the same expression condition, either with or without Dyn-K44A coexpression. Because sucrose altered the luminescence intensities, the 
changes in the BRET ratio of sucrose-pretreated cells were expressed as a percentage of the AngII-induced effect after sucrose pretreatment. n.s., not significant. (K) Bias 
factors [ΔΔlog(τ/KA) or LogBias] were calculated for the Gq-activating ligands in the absence (left) or presence (right) of Dyn-K44A by fitting the operational model to the 
averaged responses observed in each indicated time frame, comparing the AT1R–β-arrestin2 interaction versus TRUPATH Gq sensor activation. A negative value indi-
cates a bias toward G protein activation, with AngII selected as the reference ligand. In the absence of Dyn-K44A, there was a significant negative association between 
the LogBias factor of AngIV and time [ligand:time interaction P value from (bias factor ~ ligand * time) linear model: P = 0.000039 after Holm-Šidák correction] but 
not for other ligands (P values are 0.71 and 0.29 for TRV055 and TRV056, respectively). In the presence of Dyn-K44A, the LogBias factor of the ligands showed no signifi-
cant time-dependent change (P values are 0.95, 0.094, and 0.094 for AngIV, TRV055, and TRV056, respectively).
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We further tested the effect of internalization inhibition at the 
second messenger level. PtdIns(4,5)P2 cleavage, a hallmark of the 
Gαq/11-dependent activation of phospholipase Cβ (PLCβ), was 
monitored upon AT1R stimulation with or without Dyn-K44A 
overexpression using a plasma membrane PtdIns(4,5)P2 BRET 
sensor (37). Consistent with the lack of change in Gq biosensor 
activation upon hypertonic sucrose treatment, Dyn-K44A overex-
pression did not alter the relative effects of ligands on PtdIns(4,5)P2 
abundance (fig.  S9). We concluded that receptor endocytosis 
generates the ligand-dependent differences in β-arrestin binding, 
but it does not alter the inherent ability of the active receptor to 
induce G protein activity. Thus, non–Gq-activating ligands retained 
their bias toward β-arrestin when receptor endocytosis was inhib-
ited; however, their partial agonism in β-arrestin binding devel-
oped into full or near-full agonism.

Differences in ligand-dependent AT1R–β-arrestin2 
interactions are primarily caused by the diverse abilities of 
ligands to stabilize endosomal AT1R–β-arrestin2 complexes
Next, we investigated how receptor endocytosis caused ligand-
dependent differences in β-arrestin binding. We hypothesized that 
the variability of agonist efficacies in β-arrestin recruitment was the 
consequence of differences in the amounts of agonist–receptor–β-
arrestin complexes at endosomes. Thus, we generated cell compartment–
targeted biosensors and monitored β-arrestin recruitment in different 
compartments, similarly to previous designs (38, 39). We fused 
the BRET donor enzyme NanoLuc either to a myristoylation-
palmitoylation sequence or to Rab5 to target it to the plasma mem-
brane or to early endosomes (PM-NanoLuc and EE-NanoLuc, 
respectively) and applied these biosensors together with Venus-
tagged β-arrestin2 in bystander BRET measurements (Fig.  2A). 
After AngII treatment, the BRET signal between PM-NanoLuc 
and β-arrestin2–Venus first increased and then slightly decreased 
(fig. S10A), which reflects the plasma membrane translocation and 
the concomitant trafficking of β-arrestin2–Venus. Accordingly, we 
measured a slightly delayed increase in the BRET signal between 
EE-NanoLuc and β-arrestin2–Venus, representing the enrichment 
of β-arrestin2–Venus at endosomes (fig.  S10B). Consistent with 
these findings, when receptor translocation to endosomes was in-
hibited by Dyn-K44A (fig. S10, C and D), both the declining phase 
of the plasmalemmal β-arrestin2 translocation and the endosomal 
β-arrestin2 translocation were prevented (fig. S10, A and B). Simi-
larly to AngII, all of the other AT1R ligands also stimulated plasma-
lemmal and endosomal β-arrestin2 translocations (Fig. 2, B and C). 
However, the ligand-dependent differences in plasmalemmal β-
arrestin2 translocation were significantly smaller compared with 
the differences in endosomal β-arrestin2 recruitment, and the latter 
was mainly responsible for the overall variance of the total AT1R–β-
arrestin2 interaction (Fig. 2, D and E).

Agonist-dependent endosomal β-arrestin2 recruitment was also 
visualized by confocal microscopy. First, the formation of intracel-
lular β-arrestin2–Venus–enriched vesicles was assessed in live cells 
after stimulation with AngII, ST-AngII, or SII-AngII, which have 
markedly different efficacies in β-arrestin recruitment (Fig. 2F). For 
the unbiased and high-throughput detection of intracellular fluo-
rescent puncta, a machine learning–based algorithm was applied 
(fig. S11). Significant differences were observed in the abilities 
of these ligands to form β-arrestin2–Venus–enriched vesicles 
(Fig. 2G). AngII stimulated the formation of a greater number of 

β-arrestin2–Venus–enriched puncta than did ST-AngII or SII-
AngII; moreover, the average size of the AngII-stimulated puncta 
was also significantly greater (Fig. 2, H and I). In addition to live-
cell imaging, we performed quantitative analysis on fixed cells with 
an increased sample size for the full set of agonists. Note that cell 
fixation caused the formation of artificial intracellular aggregates of 
β-arrestin2–Venus even in unstimulated cells; however, ligand-
specific effects were still detectable. Confocal microscopy revealed 
a rank order of the agonists highly similar to that revealed by the 
bystander BRET assay (Fig. 2J). These results verified that the ob-
served temporal bias in β-arrestin recruitment is associated with a 
spatial bias, because the ligand-dependent differences were charac-
teristic for the endosomal compartment.

Endosomal β-arrestin translocation plays an important role in 
the β-arrestin–dependent regulation of the mitogen-activated pro-
tein kinase (MAPK) signaling cascade (40). Therefore, we also in-
vestigated whether the extent of endosomal β-arrestin translocation 
correlated with the amount of complex formation between AT1R, 
β-arrestin2, and members of the MAPK pathway using previously 
described BRET assays (Fig. 2K) (41). There was a high degree of 
correlation between the extent of endosomal β-arrestin transloca-
tion and the amount of complex formed with MAPK kinase 1 
(MEK1) or extracellular signal–regulated kinase 2 (ERK2), indicat-
ing the downstream consequence of the magnitude and location of 
β-arrestin binding (Fig. 2, L and M, and fig. S12, A to D). The AngII-
stimulated signal was significantly decreased upon Dyn-K44A coex-
pression (fig. S12, E to G), but the phosphorylation of ERK1/2 was 
not affected (fig. S12, H and I), suggesting that the primary role of 
endocytosis in the regulation of MAPK signaling by AT1R is the dy-
namic subcellular localization of activated kinases, consistent with 
earlier studies (42).

Ligand dissociation rate governs the lifetime of 
AT1R–β-arrestin2 complexes primarily in endosomes
All of the AT1R agonists tested stimulated β-arrestin2 recruitment 
with various kinetics and efficacies; moreover, their signals were dif-
ferently affected by the inhibition of endocytosis. Our next goal was 
to explore the intrinsic characteristics of the ligands underlying 
these differences. To quantify the effects of internalization upon 
β-arrestin2 recruitment stimulated by the different agonists, we in-
vestigated the difference between their maximum effect (Emax) 
values with or without Dyn-K44A. We found that the β-arrestin2 
signal of the more efficacious ligands was systematically less sensi-
tive to internalization (Fig.  3A). One possible explanation is that 
they maintain a stable receptor–β-arrestin complex even after recep-
tor trafficking to intracellular compartments. To directly investigate 
the stability of the AT1R–β-arrestin2 interaction, we characterized 
the disassembly of the AT1R–β-arrestin2 complex. We followed the 
dissociation of β-arrestin2–Venus from AT1R-RLuc after the termi-
nation of agonist binding, which was achieved by ligand displace-
ment with the high-affinity, membrane-permeable AT1R antagonist 
candesartan (fig. S13A) (43). The rate of receptor–β-arrestin disas-
sembly (kdis) was assessed by using the exponential decay equation. 
Similar to “internalization sensitivity,” the rate of β-arrestin2 detach-
ment from AT1R greatly varied between different agonists and 
displayed a strong inverse correlation with their efficacy values 
(Fig. 3B). When kdis values were determined in Dyn-K44A–expressing 
cells, the values displayed a significant correlation with the corre-
sponding values of the control condition, suggesting that the major 
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Fig. 2. AT1R agonists substantially differ 
in their ability to induce β-arrestin2 re-
cruitment to endosomes. (A) Schematic 
illustration of the BRET setups for the 
compartment-specific monitoring of β-
arrestin2 translocation. (B and C) Real-time 
monitoring of β-arrestin2 translocation to 
the plasma membrane (PM) and to early 
endosomes (EEs). The indicated saturat-
ing ligand concentrations were applied. 
Data are means ± SEM of four indepen-
dent experiments. (D and E) Comparison 
of AT1R–β-arrestin2 binding at the indicated 
compartments. Total β-arrestin2 binding 
represents the BRET signal between AT1R-
RLuc and β-arrestin2–Venus (Fig. 1A). (D) 
Distribution of ligand effects over time, 
represented by the variance (squared SD) 
of BRET responses to all agonists. (E) Agonist-
induced β-arrestin2 responses at later times 
(average of BRET responses measured 17 to 
23 min after stimulation) are shown. Levene’s 
tests were performed on datasets scaled 
to their average to compare the variances: 
(βarr2 at PM versus βarr2 at EE: *P = 0.0246; 
total binding versus βarr2 at PM: *P = 0.0306; 
total binding versus βarr2 at EE: P = 0.8382). 
(F to J) Endosomal β-arrestin2 transloca-
tion was analyzed by confocal fluores-
cence microscopy. (F) Representative 
images of live HEK 293A cells expressing 
β-arrestin2–Venus before and after stimu-
lation with 10 μM AngII, ST-AngII, or SII-
AngII for 20 to 30 min. Scale bars, 10 μm. 
(G) Quantitative analysis of the formation 
of agonist-induced, β-arrestin2–enriched 
vesicles in live cells. Intracellular β-arrestin2–
Venus puncta were identified by a machine 
learning–based algorithm; details are dis-
cussed in Materials and Methods and 
fig.  S11. The percentage of cells that 
contained fluorescent puncta are plotted. 
All ligands induced a significant response 
(versus control, ****P  <  0.0001) but with 
varying efficacies (AngII versus SII-AngII, 
****P < 0.0001; ST-AngII versus SII-AngII, 
***P = 0.0002; AngII versus ST-AngII, P   = 
0.5284), as determined by one-way ANOVA 
with Bonferroni post hoc test. Data are 
means ± SEM of four independent ex-
periments. (H and I) Violin plots display 
the distribution of the number (H) and 
average size (I) of intracellular β-arrestin2–
Venus puncta per cell. Only cells with detected puncta from four independent experiments were included in the analysis; 1508, 1584, 1268, and 1040 cells for the control, 
AngII, ST-AngII, and SII-AngII conditions, respectively, were analyzed. Outliers were identified and removed by the ROUT method (Q = 1%). The amount (H) and the size (I) 
of the β-arrestin2–Venus–positive puncta were both significantly different between the treatments (****P < 0.0001), as determined by one-way ANOVA with Bonferroni 
post hoc test. (J) Correlation between the ligand-specific extent of endosomal β-arrestin2 recruitment as measured by BRET (C) or by confocal microscopic experiments. 
Image acquisition was performed on paraformaldehyde-fixed cells, which had been stimulated with the same ligand concentrations as those used for the experiments 
shown in (C). Data are means ± SEM of four independent experiments. The ratio of the agonist-induced intracellular puncta area and the whole-cell area was assessed for 
all AT1R agonists and normalized to the ratio of unstimulated cells. These values are plotted against the AUC values from the kinetic curves in (C). Linear regression, 
r2 = 0.8492, ***P = 0.0004; dotted lines indicate 95% confidence intervals. (K) Schematic representation of the BRET assay used to monitor AT1R–β-arrestin2–MEK/ERK2 
complex formation. (L and M) Correlation between the extent of endosomal β-arrestin2 translocation and MEK1 or ERK2 recruitment to AT1R. AUC values are shown, and 
same agonist concentrations were applied were the same as those used for the experiments in (C). Data are means ± SEM of four independent experiments. For (L): linear 
regression, r2 = 0.888, ***P = 0.0001; for (M): linear regression, r2 = 0.8812, ***P = 0.0002. The corresponding kinetic curves are shown in (C) and fig. S12 (A and B).
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ligand-specific differences were preserved during the process of en-
docytosis (fig. S13, B and C). Because the observed kdis values incor-
porate the dissociation rates of complex reaction steps among 
agonists, receptors, and β-arrestin molecules, we tested whether the 
marked differences between ligands were driven by their kinetic 
binding parameters. We performed competitive ligand-binding 
measurements to assess the association and dissociation rates of the 
ligand-receptor interactions (kon_LR and koff_LR values, respectively), 
using our previously described Gaussia luciferase (GLuc)–based 
BRET platform (fig. S14 and Table 1) (44). Whereas no significant 
correlation was found between kon_LR and the extent of AT1R–β-
arrestin2 binding, koff_LR showed a similar significant inverse corre-
lation as that of kdis with the efficacy of the AT1R–β-arrestin2 
interaction (Fig. 3, C and D). Moreover, the koff_LR values, obtained 
from the direct GLuc-based ligand-binding assay, highly correlated 

with the kdis values of the β-arrestin2 dissociation assay (fig. S13D). 
These data indicate that the dissociation rate of ligands is a major 
contributor to the agonist-dependent differences and that only li-
gands with low koff_LR values maintain receptor–β-arrestin complex-
es after their translocation to endosomes.

However, we also observed that Gq-activating ligands generally 
displayed greater efficacy than that of biased agonists, regardless of 
their kdis values (Fig. 3E). This suggests that G protein–dependent 
factors influence the quantity of receptor–β-arrestin complexes with-
out regulating their disassembly, but they potentially affect their 
assembly. In this case, balanced agonists should already promote 
increased β-arrestin binding at the initial phase of signaling. Accord-
ingly, Gq-activating agonists induced significantly greater responses 
at 2 min after stimulation than did β-arrestin–biased agonists (Fig. 3F). 
This early difference in response was not sensitive to Dyn-K44A 
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Fig. 3. Ligand dissociation rate inversely corre-
lates with the efficacy of the AT1R–β-arrestin2 
interaction. (A) Correlation between the ligand-
dependent efficacy and internalization sensitivity 
of AT1R–β-arrestin2 binding. The efficacy and de-
gree of internalization sensitivity of each ligand 
were evaluated from the concentration-response 
curves shown in Fig. 1E. Internalization sensitivity 
was quantified by calculating the difference between 
the Emax values in the presence or absence of Dyn-
K44A. Linear regression, r2 = 0.9643, ****P < 0.0001; 
dotted lines represent 95% confidence intervals. 
(B) Correlation between the dissociation rate of 
β-arrestin2–Venus from AT1R-RLuc (kdis) and the 
efficacy of AT1R–β-arrestin2 binding (r2 = 0.5476; 
*P = 0.0226). Kinetic curves are shown in fig. S13A. 
(C and D) Correlation between the Emax of AT1R–
β-arrestin2 binding and kon_LR (C) or koff_LR (D). 
koff_LR showed a significant inverse correlation 
(r2 = 0.4794; *P = 0.0387), whereas kon_LR did not 
correlate with the extent of β-arrestin2 binding 
(r2 = 0.3637, P = 0.0982). (E) Comparison between 
the β-arrestin2 binding efficacy of Gq-activating 
and non–Gq-activating ligands. Deviation from the 
fitted line in (B) was plotted for each Gq-activating 
and non–Gq-activating ligand. ***P =  0.0003 by 
unpaired two-tailed t test. (F) Comparison of the 
effects of Gq-activating and non–Gq-activating ligands 
on AT1R–β-arrestin2 binding at early (2 min) and 
late (20 min) times. Emax values were fitted on the 
basis of data depicted in figs. S4 and S5. Data were 
analyzed by two-way ANOVA with Bonferroni post 
hoc test. Mock at 2 min: ***P = 0.0008; Dyn-K44A 
at 2 min: ****P < 0.0001; Mock at 20 min: *P = 0.018; 
Dyn-K44A at 20 min: n.s.). Data are means ± SEM.
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coexpression, consistent with the low proportion of internalized re-
ceptors at this time. The extent of β-arrestin recruitment by Gq-
activating agonists was greater even at 20 min after stimulation; 
however, this difference was diminished by Dyn-K44A coexpres-
sion (Fig. 3F). This finding implies that the prolonged effects of 
G protein activity on β-arrestin recruitment are related to receptor 
translocation to endosomes.

G protein activity enhances β-arrestin2 recruitment 
to endosomes
To analyze in greater depth how G protein–dependent regulatory 
factors govern the spatiotemporal dynamics of β-arrestin binding, 
we systematically compared the effects of the balanced agonist AngII 
and the β-arrestin–biased ST-AngII (Fig. 4A), ligands that share 
almost the same koff_LR value but have substantially different effica-
cies for β-arrestin recruitment. To uncover the underlying mecha-
nism, we applied genetic and pharmacological perturbations. We 
first investigated the effects of a complete blockade of G protein 
activity in experiments with a G protein knockout CRISPR-Cas9 
cell line (ΔGsix: ΔGs/olf/ΔGq/11/ΔG12/13), which express only the 
Gi/o subfamily members (45), which were pretreated with the Gi/o 
inhibitor pertussis toxin (PTX). In these cells, differences between 
the effects AngII and ST-AngII were lost, and the extent of β-
arrestin2 binding to AT1R was also markedly reduced (Fig. 4, B and 
C). We tested whether the G protein–mediated effects were depen-
dent on the spatiotemporal regulation of receptor trafficking. 
Inhibiting endocytosis by coexpression of Dyn-K44A partially 
reversed the reduced β-arrestin binding in ΔGsix cells (Fig. 4, B 
and C), suggesting that G proteins play an important role in modu-
lating the recruitment of β-arrestin2 to endosomes. Consistent with 
this, bystander BRET measurements confirmed significantly re-
duced β-arrestin2 recruitment to endosomes in ΔGsix cells in re-
sponse to either AngII or ST-AngII (Fig.  4D and fig.  S15A). 
Consistent with these findings, quantitative confocal microscopic 
experiments revealed significantly fewer β-arrestin2–Venus–
enriched intracellular puncta in AngII-stimulated ΔGsix cells 
(Fig. 4, E and F).

To selectively evaluate the role of Gq/11 protein activity, we 
conducted experiments with a specific Gq/11 inhibitor, YM-254890 
(YM) (46), after verifying that the drug effectively and selectively 

inhibited Gq/11 proteins (fig. S15, B to E). In the presence of YM, the 
AngII-induced response was markedly decreased compared with 
that in control cells (Fig. 4G). However, this effect was significantly 
reduced compared with that caused by complete G protein block-
ade in ΔGsix cells, consistent with a selective effect of YM on Gq/11 
proteins. Note that YM also exerted a weak but evident effect on the 
non–Gq/11-activating agonist ST-AngII, which may be caused by 
the inhibitory effect of YM on basal Gq/11 activity (fig. S15, B and 
C). Similarly to what was observed in ΔGsix cells, inhibiting endo-
cytosis reduced the effect of Gq/11 inhibition on AT1R–β-arrestin2 
binding (Fig. 4, G and H). Accordingly, pretreatment with YM de-
creased the AngII-induced recruitment of β-arrestin2 to endo-
somes in bystander BRET measurements (Fig.  4I), underscoring 
the importance of the endosomal receptor pool in the lasting ef-
fects of G protein activity on β-arrestin recruitment.

Because our earlier findings (Fig. 3F) suggested that Gq/11 activ-
ity may affect the assembly of the AT1R–β-arrestin2 complex, we 
determined the association kinetics with high temporal resolution 
in the presence or absence of YM and calculated the observed asso-
ciation rate constant (kas). We used Dyn-K44A–coexpressing cells 
for our measurements to exclude any influence of receptor endocy-
tosis on the maximal signal (considering that a reduced maximal 
value may cause a falsely high kas constant upon fitting one-phase 
association curves). We found that AngII-induced AT1R–β-arrestin2 
binding resulted in a significantly greater kas value compared with 
that induced by ST-AngII and that YM substantially decreased these 
values. In contrast, the kdis value was not significantly affected by 
YM, supporting the conclusion that G protein activity predomi-
nantly affects the assembly rather than the disassembly of the 
receptor–β-arrestin complex.

We further used subcellular compartment–specific inhibitors of 
Gαq/11 signaling (47) to characterize the effects of G protein activity 
in different compartments (fig. S16). Whereas the plasma membrane–
targeted Gαq/11-scavenger protein RGS-CAAX (GRK2-RGS fused 
to H-Ras–CAAX) inhibited both the early and late phases of the 
AT1R–β-arrestin2 interaction, the endosome-localized RGS-FYVE 
(GRK2-RGS fused to tandem endofin FYVE domains) only de-
creased the late phase of the AngII-induced signal. These findings 
are consistent with previous data showing that the plasmalemmal 
activation of Gαq/11 is necessary for its endosomal activity (47) and 

Table 1. Ligand association and dissociation rates determined by the GLuc-based competitive ligand binding assay. The kon_LR and koff_LR values of 
ligand–AT1R interactions are means ± SEM of three to five experiments. The corresponding kinetic curves are shown in fig. S14.

kon_LR (M−1 min−1) koff_LR (min−1)

Means SEM Means SEM

AngII 2.42 × 107 1.86 × 106 2.96 × 10−2 1.74 × 10−2

ST-AngII 1.73 × 107 1.28 × 106 2.46 × 10−2 1.72 × 10−2

TRV055 4.86 × 106 5.41 × 105 1.57 × 10−1 3.70 × 10−2

TRV023 4.57 × 106 3.44 × 105 5.83 × 10−2 1.91 × 10−2

TRV027 6.15 × 106 4.80 × 105 4.99 × 10−2 1.89 × 10−2

TRV056 5.75 × 105 5.87 × 104 1.15 × 10−1 3.04 × 10−2

SII-AngII 1.85 × 106 2.14 × 105 3.22 × 10−1 5.51 × 10−2

AngIV 1.77 × 105 2.17 × 104 1.68 × 10−1 4.16 × 10−2

Ang-(1-7) 8.14 × 105 6.54 × 104 2.71 × 10−1 3.45 × 10−2
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Fig. 4. G protein activity promotes 
the recruitment of β-arrestin2 to 
AT1R at endosomes. (A) Schematic 
comparison of the characteristics of 
AngII and ST-AngII. (B) Monitoring of 
β-arrestin2–Venus binding to AT1R-
RLuc in parental and PTX-pretreated 
(PTX of 100 ng/ml for 20 hours) ΔGsix 
HEK 293A cells after treatment with 
10 μM AngII or ST-AngII. Kinetic measure-
ments were performed with Mock (left) 
and Dyn-K44A–expressing cells (right). 
(C) Statistical comparison of the changes 
in BRET ratios at later times (17 to 23 min 
after stimulation) by three-way ANOVA 
with Bonferroni post hoc test. Only the 
biologically meaningful comparisons are 
shown. Data are means ± SEM of four 
independent experiments. (D) Moni-
toring of β-arrestin2 recruitment by 
bystander BRET measurements in pa-
rental and ΔGsix cells at later times. 
The corresponding kinetic curves are 
shown in fig. S15A. Data are means ± 
SEM of five independent experiments. 
(E) Representative live-cell images of 
parental and PTX-pretreated ΔGsix cells 
before and after stimulation with An-
gII. Scale bars, 10 μm. Data are represen-
tative of four independent experiments. 
(F) Quantitative analysis of live-cell im-
ages of untreated and stimulated (20 to 
30 min) cells; 90, 194, 301, and 396 cells 
with similar β-arrestin2–Venus abundance 
were analyzed for each condition. Out-
liers were identified and excluded from 
the data with the ROUT method (Q = 1%). 
Data are from four independent ex-
periments. (G) Kinetics of β-arrestin2–
Venus recruitment to AT1R-RLuc in HEK 
293T cells pretreated with vehicle or 
100 nM YM-254890 (YM) for 40 min 
under mock (left) or Dyn-K44A–express-
ing (right) conditions. Data are from 
three or four independent experiments. 
(H) YM-dependent relative changes at later 
times. Data are normalized to vehicle pre-
treatment for each ligand. (I) Endosomal 
β-arrestin2 recruitment in vehicle- or YM-
pretreated cells upon AngII stimulation, 
as measured by bystander BRET. Data 
are means ± SEM of nine experiments. 
(J) Monitoring of the effects of YM on the assembly (left) and disassembly (right) of AT1R–β-arrestin2 complexes. Left: The association between βarr2–Venus and AT1R-RLuc 
was monitored in Dyn-K44A–coexpressing cells. Temporal resolution was enhanced through the use of injectors to apply stimuli. One-phase association binding curves 
were fitted to assess the observed association rate constants (kas). Right: After 26 min of treatment with 10 μM agonist, cells were treated with 30 μM candesartan (repre-
sented as the zero time point). One-phase dissociation curves were fitted to the data points to assess kdis values. Data are means ± SEM of three or four experiments. 
(K) Statistical comparison of kas and kdis values, obtained from the kinetic curves in (J). Data are means ± SEM. For all panels, 10 μM AngII and ST-AngII were applied. Except 
for (C), statistical evaluation was performed by two-way ANOVA with Bonferroni post hoc test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001; n.s., P > 0.05.
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directly imply a substantial role for G protein activity in the re-
cruitment of β-arrestin2 to endosomes.

Gαq/11 activity also leads to PtdIns(4,5)P2 hydrolysis, which may 
decrease the extent of receptor internalization (25) and thus may 
further contribute to enhanced β-arrestin2 recruitment. Note that 
β-arrestin2 binding measurements require overexpression of β-
arrestin2, which may affect the amount of PtdIns(4,5)P2 at the 
plasma membrane (48, 49). In the presence of overexpressed β-
arrestin2, agonist-stimulated PtdIns(4,5)P2 depletion was only tran-
sient (fig. S17, A and B), and there was no substantial difference 
in the extent of receptor internalization stimulated by the distinct 
ligands (fig. S17, C to F). These results also argue against the differ-
ences in β-arrestin2 binding being attributed to distinct ligand-
dependent internalization properties.

These findings indicate that G protein activity increases the as-
sociation rate of the AT1R–β-arrestin2 interaction, whereas it does 
not significantly affect its dissociation rate, which results in an over-
all increased interaction. Because the prolonged effects of G protein 
activity depend on receptor endocytosis, we hypothesize that G pro-
teins might promote the assembly of AT1R–β-arrestin2 complexes at 
endosomes through a mechanism that remains to be elucidated.

Agonist-specific recruitment of β-arrestin to GPCRs with 
class B-type binding is generally dependent on endocytosis
GPCRs are traditionally divided into two classes (A and B) on the 
basis of the stability of their β-arrestin binding (50). AT1R belongs to 
class B receptors, which form a stable complex with β-arrestin2 at 
the endosomal compartment, where ligand-dependent differences 
in β-arrestin2 binding mostly emerged in our earlier experiments. 
To address the question of whether the observed findings can gener-
ally characterize the β-arrestin binding of class B GPCRs, we ex-
tended our investigations to another prototypical class B receptor, 
the V2R (50). We characterized the recruitment of β-arrestin2 to 
V2R induced by two endogenous agonists, arginine vasopressin 
(AVP) and oxytocin (OT) with or without Dyn-K44A coexpression 
(Fig. 5, A to D, and fig. S18, A and B). We found that these ligands 
exhibited significant, time-dependent differences in the V2R–β-
arrestin2 interaction, which were abolished in the absence of endo-
cytosis. Consistently, compartment-specific measurements revealed 
that AVP and OT were similarly effective in stimulating the translo-
cation of β-arrestin2 to the plasma membrane but that OT was 
significantly less efficacious in promoting its endosomal transloca-
tion (Fig. 5, E to G).

To further demonstrate the integral role of the endosomal 
compartment in determining the agonist-specific extent of β-
arrestin binding, we performed experiments with a prototypical 
class A GPCR, the β2AR, which is incapable of endosomal β-arrestin 
recruitment. We hypothesized that the artificial induction of an 
endosomal pool of β2AR–β-arrestin2 complexes might augment 
differences between distinct β2AR agonists in the recruitment of β-
arrestin2. To test this hypothesis, we used a mutant form of β2AR 
that is converted to a class B receptor through the incorporation of 
C-terminal phosphorylation sites (β2AR-3S) (Fig. 6A) (51). In the 
case of wild-type (WT) β2AR, we found that three tested β2AR ago-
nists led to similar recruitment of β-arrestin2 (Fig. 6B). However, we 
found that the extent of the interaction between mutant β2AR-3S 
and β-arrestin2 was not only increased in general but that marked 
differences emerged between the effects of ligands (Fig. 6C). More-
over, if we inhibited receptor internalization with Dyn-K44A, then 

these differences were almost completely eliminated (Fig. 6, D and 
E, and fig. S18, C to F), indicating that the ligand-dependent differ-
ences with β2AR-3S arose from the distinct abilities of the β2AR ago-
nists to induce endosomal β-arrestin recruitment. These results 
imply that receptor endocytosis determines the amount of agonist-
induced GPCR–β-arrestin complexes that form and act as a general 
orchestrator of the temporal effects of kinetic ligand parameters and 
spatial factors.

Quantitative modeling reveals kinetic factors that regulate 
the endosomal recruitment of β-arrestin
Our results suggest that ligand-dependent differences in the bind-
ing of β-arrestin to class B GPCRs predominantly manifest in intra-
cellular compartments, as we summarize in our simplified model 
(Fig. 7). However, precise experimental identification of the under-
lying internalization-sensitive molecular factors and their selective 
analyses face technical limitations. To overcome these shortcom-
ings and to investigate our concept with an independent approach, 
we constructed a kinetic mathematical model of GPCR signaling 
that enabled individual analysis of the relevant parameters in a 
compartment-specific manner.

We formulated ordinary differential equations (ODEs) to de-
scribe how the G protein activation and β-arrestin binding of recep-
tors develop over time upon agonist stimulation. We assembled a 
complete modeling framework (fig. S19), in which receptor inter-
nalization is also included. The reaction rate constants and the ini-
tial concentrations of molecules were either chosen from previously 
introduced mathematical models of GPCR signaling and published 
experimental data or were determined on the basis of rational as-
sumptions (tables S1 and S2) (52–56). Our simulations yielded Gq 
activity and β-arrestin binding concentration-response curves and 
displayed the time course of downstream signaling events mediated 
by Gq proteins (fig. S20).

To investigate our experimental findings, we performed simula-
tions that examined the spatiotemporal aspects of β-arrestin binding 
and its relationship with the ligand dissociation rate constant (koff_LR). 
A well-known difference between the local regulation of GPCR sig-
naling at endosomes is the relative rates of receptor phosphorylation 
and dephosphorylation compared with those at the plasma mem-
brane (57–60). To model this, we set the receptor phosphorylation 
rate at the plasma membrane to be greater than that at endosomes, 
and we selectively evaluated the number of β-arrestin–bound recep-
tors at the two different compartments. Consistent with our experi-
mental results, a ligand with a greater koff_LR value induced less 
β-arrestin binding and displayed a different kinetic profile (Fig. 8A). 
In addition, the koff_LR-dependent differences were more prominent 
in the intracellular compartment than at the plasma membrane 
(Fig. 8, B and C). In agreement with these findings, in silico inhibi-
tion of receptor internalization greatly reduced the effects of the dis-
sociation rate constant (Fig. 8, A to D). These simulations reveal that 
the experimental correlation between koff_LR and Emax implies a di-
rect causation and confirm that the effects of koff_LR are endocytosis 
dependent.

β-Arrestin binding is modulated by numerous cellular regulatory 
mechanisms that affect the phosphorylation state of receptors or, oth-
erwise, change the affinity of the receptor–β-arrestin complex. To test 
whether such systemic factors also influence koff_LR-dependent 
effects, we perturbed the reaction rate constants of the β-arrestin 
binding pathway. The koff_LR-specific differences in β-arrestin 
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recruitment were highly sensitive to changes in any of the investigated 
reaction rates (Fig. 8E and fig. S21). An increased relative proportion 
of phosphorylation at the endosomes compared with that at the plas-
ma membrane (by decreasing the phosphorylation rate at the plasma 
membrane, decreasing the dephosphorylation rate at the endosomes, 
increasing the phosphorylation rate at the endosomes, or increasing 
the dephosphorylation rate at the plasma membrane) reduced the 
koff_LR-specific differences. In the case of receptor–β-arrestin binding 
parameters, both an increase and a decrease in the stability of the 
receptor–β-arrestin complex led to decreased koff_LR-specific differ-
ences. Moreover, we found that, in the absence of receptor endocyto-
sis, the difference between a ligand with a low koff_LR value and a 
ligand with a high koff_LR value was generally less affected by our per-
turbations (Fig. 8E, right). These findings suggest that the modulation 
of the relationship between the koff_LR value of a ligand and β-arrestin2 
efficacy may serve as an important way to fine-tune signaling. On the 
other hand, changes in the ligand dissociation rate did not affect the 
maximal extent of G protein activation (Fig. 8F), indicating that ki-
netic ligand parameters have disparate effects on distinct receptor-
stimulated pathways. In contrast with koff_LR, alterations in the kon_LR 
of a ligand were not associated with marked changes in the efficacy of 
the investigated transducers (Fig. 8, F and G).

To systematically analyze the role of koff_LR in apparent pathway 
selectivity, we ran simulations with a set of test agonists with gradu-
ally altered koff_LR values and calculated a bias factor to quantify 

their relative preference toward Gq activation relative to β-arrestin 
binding (Fig. 8H). In the presence of receptor trafficking, the koff_LR 
value emerged as a decisive attribute of ligands in their “functional 
selectivity.” However, without internalization, the calculated bias 
remained almost completely unaltered by koff_LR, further highlighting 
the role of compartmentalization in functionally selective signaling.

DISCUSSION
Here, we demonstrated that functionally selective signaling of 
GPCRs is a concerted interplay among the intrinsic characteristics 
of the agonist-activated receptor structure (ligand bias), kinetic 
parameters (temporal bias), and spatial factors (location bias) that 
are strongly connected and strictly coordinated by the phenomenon 
of receptor endocytosis. We applied a diverse set of experimental 
and in silico approaches to unveil how receptor trafficking organizes 
these “types of bias” and displayed our results with AT1R, a proto-
typical GPCR that exhibits biased signaling. We found that inhibit-
ing receptor internalization eliminated the differences between the 
AT1R–β-arrestin binding efficacies of distinct agonists, including 
those classically considered to be biased and balanced ligands. We 
provided mechanistic insights into the marked effects of receptor 
trafficking by showing that ligand-dependent regulatory factors of 
β-arrestin binding were mainly exerted at the endosomal compart-
ment. We extended our findings to V2R, proposing that a common 
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Fig. 5. Oxytocin and vasopressin induce different extents of V2R–β-arrestin2 binding at endosomes but not at the plasma membrane. (A) Schematic representa-
tion of the class B-type β-arrestin binding of V2R and descriptions of the two endogenous V2R ligands used. (B and C) Kinetic measurements of the binding of β-arrestin2–
Venus to V2R-SLuc in response to 10 μM AVP and 30 μM OT in the absence (B) and presence (C) of Dyn-K44A. The concentration-response curves for AVP and OT are shown 
in fig. S18 (A and B). (D) AUC values of the curves shown in (B) and (C) were analyzed to statistically compare the effects of the indicated ligands. ***P = 0.0003 for Mock 
and P = 0.1232 for Dyn-K44A–coexpressing cells. (E and F) Real-time monitoring of the translocation of β-arrestin2 to the PM and to EEs by bystander BRET measurements. 
(G) Statistical comparison of AVP- and OT-induced V2R–β-arrestin2 binding at the indicated compartments. AUC values from (E) and (F) are shown. Data are means ± SEM 
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mechanism underlying the differing β-arrestin recruitment effica-
cies of ligands for GPCRs with class B–type binding lies in their in-
duction of varying degrees of interaction at endosomes but not at 
the plasma membrane.

Despite great research progress regarding “compartmentalized 
signaling” and “biased signaling,” the molecular links between these 
two phenomena remain poorly understood. On the other hand, their 
joint translational potential was highlighted by Eiger et al. (23), who 
demonstrated that endocytosis is necessary for a β-arrestin–biased 
agonist to exert its anti-inflammatory effects in mice. These results 
imply the unexploited possibility to rationally design biased drugs 
with defined spatiotemporal pharmacological profiles. Our experi-
mental work addressed this concept, and we identified the principal 
characteristics of ligands that determine signaling efficacy and the 
extent of functional selectivity in a compartment-specific manner.

First, we found that a greater ligand dissociation rate was linked 
with faster disassembly of the agonist–receptor–β-arrestin com-
plexes and thus decreased the total amount of β-arrestin–bound 

receptors. Our results regarding the marked influence of ligand dis-
sociation rate constant on the overall β-arrestin binding efficacy are 
supported by previous observations made with other GPCRs (19, 
61, 62). However, a study by Mösslein et al. (63) contradicts this 
hypothesis, because the authors found no effect of koff_LR on receptor–
β-arrestin complex stability during the investigation of β2-adrenergic 
and μ-opioid receptors, which exhibit class A–type β-arrestin bind-
ing (cannot recruit β-arrestin at endosomes). Here, we resolved this 
apparent discrepancy, because we not only verified that koff_LR regu-
lates the amount of receptor–β-arrestin complexes but also demon-
strated that mainly the endosomal pool is affected by this ligand 
kinetic parameter. Specifically, ligands with large koff_LR values 
failed to maintain a stable receptor–β-arrestin interaction after 
translocation to endosomes. Consistent with the study of Mösslein 
et al., we found no differences between low- and high-affinity 
agonists of the WT β2AR but did see differences with a phosphory-
lation site–engineered mutant that has class B–type β-arrestin bind-
ing properties.
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arrestin binding of β2AR generates ligand-
specific differences in β-arrestin2 recruitment. 
(A) Schematic representation of the β-arrestin 
binding properties of the WT and the phosphory-
lation site–engineered mutant (3S) β2AR. (B and 
C) Kinetics of the interactions between β-arrestin2–
Venus and WT β2AR–SLuc (B) and β2AR-3S–SLuc 
(C) in response to stimulation with 30 μM for-
moterol (FOR), 30 μM isoproterenol (ISO), and 300 μM 
norepinephrine (NE), concentrations that exert 
maximal β-arrestin2 binding. (D and E) Measure-
ment of β-arrestin2 binding to the WT and the 
3S-mutant receptors in Dyn-K44A–expressing 
cells. The corresponding concentration-response 
curves for the experiments shown in (B) to (E) are 
shown in fig. S18 (C to F). Data are means ± SEM 
of three or four experiments.
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Second, we showed that balanced agonists stimulated receptor–
β-arrestin interactions to a greater extent than did β-arrestin–biased 
agonists and that ligand bias per se was not affected by the inhibition 
of receptor trafficking. However, we found that G protein activity 
facilitated the AT1R–β-arrestin interaction but that the effects of G 
protein activity on β-arrestin recruitment endured only in the con-
text of receptor internalization. In contrast with the ligand dissocia-
tion rate constant (koff_LR), which mainly reflects the disassembly of 
receptor–β-arrestin complexes (kdis), we found that G protein activ-
ity mostly affected their association (kas). The underlying molecular 
mechanism may be that Gq- versus non–Gq-activating agonists can 
engage different sets of GRKs (7), and it is tempting to speculate that 
G proteins may directly activate GRKs at endosomes as well.

To summarize these preceding points, our results indicate that the 
variance in the amount of receptor–β-arrestin complex at endosomes, 
stimulated by distinct agonists, results from a multifactorial process. 
Agonists may vary in their ability to sustain receptor–β-arrestin com-
plexes after translocation from the plasma membrane and potentially 
in recruiting β-arrestins to receptors at endosomes. However, the 
selective experimental investigation of receptor–β-arrestin complexes 

that are directly formed at endosomes and the role of G proteins in 
this mechanism now face unresolved technical difficulties.

Which special properties of the endosomal compartment can 
contribute to the locally different regulation of β-arrestin recruit-
ment, and how do they connect ligand characteristics with location 
bias? Our modeling approach showed that the relative activity of 
phosphorylation and dephosphorylation mechanisms is a possible 
main determinant of the magnitude of β-arrestin binding. Several 
observations from current and previous studies imply that dephos-
phorylation mechanisms dominate at endosomes because of the 
relatively greater extent of phosphatase activity and the reduced ex-
tent of GRK activity (58–60) in contrast with those at the plasma 
membrane, where the relatively increased abundance of different 
GRK isoforms markedly shifts the regulatory reactions in favor of 
receptor phosphorylation (64). Furthermore, not only does the 
quantity of phosphorylated receptors matter, but the sequence of the 
phosphorylation residues, also known as the phosphorylation bar-
code, has equally important effects on the extent, kinetics, and con-
formation of β-arrestin binding. Evidence suggests that distinct 
ligands have different phosphorylation barcodes, which manifest in 
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Fig. 8. Quantitative kinetic model-
ing reveals mechanistic insights into 
spatiotemporal bias. (A to C) Simu-
lated time-course profiles of β-arrestin 
binding upon stimulation with two 
agonists, which only differ in their recep-
tor dissociation rate constants (koff_LR: 
reactions 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 
22, 24, 52, 54, 56, and 58; “low koff”: 
koff_LR = 0.0003; “high koff”: koff_LR = 0.03). 
Top: Simulated curves in the presence 
of receptor trafficking. Bottom: Recep-
tor internalization rate (reactions 38, 
39, and 40) was set to zero. (A) Total 
amount of β-arrestin–bound receptors 
in the presence (top) or absence of 
endocytosis (bottom). (B and C) The 
number of β-arrestin–bound recep-
tors at the plasma membrane (B) or at 
the endosomal compartment (C) in 
the presence (top) or absence (bottom) 
of endocytosis. Total β-arrestin bind-
ing: molecules 10, 11, 12, 13, 14, and 
15; plasmalemmal β-arrestin binding: 
molecules 10, 11, and 12; intracellular 
β-arrestin binding: molecules 13, 14, 
and 15. (D) Simulated concentration-
response curves of the same two ag-
onists shown in (A) to (C). The total 
number of β-arrestin–bound receptors 
at 20 min after stimulation is shown. 
(E) Effect of perturbation of the reaction 
rate constants of the β-arrestin binding 
pathway. Simulations were performed 
by multiplying the initial rate constants 
of the investigated reactions with the 
indicated factors (phosphorylation PM: 
reaction 30; phosphorylation IC (intra-
cellular): reaction 50; phosphorylation 
IC PM: reactions 30 and 50; phosphatase 
PM: reactions 25, 27, and 29; phospha-
tase IC: reactions 47, 48, and 49; phos-
phatase IC PM: reactions 25, 27, 29, 47, 
48, and 49; β-arrestin association: re-
actions 35, 36, 37, 44, 45, and 46; β-
arrestin dissociation: reactions 32, 33, 
34, 41, 42, and 43). The total numbers 
of β-arrestin–bound receptors were 
assessed in systems with or without 
internalization for the same ligands as 
those shown in (A) to (D), and the dif-
ference of the 20-min values is plotted. 
The results for each ligand are shown 
in fig.  S21. (F and G) Concentration-
response curves were simulated for the larger set of test ligands with different kon_LR and koff_LR values, which are indicated by the colors or the shape of symbols, respec-
tively (kon_LR: reactions 1, 5, 9, 13, 17, 21, 51, and 55). Emax and EC50 values are plotted on the y and x axes, respectively. The number of activated G proteins (molecules 23 
and 33) (F) and the total amounts of receptor–β-arrestin complexes were assessed (G) and are shown after perturbation of the koff_LR and kon_LR values of the agonists. 
(H) Heatmaps visualize the time dependence of the degree of G protein bias in the presence (top) or absence (bottom) of receptor trafficking. The extent of bias 
[ΔΔlog(τ/KA) or LogBias] toward β-arrestin recruitment versus G protein activation was quantified with the operational model, and the agonist with the low koff value was 
set as the reference ligand.
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functionally selective signaling outcomes (65–67). Moreover, li-
gands may be biased regarding their endosomal GRK activation 
profiles, which further contributes to location bias (68). The distinct 
lipid composition of intracellular membranes, such as the absence of 
PtdIns(4,5)P2, adds another layer of complexity to the endosomal 
regulation of signal transduction. The large amount of plasmalemmal 
PtdIns(4,5)P2 plays a key role in stabilizing the active state of agonist-
bound receptors and modulates formation of receptor–β-arrestin 
complexes (69, 70). Conversely, the lack of PtdIns(4,5)P2 in endo-
somal membranes may facilitate the disassembly of agonist–receptor–
β-arrestin complexes.

Compartment-specific characteristics of the ligand-receptor 
interaction can also distinguish endosomal β-arrestin binding from 
that in the plasma membrane. The relatively acidic environment of 
endosomes may accelerate ligand dissociation (71), and the conse-
quently reduced receptor residence time can promote receptor re-
sensitization (72). Moreover, the luminal ligand concentrations in 
different subcellular compartments may also differ from those in the 
extracellular space. Because of the relatively small volume of endo-
somes, ligand concentrations can be even greater. However, ligand 
depletion may also occur in endosomes, where endothelin-converting 
enzyme 1 and other peptidases can rapidly cleave peptide ligands, 
which prevents rebinding and thus reduces the signal transmission 
of intracellular receptors (73, 74). Considering that ligand binding 
can vary across different compartments, assessing how the endo-
somal microenvironment influences ligand-receptor interactions 
would be valuable. However, this represents a hitherto unaddressed 
technical challenge. To the best of our knowledge, there is no spe-
cific marker capable of selectively labeling the intraluminal site of 
early endosomes, which would enable the selective measurement of 
ligand binding kinetics within this compartment in live cells. Fur-
thermore, because the kinetic constants that describe changes in 
endosomal pH or ligand concentrations are not precisely known, 
these were not incorporated into our mathematical model. Never-
theless, we speculate that including these mechanisms could further 
strengthen the conclusion of our study.

From a technical point of view, our findings refine the interpre-
tation of various β-arrestin binding assay formats used in charac-
terizing drug efficacy and biased signaling. Our experiments with a 
mutant β2AR revealed that commonly applied signal-amplification 
solutions that transform the receptor–β-arrestin interaction type to 
class B, such as the C-terminal fusion of the cytoplasmic tail of V2R 
(75, 76), may not only enhance the extent of β-arrestin recruitment 
but artificially amplify differences between ligand efficacy values. 
We also resolved the previous conflict in data on the efficacy of OT 
at V2Rs in β-arrestin signaling. Its partial agonistic effect was iden-
tified through direct assessment of the BRET signal between the 
labeled receptor and β-arrestin2 (77), whereas its full agonistic ef-
fect was noted through an assay measuring the translocation of 
β-arrestin to the plasma membrane (78). We clarified this contradic-
tion, showing that the number of V2R–β-arrestin complexes 
stimulated by OT was fewer than that stimulated by vasopressin 
within the endosomal compartment. Our computational data im-
ply that the inhibition of receptor internalization may generally 
increase the detected β-arrestin signal of GPCRs with class B-type 
β-arrestin interactions. This insight offers a practical application: 
Inhibiting endocytosis during β-arrestin recruitment–based ligand 
screening may aid in identifying agonists even with high ligand 
dissociation rates.

To investigate the β-arrestin pathway in the context of biased sig-
naling, BRET-based evaluation of the extent of receptor–β-arrestin 
interactions in live cells is a key assay, because it reflects direct trans-
ducer coupling and thus readily provides data for the calculation of 
overall bias. However, experiments with and without the inhibition 
of receptor endocytosis could provide complementary information 
about the mechanism of drug action and help to separate the extent 
of ligand bias from other spatiotemporal factors that influence the 
pathway-specific efficacy of agonists.

We believe that our results can greatly assist the development of 
biased pharmaceutical compounds by improving our understand-
ing of the molecular link between ligand characteristics and func-
tional selectivity. A direct implication of this study is that increased 
endosomal β-arrestin recruitment is expected from ligands with 
long residence time at the receptor, and total β-arrestin recruitment 
can be enhanced by strategies that interfere with receptor internal-
ization. Furthermore, our data propose that structure-activity rela-
tionship studies may benefit from the conduction of cell-based 
signaling assays both with and without the inhibition of receptor 
endocytosis and thus facilitate the rational design of drugs with 
compartment- and pathway-specific effects.

MATERIALS AND METHODS
Compounds
TRV120023, TRV120027, TRV120055, TRV120056 (24), and TAMRA-
AngII were synthesized by Proteogenix. SII-AngII was obtained from 
Bachem. YM was purchased from Wako Chemicals. Candesartan, 
formoterol, and PTX were from Tocris. Rapamycin was bought 
from Selleckchem. Prolume Purple was obtained from Nano-
Light. Coelenterazine h was purchased from Regis Technologies. 
All other reagents were from Sigma-Aldrich.

Plasmid constructs
Plasmids encoding the following constructs have been previously 
described: AT1R, AT1R-Rluc8, β2AR-3S–SLuc, β-arrestin2–K2A–
Venus, Venus-Rab5 (here referred to as Venus-EE) (41), AT1R-Rluc 
(25), β-arrestin1–Venus, β-arrestin2–Venus (79), L10-Venus (here 
referred to as PM-Venus; Venus fused to “L10,” the 10 first amino 
acid residues of mouse Lck protein, functioning as a myristoylated-
palmitoylated plasma membrane target sequence), L10-Cerulean 
(here referred to as PM-Cerulean), plasma membrane PtdIns(4,5)
P2 level BRET biosensor (L10-Venus-T2A-PLCδ1PH-SLuc) (37), 
GLuc-PM, NanoLuc-PM (44), V2R, super Renilla luciferase–tagged 
V2R (V2R-SLuc) (80), and β2AR-SLuc (33). PM-NanoLuc and EE-
NanoLuc were generated by polymerase chain reaction (PCR) am-
plification of the coding sequence of NanoLuc with or without the 
stop codon using NanoLuc-PM as a template and replacing the 
Venus-encoding sequence with those in PM-Venus and Venus-EE, 
respectively (in PM-NanoLuc, the L10 sequence represents the 
target signal, whereas Rab5 protein marks early endosomes for 
EE-NanoLuc). The PtdIns(4,5)P2 depletion system L10–FRB–T2A–
FKBP–5-ptase construct was generated by replacing the PM2-
encoding sequence with the L10 sequence by PCR amplification 
using the PM2–FRB–T2A–mRFP–FKBP–5-ptase as a template. The 
sequence encoding FKBP–5-ptase was fused in frame to the T2A 
sequence by replacing the sequence encoding mRFP–FKBP–5-
ptase. RGS-FYVE was custom-synthesized in gBlock gene frag-
ment by Integrated DNA Technologies (IDT) and was inserted into 
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pEGFP-C1 vector by replacing the sequence encoding enhanced 
green fluorescent protein between the Age I and Sma I restriction 
sites. RGS-FYVE contains a FLAG epitope followed by sequence 
encoding the regulator of G protein signaling homology domain of 
bovine GRK2 (“RGS,” residues 45 to 178) (81) in frame fused to the 
tandem repeat of the FYVE domain of human endofin (Q739-K806) 
(39, 82). The plasma membrane–targeted RGS construct (RGS-
CAAX) was generated by replacing the sequence encoding Venus in 
Venus–H-Ras–CAAX (83) with the sequence encoding RGS through 
Age I and EcoR I restriction digestion. TRUPATH was a gift from 
B. Roth (Addgene kit no. 1000000163) (31). Plasmids encoding 
untagged β-arrestin2, GRK2, and hemagglutinin (HA)–dynamin2A-
K44A (Dyn-K44A) were provided by S. S. Ferguson (Department of 
Physiology, University of Western Ontario, London, Ontario, Canada) 
and K. Nakayama (Department of Physiological Chemistry, Graduate 
School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, 
Kyoto 606-8501, Japan). The Venus-MEK1-FLAG and FLAG-ERK2-
Venus constructs were gifts from A. Reményi (Institute of Or-
ganic Chemistry, HUN-REN Research Centre for Natural Sciences, 
Budapest, Hungary).

Cell culture and transfection
The generation of the human embryonic kidney (HEK) 293A ΔGsix 
(ΔGαs/ΔGαolf/ΔGαq/ΔGα11/ΔGα12/ΔGα13) cell line and the paren-
tal cell line were described previously (45). HEK 293T (American 
Type Culture Collection, CRL-3216), HEK 293A parental cells, and 
HEK 293A ΔGsix cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum and 
1% penicillin/streptomycin. Cell lines were not tested for contami-
nants. The cells were transfected with the calcium phosphate pre-
cipitation method (in suspension for Gluc BRET measurements or 
as adherent cells for confocal microscopy measurements) or with 
Lipofectamine 2000 (Invitrogen; transfection was performed in sus-
pension, used for all other measurements) as previously described 
(41, 44). The plasmid DNA amounts used are shown in table S3. For 
BRET measurements, transfected cells were cultured on white 96-
well poly-​l-lysine–coated plates. The BRET measurements with pa-
rental and ΔGsix HEK 293A cells were performed 48 hours after 
transfection, whereas, in all other cases, the experiments were per-
formed 24 to 28 hours after transfection. Unless specified otherwise, 
HEK 293A ΔGsix cells were pretreated for 20 hours with PTX (100 ng/
ml) before measurements were made.

BRET measurements
BRET measurements were performed with Thermo Fisher Varioskan 
or Varioskan Lux multimode plate readers as previously described 
(41, 44). Twenty-four to 28 hours after the cells were transfected, the 
cell culture medium was replaced with a modified Krebs-Ringer so-
lution [120 mM NaCl, 10 mM Na-Hepes, 10 mM glucose, 4.7 mM 
KCl, 1.2 mM CaCl2, and 0.7 mM MgSO4 (pH 7.4)], including a wash-
ing step. The expression of fluorescent protein–tagged constructs was 
determined by fluorescence intensity measurements (emission at 
535 nm with excitation at 510 nm for Venus and emission at 515 nm 
with excitation at 400 nm for GFP2 fluorescence). The luciferase sub-
strates and filters used are summarized in table S4. The BRET mea-
surements were performed at 37°C, except for the ligand-binding 
measurements, which were made at 27°C. For kinetic measurements, 
first the basal BRET ratios were determined after the addition of the 
BRET substrate, then the indicated ligands were added, and BRET 

was followed continuously. Basal BRET ratios were subtracted, and 
agonist-induced BRET changes were calculated by subtracting the 
BRET ratio of vehicle-treated cells. Unless otherwise stated, data are 
presented as a percentage of the AngII-induced (100 nM or 10 μM) 
change in the BRET ratio (BRET response). Because the coexpres-
sion of an additional protein to the BRET pair might have affected 
the BRET ratio by altering the BRET donor/acceptor ratio, percent-
age expression was only used for the same expression conditions. 
Because pretreatment of cells with hypertonic sucrose altered lumi-
nescence intensities, thereby potentially altering the measured BRET 
ratio, percentage expression was used solely for the comparison of 
agonist effects between the sucrose-pretreated samples. However, no 
conclusion was drawn regarding the effect of sucrose on the ampli-
tude of the BRET signal. We determined the relative differences in 
the AUC of kinetic response curves of various agonists by averaging 
post-treatment values. Plasma membrane PtdIns(4,5)P2 depletion 
was induced in cells expressing the L10–FRB–T2A–FKBP–5-ptase 
construct, from which L10-FRB (FRB targeted to the plasma mem-
brane by the fusion tag L10) and FKBP–5-ptase (FKBP-fused 5-ptase) 
are translated in equimolar amounts because of the T2A sequence. 
Treatment with rapamycin (300 nM) induced heterodimerization 
between FRB and FKBP; thus, FKBP–5-ptase was translocated to the 
plasma membrane where it could cleave PtdIns(4,5)P2 (33), a mole-
cule necessary for clathrin-mediated receptor endocytosis. Competi-
tive ligand binding measurements were performed in live cells as 
described previously (44). Cells were cotransfected with plasmids 
encoding AT1R, GLuc-PM, Dyn-K44A, and β-arrestin2. To investi-
gate the receptor occupancy of TAMRA-AngII, cells were treated 
with increasing concentrations of TAMRA-AngII for 2 hours at 
room temperature. Nonspecific binding was assessed in cells cotreated 
with 10 μM candesartan, a high-affinity AT1R antagonist. Specific 
binding was determined by subtracting the nonspecific signal from 
the total signal. A two-site–specific binding curve was fitted to obtain 
the KD_low and KD_high values. Thereafter, the kinetic rate constants 
(koff_LR and kon_LR values) of the interaction between TAMRA-AngII 
and AT1R were determined. To assess koff_LR, 1 μM TAMRA-AngII 
was applied for 15 min; thereafter, TAMRA-AngII was washed out, 
and medium containing the BRET substrate and 10 μM candesartan 
(to prevent rebinding) was added. The BRET ratio at time zero was 
determined in cells that were retreated with TAMRA-AngII without 
candesartan. The data were normalized to the BRET ratio of cells that 
were not treated with AT1R ligands. The basal BRET ratios were not 
determined in these experiments. A two-phase decay curve was fit-
ted, and the initial proportion of the high- and low-affinity binding 
was calculated and set on the basis of the previously fitted KD_high and 
Bmax_high values. Because the high-affinity binding site is occupied 
mostly in the applied concentration, the koff_LR value of the high-
affinity binding site was used in further calculations. In kon_LR mea-
surements, after assessment of the basal BRET ratios, the cells were 
treated with 300 nM TAMRA-AngII with or without 10 μM candes-
artan. The candesartan cotreatment was applied to determine the 
nonspecific signal, which was subtracted from the total signal. A 
one-site association binding curve equation was used to calculate the 
kon_LR value of TAMRA-AngII. The kinetic binding parameters of 
unlabeled AT1R ligands were assessed by following the BRET ratio 
change after simultaneous treatment of 1 μM TAMRA-AngII and in-
creasing concentrations of the unlabeled ligands. For the calculation 
of the kon_LR and koff_LR values of unlabeled ligands, we applied cer-
tain simplifications because of the large number of variables. We 
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used a one-site binding model because, in the applied TAMRA-
AngII concentration, mostly the high-affinity binding site was occu-
pied (fig.  S14B). In addition, we assumed that all agonist-bound 
receptors induced β-arrestin2 binding (ternary complexes) and 
ignored the ligand-occupied receptor state that is not coupled to β-
arrestin. Kinetic binding parameters were fitted with the Motulsky-
Mahan (kinetics of competitive binding) equation (84). To assess the 
dissociation rate of β-arrestin2–Venus from AT1R-RLuc, AT1R–β-
arrestin2 binding was first induced by treating with agonist for 
12 min. The agonists were applied in ~30× half-maximal effective 
concentrations. Thereafter, agonists were displaced by the addition of 
10 μM candesartan. One-phase dissociation curves were fitted to cal-
culate the dissociation rate constant of β-arrestin2–Venus from 
AT1R-RLuc (kdis). To evaluate the effect of pretreatment with 100 nM 
YM for 40 min, we used a slightly modified protocol. During this 
protocol, agonist treatment involved applying either 10 μM AngII or 
10 μM ST-AngII for 26 min, and 30 μM candesartan was added sub-
sequently. For association kinetics measurements, the frequency of 
well readings was increased, and injectors were used to apply the ago-
nists. The data were then analyzed by one-phase association curve 
fitting to calculate the observed association rate constants (kas).

Confocal fluorescence microscopy
For confocal microscopy imaging of fixed cells, cells were seeded 
on ibidi μ-Slide 8-well plates coated with poly-​l-lysine on the day 
before transfection. To image live cells, cells were seeded on poly-​
l-lysine–coated glass cover plates. The adherent cells were cotrans-
fected with plasmids encoding plasma membrane–targeted Cerulean 
(PM-Cerulean), unlabeled AT1R, and β-arrestin2–Venus. In fixed 
cell experiments, cells were treated with AT1R ligands for 30 min in 
a modified Krebs-Ringer solution at 37°C. Next, the cells were fixed 
with ice-cold 4% paraformaldehyde in phosphate-buffered saline 
(PBS) for 15 min. Thereafter, the cells were washed three times with 
PBS for 5 min at room temperature. For live-cell experiments, cover-
slips were placed into a chamber, the medium was replaced with 
modified Krebs-Ringer solution, and measurements were performed 
at 37°C. Fluorescence imaging was performed with a Zeiss LSM 
710 confocal laser-scanning microscope with a 40× objective in tile 
scan mode (4 × 4) using autofocusing with a 2-μm offset from 
the well bottom. The investigator was not blinded during image 
acquisition.

Western blotting
HEK 293T cells were plated on poly-​l-lysine–coated six-well plates 
and were transfected on the following day with plasmids encoding 
AT1R with Dyn-K44A or empty pcDNA3.1 vector (Mock). The day 
after transfection, the cells were serum-starved in 1% bovine serum 
albumin–supplemented DMEM for 2 hours. Thereafter, cells were 
treated with 100 nM AngII or vehicle for 20 min at 37°C. Sample 
preparation was performed similarly as described previously (41). 
To stop the reactions, the plates were immediately placed on ice, and 
each well was washed twice with ice-cold PBS. The cells were then 
collected with a scraper and transferred into SDS sample buffer sup-
plemented with phosphatase inhibitors (50 mM β-glycerophosphate, 
10 mM sodium fluoride, 2 mM sodium orthovanadate, and 1 mM 
sodium pyrophosphate) and cOmplete Protease Inhibitor mixture 
(Roche). Thereafter, the samples were briefly sonicated, boiled at 
95°C for 15 min, and centrifuged at 14,000g at 4°C for 10 min. Sub-
sequently, the proteins were resolved by SDS–polyacrylamide gel 

electrophoresis and then transferred onto polyvinylidene difluoride 
membranes. The membranes were blocked with 5% (w/v) fat-free 
milk powder in PBS with 0.05% (v/v) Tween 20 (PBST) at room tem-
perature for 1 hour. Membranes were incubated overnight at 4°C with 
primary antibodies diluted at 1:1000 in PBST with 5% fat-free milk. 
The applied primary antibodies were mouse anti–phospho-p44/42 
MAPK (Thr202 and Tyr204) antibody (product number 9106S, Cell 
Signaling Technology, RRID: AB_331768) and rabbit anti-p44/42 
MAPK (product number 9102S, Cell Signaling Technology, RRID: 
AB_330744). After the membranes were washed three times with 
PBST for 10 min each, they were incubated with horseradish per-
oxidase (HRP)–conjugated anti-mouse (product number 7076S, Cell 
Signaling Technology, RRID: AB_330924) or goat fluorescently labeled 
AzureSpectra 800 anti-rabbit (S1021, Azure Biosystems) secondary 
antibodies at a 1:5000 dilution in PBST with 5% fat-free milk for 1 hour 
at room temperature. The incubation was followed by another three 
washes. HRP-conjugated antibodies were visualized with Immobilon 
Western chemiluminescent HRP Substrate (Millipore). Chemilumines-
cence and fluorescence were detected with Azure 600 Western blot 
Imaging System (Azure Biosystems). After the initial development, 
the membranes were treated with a guanidine hydrochloride–based 
solution [20 mM tris-HCl, 6 M guanidine hydrochloride, 0.2% Nonidet 
P-40, and 0.1 M β-mercaptoethanol (pH 7.5)] and then incubated with 
other antibodies, using the same protocol as that for the anti-MAPK 
antibodies. First, rabbit anti-HA (SAB4300603, Sigma-Aldrich, RRID: 
AB_10620829, diluted at 1:1000) primary antibody labeling was de-
veloped with chemiluminescence detection after incubation with 
HRP-conjugated goat anti-rabbit antibody (7074S, Cell Signaling 
Technology, RRID: AB_2099233). Thereafter, incubation with mouse 
anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH; product 
number 5174S, Cell Signaling Technology, RRID: AB_10622025, 
diluted at 1:1000) was performed, followed by incubation with 
HRP-conjugated anti-mouse secondary antibody. Subsequent de-
tection of chemiluminescence at the expected molecular weight 
confirmed the presence of GAPDH, which served as the load-
ing control.

Image analysis
Analysis of confocal microscopy images was performed with Python. 
The cells were detected with the Cellpose library (85) in the PM-
Cerulean channel. The puncta were detected with the TensorFlow 
implementation of the Pix2Pix model (86, 87) trained on manually 
labeled images from the experiments. Further analysis of the cell 
and puncta masks aligned with the original images was performed 
with the Pandas library (88). β-Arrestin2–Venus abundances were 
slightly different in the parental and the ΔGsix HEK 293A cells. 
Therefore, in the experiments in which both cell lines were used, 
only the cells in the pixel intensity range present in both samples 
(250 to 600) were used. The Python code used in the analysis can 
be found at Zenodo (https://zenodo.org/records/10072720, DOI: 
10.5281/zenodo.10072720). Densitometric analysis of Western blots 
was performed with Fiji ImageJ software.

Mathematical modeling
We developed a mathematical model of GPCR signaling that captures 
the effects of various factors on receptor–β-arrestin binding. The 
model is based on ODEs and comprises 43 molecular species and 
96 reactions, such as enzymatic reactions, binding events, and com-
partment changes. The molecular concentrations and reaction rate 
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constants of the model (tables S1 and S2, respectively) were obtained 
from literature sources. The time derivatives of the molecular con-
centrations were calculated with the reaction equations (table S2) and 
were integrated numerically. Initial parameters of the ODE model, 
in the absence of ligand stimulation, represent a steady state. Our 
model is composed of four basic modules: receptor–β-arrestin inter-
actions, heterotrimeric G protein interactions, PLC activation, and 
second messenger generation (fig. S19). In addition, the model con-
siders three compartments: the plasma membrane, the cytosol, and 
intracellular vesicles. The receptor–β-arrestin module incorporates 
ligand binding to receptors, receptor activation and deactivation, 
receptor phosphorylation and dephosphorylation, β-arrestin bind-
ing, and receptor internalization (fig. S19A). Note that internalized 
receptors can maintain ligand and β-arrestin binding. We modeled 
receptor internalization as a unidirectional reaction and did not in-
clude receptor recycling or degradation in the model. Note that the 
phosphorylation rate of intracellular receptors was set as 100 times 
less than that of plasma-membrane receptors. We also incorporated 
the rational assumption that the agonist-activated, phosphorylated 
receptor exhibits a higher affinity for β-arrestin compared with that 
of its inactive, phosphorylated counterpart. Because our simulation 
is tailored to the Gq/11 protein–coupled AT1 angiotensin receptor, 
the G protein and PLC modules of our model reflect the signaling of 
Gq/11 heterotrimeric G proteins, including the receptor–G protein 
interaction, G protein dissociation and reassociation (fig. S19B), 
and the interaction between the G protein α subunit and PLC 
(fig. S19C). In addition, our second messenger module incorporates 
PtdIns(4,5)P2 synthesis and PLC-induced cleavage of PtdIns(4,5)
P2 into diacylglycerol and inositol 1,4,5-trisphosphate (fig. S19D). 
We used three different sets of initial values in the simulations: one re-
sembling a receptor per β-arrestin–overexpression system ([receptor] = 
5000 molecules per μm2, [arrestin] = 15,000 molecules per μm2, 
and [G protein] = 40 molecules per μm2); another resembling a 
receptor/G protein overexpression system ([receptor] = 5000 mol-
ecules per μm2, [arrestin] = 1000 molecules per μm2, and [G pro-
tein] = 4000 molecules per μm2), and another resembling a receptor 
overexpression system ([receptor]  =  5000 molecules per μm2, 
[arrestin] = 1000 molecules per μm2, and [G protein] = 40 mol-
ecules per μm2). These systems correspond to typical experimental 
systems for measuring β-arrestin and G protein activation or second 
messenger generation, respectively. We used Python 3.8 to run the 
simulations and for data analysis. The Scipy library (89) was used 
for numerical integration. The code to reproduce our results is 
available at Zenodo (https://zenodo.org/records/10091027, DOI: 
10.5281/zenodo.10091027).

Statistical analysis
Figures showing experimental data were generated with GraphPad 
Prism 9 software. Unless otherwise stated, this software was also used 
for statistical analysis, and the name of each analysis is indicated 
in this paragraph. “Log(agonist) vs. response – Variable slope 
(four parameters)” nonlinear regression curves were fitted on the 
concentration-response data. The bottom was constrained to 0, and 
the Hill slope was set to 1 for β-arrestin2 binding and the Gq TRUPATH 
biosensor data. Unpaired, two-tailed t tests were used to compare the 
means of two distributions. Variances of distributions were analyzed 
with Levene’s tests using Microsoft Excel 365; analyses were conducted 
on datasets scaled relative to their averages. Multiple groups, based 
on the experimental setting, were analyzed by one-way analysis of 

variance (ANOVA), two-way ANOVA, repeated-measures two-way 
ANOVA, or three-way ANOVA. A Bonferroni post hoc test was used 
if multiple comparisons were performed. Unless otherwise stated, 
kinetic data were normalized to baseline (data points before stimula-
tion). Timescales were adjusted to better indicate the time length be-
tween stimulation and the first stimulated measurement point. The 
data of time point zero represent the data of the last time point before 
stimulation. The time of one cycle length was subtracted from the 
time between the last baseline point and the first stimulated points 
and was added to the time between the last two baseline points. 
When distributions of agonist-induced β-arrestin2–Venus puncta in 
each identified cell were analyzed, outliers were identified and exclud-
ed with the ROUT method (Q = 1%). The koff_LR and kon_LR values 
for TAMRA-AngII were calculated with the association kinetics (one 
ligand concentration) and dissociation kinetics equations, respec-
tively. The koff_LR and kon_LR values for unlabeled agonists were calcu-
lated by the “kinetics of competitive binding” equation (84). The kas 
and kdis values of the AT1R–RLuc–β-arrestin2–Venus interaction were 
determined by nonlinear regression curve fitting using “one-phase 
association” and “one-phase decay” equations, respectively. The opera-
tional model (35) was applied to calculate the bias factor [ΔΔlog(τ/KA) 
or LogBias (36); equation 2 as described by Herenbrink et al. (18) was 
applied]. Time-dependent changes in the LogBias factor were ana-
lyzed by fitting the LogBias ~ ligand * time linear model. The linear 
model was fitted with the statsmodels (90) Python library. The P values 
for the ligand:time interaction term were reported, corrected by the 
Holm-Šidák method. Data are means ± SEM. All experiments were 
independently performed at least three times, and N in the figure 
legends always indicates the number of independent biological repli-
cates. BRET measurements were made in duplicate or triplicate, with 
the exception of MEK1 and ERK2 complex formation BRET assays, 
where sextuplicates were used.
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