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activity by stabilizing distinct conformational states, thereby
influencing the receptor’s ability to preferentially couple with
G proteins or β-arrestins relative to the endogenous
agonist.17,18

Moreover, it has been shown that different active β-arrestin
conformations lead to differential downstream signaling.19−23

β-arrestins have been shown to display two primary modes of
receptor engagement: a core complex configuration, where the
finger loop inserts into the receptor’s transducer binding
pocket with additional interactions involving the central crest
of β-arrestin, specifically the middle, lariat, and C loops, and a
tail complex conformation, where β-arrestin primarily engages
with the phosphorylated C-terminal tail of the receptor.24,25

These conformational differences significantly impact down-
stream signaling outcomes, suggesting that ligand-induced
receptor conformations dictate specific β-arrestin conforma-
tional states.

Recently, we demonstrated that angiotensin II (AngII) and a
β-arrestin-biased analog induce distinct subcellular β-arrestin
conformations which regulate differential MAP kinase activity
downstream of the angiotensin II type 1 receptor (AT1R).26 In
this study, we investigate the recruitment to the receptor,
plasma membrane, and early endosomes of β-arrestins1 and 2
and the conformations of receptor and plasma membrane-
associated β-arrestins induced by an expanded panel of AT1R
agonists including AngII and its G protein-biased (TRV120055
and TRV120056) and β-arrestin-biased (TRV120023,
TRV120026, TRV120027, TRV120034) analogs. TRV055
and TRV056 have been shown to be G protein-biased ligands
in radioligand binding assays where fusion of Gαq to the AT1R
allosterically enhances their binding affinity more than that of
the reference agonist AngII, whereas fusion of β-arrestin 2 to
AT1R produces a similar enhancement in binding for TRV055
and TRV056 as for AngII.27 In contrast, β-arrestin-biased
agonists exhibit markedly reduced binding to Gαq-fused AT1R
and only mildly reduced binding to β-arrestin 2-fused AT1R,
relative to AngII. A similar trend was observed in cell-based
pharmacological assays using these same agonists.28 We find
that the ligands segregate into two distinct clusters based on β-
arrestin recruitment to the receptor and endosomes: a high-
efficacy cluster comprising the endogenous and G protein-
biased agonists and a low-efficacy cluster consisting of the β-
arrestin-biased agonists. However, this clustering was not
observed when β-arrestin recruitment was measured to the
plasma membrane. We also show that these two ligand clusters
diverge in their ability to activate G proteins and facilitate
receptor internalization. Furthermore, our results reveal that
the endogenous and G protein-biased agonists induce distinct
β-arrestin conformations in receptor-associated β-arrestins
compared with the β-arrestin-biased agonists, whereas all
ligands promote similar conformations in plasma membrane-
localized β-arrestins. Additionally, we demonstrate that
deletion of the finger loop of β-arrestins1 and 2 abrogates
the differences seen between all agonists, suggesting that AngII
and the G protein-biased agonists promote a core AT1R−β-
arrestin complex configuration, while the β-arrestin-biased
ligands promote a tail complex configuration. A similar
stratification of ligands was observed in the downstream
activation of extracellular signal-regulated kinase (ERK).
Overall, our findings shed light on the mechanisms by which
ligand bias propagates from the receptor to affect transducer
engagement and conformation, highlighting the complex
interactions between the ligand and location bias.

■ MATERIALS AND METHODS
Materials. A summary of reagents used in this study is

provided in Table 1.

AT1R Ligands. Angiotensin II was purchased from Sigma-
Aldrich. TRV120023, TRV120026, TRV120027, and
TRV120034 were synthesized by GenScript. TRV120055
was purchased from MedChem Express, and TRV120056
was purchased from GLPBio. All ligands were reconstituted in
UltraPure DNase/RNase-Free Distilled Water (Invitrogen),
with aliquots stored at −20 °C.

Cell Culture and Transfection. HEK293T cells were
cultured in minimum essential medium (MEM) (Corning)
supplemented with 10% fetal bovine serum (FBS) (Corning)
and 1% penicillin/streptomycin (P/S) (Gibco) at 37 °C and
5% CO2. Cells seeded on 6-well plates were transiently
transfected using polyethylenimine (PEI). Plasmid constructs
were suspended in Opti-MEM (Gibco) to a final volume of
100 μL. Separately, PEI at a concentration of 1 mg/mL was
suspended in Opti-MEM to a final volume of 100 μL. For all
experiments, a 3:1 PEI/DNA ratio was used. 2 mL of the cell
culture medium was replaced for each well to be transfected.
The 100 μL PEI solution was then added to the 100 μL
plasmid DNA solution, gently mixed, incubated for 30 min at
room temperature, and added to the cells.

NanoBiT Split Luciferase and BRET Assays. HEK293
cells seeded in six-well plates at a confluency of ∼60% were
transfected with the PEI protocol described in the “Cell
Culture and Transfection” section. For split luciferase

Table 1. Summary of Reagents Used in This Study

Name Source Identifier

Chemicals, Recombinant Protein, and Commercial Products
angiotensin II human Sigma-Aldrich catalog

#A9525
TRV120023 GenScript USA
TRV120026 GenScript USA
TRV120027 GenScript USA
TRV120034 GenScript USA
TRV120055 MedChem

Express
TRV120056 GLPBio
Hanks’ balanced salt solution with Ca2+

and Mg2+ and without phenol red
Gibco catalog

#14025092
Dulbecco′s phosphate buffered saline Sigma-Aldrich catalog

#D8537
2,3-dimercapto-1-propanol Sigma-Aldrich catalog

#64046
minimum essential media Corning catalog #10-

010-CV
fetal bovine serum Corning catalog #35-

010-CV
penicillin streptomycin Gibco catalog

#15070063
Trypsin-EDTA 0.05% Gibco catalog

#25300054
FlAsH-EDT2 Santa Cruz

Biotechnology
catalog #sc-

363644
coelenterazine h Cayman

Chemical
catalog

#16894
coelenterazine h NanoLight

Technology
catalog #301

Cell Lines
human: HEK293T
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experiments assessing recruitment of β-arrestin to the receptor,
cells were transfected with AT1R-LgBiT and either SmBiT-β-
arrestin 1 or SmBiT-β-arrestin 2. For β-arrestin recruitment to
the plasma membrane and early endosomes, cells were
transfected with FLAG-AT1R, either LgBiT-CAAX (plasma

membrane marker) or 2xFYVE-LgBiT (early endosome
marker), and either SmBiT-β-arrestin 1 or SmBiT-β-arrestin
2. For BRET experiments assessing AT1R internalization, cells
were transfected with AT1R-Rluc8 and FYVE-mVenus. For
Gαq activation, cells were transfected with FLAG-AT1R and a

Figure 1. β-Arrestin recruitment to the receptor, plasma membrane, and endosomes. Schematic representation of NanoBiT assay used to monitor
β-arrestin 1 (βarr 1) and 2 (βarr 2) recruitment in HEK293T cells to (A) AT1R-LgBiT, (B) LgBiT-CAAX localized to the plasma membrane (PM)
coexpressed with FLAG-AT1R, and (C) 2xFYVE-LgBiT localized to early endosomes coexpressed with FLAG-AT1R. Kinetic time course and
agonist concentration response curves of SmBiT-β-arrestin 1 and 2 recruitment to (D) AT1R-LgBiT at 2 min, (E) the plasma membrane(LgBiT-
CAAX) at 3 min, and (F) early endosomes (2xFYVE-LgBiT) at 3 min. Data represent mean ± SEM, n = 5 for βarr 1 recruitment to AT1R, n = 4
for βarr 2 recruitment to AT1R, n = 3 for βarr 1 recruitment to PM, n = 6 for βarr 2 recruitment to PM, n = 5 for βarr 1 and βarr 2 recruitment to
endosomes. Kinetic data are shown as percent change over vehicle normalized to max signal at a concentration of 10 μM for all agonists. ****p <
0.0001 by one-way ANOVA comparing Emax across ligands. See Tables S1 and S2 for a summary of Tukey post hoc tests comparing Emax and EC50
values for each pairwise combination of ligands α = 0.05. Schematics created in BioRender. Chundi, A. (2025) https://BioRender.com/i05bysh.
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previously described bimolecular BRET sensor (BERKY) that
utilizes Gαq-mVenus as the BRET acceptor and the Regulator
of G protein Signaling homology (RH) domain of GRK2 fused
to NanoLuc (GRK2RH-Nluc) as the BRET donor, which binds
with high affinity and specificity to GTP-bound activated
Gαq.

29

For BRET assays assessing ERK activity, cells were
transfected with FLAG-AT1R and one of four location-specific
BRET EKAR biosensors targeted to the cytosol (cyto-EKAR),
nucleus (nuc-EKAR), plasma membrane (EKAR-CAAX), or
early endosomes (EKAR-FYVE) as previously described.26 24
h after transfection, MEM was aspirated and cells were washed
with Dulbecco′s Phosphate Buffered Saline (PBS) (Sigma-
Aldrich), lifted with Trypsin-EDTA 0.05% (Gibco), and plated
onto poly D-lysine-coated, clear-bottomed, white-walled 96-
well plates (Costar) at 100,000 cells/well. Cells were plated in
MEM (Gibco) supplemented with FBS (0.5% for EKAR
BRET assays, 1% for all other BRET and split luciferase assays)
and 1% P/S. 24 h later, media were aspirated, and cells were
incubated for 5 min at 37 °C and 5% CO2 with 80 μL of 3.125
μM coelenterazine h in Hanks’ Balanced Salt Solution (HBSS
buffer + 20 mM HEPES, calcium, and magnesium). Three
baseline luminescence measurements were obtained, after
which 20 μL of the ligand or vehicle (HBSS buffer) was added.
Luminescence signals were read using a Berthold Mithras LB
940 at 37 °C with a 480 nm wavelength filter (NanoLuc) and
540 nm filter (mVenus).

For split luciferase data analysis, the three baseline reads
were averaged, and this average was divided from each read
after the addition of the ligand addition. This change in
luminescence over baseline was then normalized to the vehicle
treatment condition and to the maximum signal on the plate to
account for day-to-day variability in transfection efficiency. For
BRET experiments, the BRET ratio was calculated by dividing
the 530 nm signal by the 480 nm signal for all reads. Net
BRET was calculated by subtracting the BRET ratio of vehicle-
treated cells from that of cells treated with an agonist.

NanoBiT FlAsH Assays. HEK293 cells seeded on six-well
plates at a confluency of ∼60% were transfected using the PEI
protocol described in the “Cell Culture and Transfection”
section. For experiments assessing β-arrestin conformations at
the AT1R, cells were transfected with AT1R-LgBiT and one of
12 SmBiT-β-arrestin-FlAsH constructs (6 for β-arrestin 1 and
6 for β-arrestin 2). For FlAsH assays at the plasma membrane,
cells were transfected with FLAG-AT1R, LgBiT-CAAX, and
one of the 12 SmBiT-β-arrestin-FlAsH constructs. 24 h after
transfection, MEM was aspirated and cells were washed with
Dulbecco′s Phosphate Buffered Saline (PBS) (Sigma-Aldrich),
lifted with Trypsin-EDTA 0.05% (Gibco), and plated onto
poly D-lysine-coated, clear-bottomed, white-walled 96-well
plates (Costar) at 100,000 cells/well. Cells were plated in
MEM (Corning) supplemented with 10% FBS and 1% P/S. 24
h later, media was aspirated, and cells were washed with 60 μL
HBSS buffer. For each unique transfection condition, 60 μL of
HBSS buffer was added to half the cells for mock labeling, 60
μL of 4 μM FlAsH-EDT2 in HBSS buffer was added to the
other half for FlAsH labeling, and cells were incubated at 37 °C
and 5% CO2 for 30 min. Labeling solution was then aspirated
and replaced with 120 μL of 250 μM 2,3-dimercapto-1-
propanol (BAL, Sigma-Aldrich) diluted in HBSS buffer. After
10 min of incubation at 37 °C and 5% CO2, BAL buffer was
aspirated, and cells were incubated for a further 5 min with 80
μL of 3.125 μM coelenterazine h in HBSS buffer. Three

baseline luminescence measurements were obtained, after
which 20 μL of ligand or vehicle (HBSS buffer) was added.
Measurements were taken on a BioTek Synergy Neo2 at 37 °C
using a 480 nm wavelength filter (NanoLuc) and 530 nm
wavelength filter (FlAsH-EDT2), or a BMG Labtech CLARIO
star Plus. BRET ratios were calculated by dividing the 530 nm
signal by the 480 nm signal. Net BRET was calculated by
subtracting the BRET ratio of vehicle-treated cells from that of
cells treated with agonist. ΔNet BRET ratios were calculated
by subtracting the Net BRET signal of mock-labeled cells from
FlAsH-labeled cells.

Statistical Analyses. Statistical analyses were performed
using GraphPad Prism 10 (GraphPad Software). Values were
reported as mean ± SEM. Dose response curves were fitted to
a log agonist versus stimulus with three parameters (span,
baseline, and EC50) and baseline-corrected to zero. For all
assays, ligands were compared using one-way ANOVA and if
significant, followed by Tukey post hoc tests to determine
which pairwise comparisons were significantly different α =
0.05.

■ RESULTS
Biased AT1R Agonists Induce Differential Subcellular

β-Arrestin Trafficking Patterns, Gαq Activation, and
Receptor Internalization. Recently, we demonstrated that
stimulation of AT1R with either AngII or the β-arrestin-biased
agonist TRV120023 (TRV023) results in distinct β-arrestin
recruitment to the receptor, plasma membrane, and endo-
somes.26 Here, we tested whether these recruitment patterns
extend to other β-arrestin-biased agonists compared with
endogenous and G protein-biased agonists. We assessed the
ability of the endogenous agonist AngII, β-arrestin-biased
agonists TRV023, TRV120026 (TRV026), TRV120027
(TRV027), TRV120034 (TRV034), and G protein-biased
agonists TRV120055 (TRV055) and TRV120056 (TRV056)
to induce differential β-arrestin 1 and 2 subcellular localization.
Using a NanoBiT complementation assay in HEK293T cells,
we assessed the recruitment of SmBiT-β-arrestin 1 or SmBiT-
β-arrestin 2 to the receptor (AT1R-LgBiT), plasma membrane
(LgBiT-CAAX location marker), and early endosome
(2xFYVE-LgBiT location marker) (Figure 1A−1C). For
experiments assessing β-arrestin recruitment to the receptor,
cells were transfected with AT1R-LgBiT and either SmBiT-β-
arrestin 1 or SmBiT-β-arrestin 2. For β-arrestin recruitment to
the plasma membrane and early endosomes, cells were
transfected with FLAG-AT1R, either LgBiT-CAAX or
2xFYVE-LgBiT or SmBiT-β-arrestin 1 or SmBiT-β-arrestin 2.

At the receptor, the agonists formed two distinct efficacy
clusters in their ability to recruit both β-arrestins 1 and 2.
AngII, TRV055, and TRV056 recruited β-arrestins with
similarly high efficacy (cluster 1), while TRV023, TRV026,
TRV027, and TRV034 showed a uniformly lower efficacy
(cluster 2). All comparisons between these two clusters were
statistically significant (Figure 1D). In terms of potency,
TRV056 was significantly less potent than all other ligands for
both β-arrestin 1 and 2 (Tables S1 and S2). For β-arrestin 1,
TRV055 was also significantly less potent than AngII, TRV023,
TRV026, TRV027, and TRV034, whereas no additional
potency differences were observed for β-arrestin 2 (Tables
S1 and S2).

At the plasma membrane, TRV023, TRV026, TRV027, and
TRV034 recruited β-arrestin 1 with greater efficacy than
TRV055 and TRV056, and all of the β-arrestin-biased agonists
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except TRV026 showed greater β-arrestin 1 recruitment than
AngII (Figure 1E). All seven agonists promoted similar β-
arrestin 2 recruitment efficacies at the plasma membrane.
TRV056 was significantly less potent than all other ligands for
both β-arrestin isoforms (Tables S1 and S2). For β-arrestin 1,
TRV023 was more potent than TRV026, TRV034, and
TRV055, but did not differ significantly from AngII (Tables
S1 and S2). For β-arrestin 2, AngII and TRV055 were
significantly more potent than TRV023, TRV026, TRV027,
and TRV034 (Tables S1 and S2).

At early endosomes, a similar clustering in efficacy was
observed. AngII, TRV055, and TRV056 formed a high-efficacy
group (cluster 1), while TRV023, TRV026, TRV027, and
TRV034 formed a lower-efficacy group (cluster 2), with all
comparisons between clusters being significant (Figure 1F).
Potency data, as at the receptor and plasma membrane,
showed that TRV056 was significantly less potent than all
other ligands for both β-arrestin isoforms (Tables S1 and S2).
For β-arrestin 1, TRV023 and TRV034 were significantly more
potent than TRV056 (Tables S1 and S2). For β-arrestin 2,
TRV023 was significantly more potent than AngII, TRV027,
TRV034, and TRV055 (Tables S1 and S2).

The AT1R is capable of coupling to multiple G proteins, the
most potent of which is its coupling to Gαq.

30 We examined
Gαq activation elicited by the agonists using a previously
described bimolecular BRET assay that utilizes the regulator of
G protein signaling homology (RH) domain of GRK2 fused to
NanoLuc (GRK2RH-Nluc) as the BRET donor, which binds to
GTP-bound activated Gαq-mVenus as the BRET acceptor
(Figure 2A).29 AngII, TRV055, and TRV056 activated Gαq
with equal efficacy, and TRV056 was found to be significantly
less potent than either AngII or TRV055 (Figure 2B, Table
S3). TRV023, TRV026, TRV027, and TRV034 displayed

minimal Gαq activation, consistent with their β-arrestin-biased
properties (Figure 2B).

We next assessed whether the AT1R agonists induced
distinct receptor trafficking to endosomes, given their ability to
drive distinct trafficking of β-arrestins, which are critical for
AT1R internalization.31 We utilized a BRET assay with
HEK293T cells expressing AT1R-Rluc8 as the BRET donor
and Myrpalm-mVenus as the BRET acceptor (Figure 2C). No
significant differences were observed in the efficacy of
internalization promoted by the agonist (Figure 2D).
TRV056 demonstrated significantly lower potency than all
other agonists, (Table S3). TRV023 exhibited greater potency
than TRV027, TRV034, and TRV055,while TRV026 was more
potent than TRV034 (Table S3). AngII was less potent than
TRV023 but more potent than TRV034 (Table S3).

AT1R-Biased Agonists Induce Distinct β-Arrestin
Conformations at the Receptor, Which are Driven by
β-Arrestin Core Engagement with the Receptor. Given
the grouping of the endogenous and G protein-biased agonists
(AngII, TRV055, TRV056) into a high-efficacy cluster and the
β-arrestin-biased agonists (TRV023, TRV026, TRV027,
TRV034) into a low-efficacy cluster for β-arrestin 1 and 2
recruitment to the receptor and the loss of this clustering at the
plasma membrane, we next asked whether these differential
recruitment patterns correlate with β-arrestin conformations at
each location. We utilized intramolecular BRET-based
conformational biosensors to monitor location-specific con-
formations of β-arrestin 1 and 2 in an assay called NanoBiT
FlAsH in HEK293T cells, as we had previously described.26

Briefly, these sensors combine the complementation of the
NanoBiT system with the previously developed intramolecular
FlAsH BRET assay.22,32,33 To facilitate binding of the
fluorogenic biarsenical FlAsH-EDT2, we inserted its tetracys-

Figure 2. AT1R Gαq activation and internalization. (A) Schematic representation of BRET assay to monitor Gαq activation based on the GTP-
bound status of the α subunit in HEK293T cells and (B) kinetic time course and agonist concentration response curves at 4 min. (C) Schematic
representation of BRET assay used to monitor AT1R internalization in HEK293T cells and (D) kinetic time course and agonist concentration
response curves at 30 min. Kinetic data are shown as Net BRET values at a concentration of 10 μM for all agonists. Data represent mean ± SEM; n
= 7 for Gαq activation, n = 5 for AT1R internalization. ****p < 0.0001 by one-way ANOVA comparing Emax across ligands. See Table S3 for a
summary of Tukey post hoc tests comparing Emax and EC50 values for each pairwise combination of ligands α = 0.05. Schematics created in
BioRender.Chundi, A. (2025) https://BioRender.com/0ug1oio.
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teine binding motif (CCPGCC) into one of six locations
(FlAsH 1−6) in SmBiT-β-arrestin 1 and SmBiT-β-arrestin 2 to
generate a total of 12 conformational biosensors. When the
SmBiT-β-arrestin-FlAsH sensor is recruited to the LgBiT-
tagged location marker (AT1R-LgBiT or LgBiT-CAAX), the
components of the NanoBiT system complement to form
NanoLuc (Nluc). The Nluc then emits bioluminescence that
excites the fluorescent FlAsH molecule bound to the hairpin

loop formed by the tetracysteine motif within β-arrestin,
generating a subcellular location-specific intramolecular BRET
signal (Figure 3A−3C). Insertion of the tetracysteine motif did
not abolish recruitment of the β-arrestin-FlAsH probes to the
receptor or plasma membrane (Figure S1A,B). At the receptor,
the β-arrestin-biased agonists (TRV023, TRV026, TRV027,
and TRV034) and the endogenous and G protein-biased
agonists (AngII, TRV055, and TRV056) promoted two

Figure 3. β-Arrestin conformations at the receptor and plasma membrane. (A) SmBiT-FlAsH BRET biosensors were used to assess β-arrestin 1
(βarr 1) and 2 (βarr 2) conformations in HEK293T cells at AT1R and the plasma membrane (PM). A CCPGCC FlAsH-binding motif (pink
circle) was inserted after one of six residues to generate six reporters (FlAsH 1−6); SmBiT-βarr-FlAsH 2 finger loop deletion mutants lack the
purple region. (B, C) Diagrams of NanoBiT FlAsH assay to assess β-arrestin conformations at (B) the receptor (AT1R-LgBiT), and (C) the plasma
membrane (LgBiT-CAAX) coexpressed with FLAG-AT1R. NanoLuc, formed by SmBiT-LgBiT complementation, emits bioluminescence that
excites the FlAsH-EDT2 acceptor bound to β-arrestin, producing a BRET signal. Radar plots depict the mean ΔNet BRET signal at each FlAsH
reporter for (D) βarr 1 and (E) βarr 2 at AT1R 2 min poststimulation, and (F) βarr 1 and (G) βarr 2 at the PM 2 min poststimulation with 1 μM
AngII or 10 μM of TRV agonists. Bar graphs depict mean ±SEM of FlAsH 2 signal at AT1R for (H) wild-type βarr 1 2 min poststimulation, (I)
βarr 1 ΔFL 4 min poststimulation, (J) wild-type βarr 2 2 min poststimulation, and (K) βarr 2 ΔFL 4 min poststimulation. For βarr 1 at PM: n = 4
FlAsH 1−3, n = 6 FlAsH 4−6; for βarr 1 at AT1R: n = 3 FlAsH 1−6; for βarr 2 at PM: n = 6 FlAsH 1−6; for βarr 2 at AT1R, n = 4 FlAsH 1−3, n =
7 FlAsH 4−6; n = 4 for βarr 1 and 2 ΔFL-FlAsH 2. ****p < 0.0001 by one-way ANOVA comparing ligands for each FlAsH sensor. #p < 0.05, ####p
< 0.0001 by Tukey post hoc tests for agonist pairwise comparisons. See Figures S1 and S2 for the full kinetics of NanoBiT FlAsH experiments. See
Table S4 for full summary of pairwise comparison tests α = 0.05. Schematics created in BioRender. Chundi, A. (2025) https://BioRender.com/
xczq1eu.
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distinct conformations of β-arrestin 1 and 2, primarily at the
middle loop (FlAsH 2), with the β-arrestin-biased agonists

inducing higher ΔNet BRET values consistent with a
conformation in which the middle loop is positioned closer

Figure 4. Subcellular ERK Activity induced by AT1R agonists. ERK activity was assessed in HEK293T cells using BRET ERK activity reporter
(EKAR) biosensors localized to (A) the nucleus, (B) cytosol, (C) early endosomes, and the (D) plasma membrane. Kinetic data and corresponding
area under the curve (AUC) quantification are shown. Cells were stimulated with 1 μM AngII or 10 μM of TRV agonists. Data shown represent
mean ± SEM, n = 3 for cytosolic, endosomal, and plasma membrane ERK activity, n = 5 for nuclear ERK activity. #p < 0.05 by Tukey post hoc tests
for agonist pairwise comparisons, following a significant one-way ANOVA comparing ligands. See Table S4 for full summary of pairwise
comparison tests α = 0.05.

Biochemistry pubs.acs.org/biochemistry Article

https://doi.org/10.1021/acs.biochem.4c00884
Biochemistry 2025, 64, 4206−4216

4212

https://pubs.acs.org/doi/10.1021/acs.biochem.4c00884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00884?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.4c00884/suppl_file/bi4c00884_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.4c00884?fig=fig4&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.4c00884?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to the NanoLuc at the N-terminus of β-arrestin (Figures 3D,3E
and S1C). However, at the plasma membrane, β-arrestin 1 and
2 conformations were entirely insensitive to ligand bias, a
phenomenon we previously reported with AngII and TRV023,
consistent with a population of catalytically activated β-
arrestins (Figures 3F−G and S1D).26 We further confirmed
the pharmacological relevance of the FlAsH signals by
demonstrating their concentration-dependent response for
SmBiT-β-arrestin 1-FlAsH 2 at both the receptor and plasma
membrane (Figure S2A,B).

The middle loop and finger loop of β-arrestin have been
shown to interact with the core of receptors like the
neurotensin receptor 1.34 Additionally, it has been shown
previously that AngII, TRV055, and TRV056 promote
conformations of the AT1R where the transducer binding
pocket in the core of the receptor is more open and accessible
to binding of G proteins and β-arrestins, while the β-arrestin-
biased agonists promote receptor conformations where the
core of the receptor is more occluded.17 It has also been shown
that AT1R−β-arrestin core complex configurations require
Gαq/11 activation-dependent phosphorylation of AT1R

through PKC.35,36 Therefore, we hypothesized that the
differences in FlAsH 2 signal observed at the receptor are
driven by the G protein-biased ligands’ ability to promote a
core AT1R−β-arrestin complex configuration, where the finger
and middle loops can directly interact with the receptor core,
while the β-arrestin-biased agonists, which do not activate Gαq,
promote a tail complex configuration. To test our hypothesis,
we utilized finger loop deletion mutants (ΔFL) of β-arrestins 1
and 2 and monitored the conformational changes induced in
FlAsH 2 at the receptor. HEK293T cells were transfected with
AT1R-LgBiT and either SmBiT-β-arrestin 1ΔFL-FlAsH 2 or
SmBiT-β-arrestin 2ΔFL-FlAsH 2 for use in the NanoBiT
FlAsH assay. For both β-arrestin isoforms, finger loop deletion
did not abolish their recruitment to the receptor (Figure
S2C,D) and resulted in a FlAsH 2 signal that was not
significantly different across all agonists (Figures 3H−K and
S2E,F). Furthermore, deletion of the finger loop resulted in
ΔNet BRET values becoming more negative for all agonists
with both β-arrestin isoforms, suggesting that the middle loop
is further away from the N-terminus of β-arrestin and therefore

Figure 5. Model of β-arrestin engagement and subcellular ERK activity induced by AT1R agonists. (A) Upon stimulation with AngII, TRV055, and
TRV056, AT1R activates G proteins, resulting in their dissociation. Following G protein activation, the receptor is phosphorylated by GRKs,
leading to β-arrestin recruitment and formation of the AT1R−β-arrestin core complex configuration. This configuration results in β-arrestin-
mediated internalization and robust ERK activation in the cytosol, endosomes, and nucleus primarily driven by G proteins. (B) In contrast,
stimulation with TRV023, TRV026, TRV027, or TRV034 does not activate G proteins. Instead, AT1R is phosphorylated by membrane-bound
GRK5/6, leading to β-arrestin recruitment and formation of the AT1R−β-arrestin tail complex configuration. This configuration enables receptor
internalization but results in weaker ERK activation across compartments due to the absence of G protein-mediated signaling. (C) Irrespective of
agonist identity, a subset of β-arrestins alternatively undergoes catalytic activation by the receptor, laterally diffusing in the plasma membrane, and
activating plasma membrane-localized ERK. Created in BioRender. Chundi, A. (2025) https://BioRender.com/gyjgpxe.
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in a more relaxed state due to the lack of interaction with the
receptor core.

AT1R-Biased Agonists Induce Distinct Clusters of
Subcellular ERK Activity. To determine the downstream
effects of biased agonism at AT1R, we assessed ERK activity
induced by our panel of agonists at a variety of subcellular
locations. Using previously described BRET-based ERK
activity reporters (EKAR), we examined ERK activity localized
to the nucleus, cytosol, early endosomes, and plasma
membrane.14,26,37 HEK293T cells were transfected with
FLAG-AT1R and one of the four location-tagged EKAR
constructs. Consistent with β-arrestin recruitment patterns to
the receptor and endosomes, we found that AngII and the G
protein-biased ligands promoted substantially greater ERK
activation in the nucleus, cytosol, and early endosomes when
compared to the β-arrestin-biased agonists (Figure 4A−4C).
However, at the plasma membrane, we found the β-arrestin-
biased agonists promote levels of ERK activity similar to those
of AngII and the G protein-biased agonists, consistent with the
insensitivity to ligand bias observed in β-arrestin conforma-
tions at the plasma membrane (Figure 4D).

■ DISCUSSION
The differential recruitment of β-arrestins by AT1R agonists
provides a foundation for interpreting subsequent signaling
outcomes. AngII and the G protein-biased agonists promoted
robust recruitment of β-arrestins to both the receptor and
endosomes. In contrast, the β-arrestin-biased agonists ex-
hibited reduced recruitment at these sites but enhanced
localization of β-arrestin 1 at the plasma membrane. Notably,
maximal β-arrestin 2 recruitment to the plasma membrane did
not vary significantly across all ligands, suggesting that the
agonist-induced pool of β-arrestin observed at the plasma
membrane is distinct from receptor-associated β-arrestins,
consistent with previously described models of catalytically
activated β-arrestin, where the agonist-bound receptor under-
goes a transient interaction with recruited β-arrestin before β-
arrestin laterally diffuses in the plasma membrane.26,38,39 Our
hypothesis that plasma membrane-associated β-arrestins
represent a separate pool from receptor-associated β-arrestins
was supported by NanoBiT FlAsH data (Figure 3), which
demonstrated that all seven ligands promoted the same β-
arrestin conformations at the membrane, while there were
significant differences in the conformation of the middle loop
in receptor-associated β-arrestin when comparing the β-
arrestin biased agonists with AngII and the G protein-biased
agonists. Thus, consistent with our previous study with AngII
and TRV023,26 we found that β-arrestin conformations at the
plasma membrane are insensitive to ligand bias.

Furthermore, we showed that the differences in receptor-
associated β-arrestin conformations are driven by receptor core
engagement induced by AngII and the G protein-biased
agonists through the finger loop, demonstrating that continual
engagement with the receptor core is necessary for bias
encoded by agonists to influence transducer-active conforma-
tions. This model is consistent with previous findings showing
that endogenous and G protein-biased agonists promote
more“open” states of the AT1R, allowing for a GPCR−β-
arrestin core complex configuration, while β-arrestin-biased
agonists promote a tail complex configuration.17 These core
complex configurations have been shown to require Gαq/11
activation-dependent phosphorylation of AT1R via PKC,
highlighting a mechanistic link between G protein signaling

and β-arrestin engagement.35,36 It has also been shown that
different biased agonists for the same receptor can induce
distinct engagement of GRKs and phosphorylation on the
receptor C-terminal tail, leading to differential β-arrestin
engagement and conformations in various subcellular loca-
tions.36,40−42 Future studies might explore how this extended
panel of AT1R-biased agonists regulates location-specific GRK
engagement and phosphorylation states of the receptor.

Our assessment of downstream MAP kinase activation
demonstrates the complex interplay between ligand bias and
location bias (Figure 5). The seven agonists stratified
according to the same high-efficacy (AngII, TRV055,
TRV056) and low-efficacy (TRV023, TRV026, TRV027, and
TRV034) clusters observed with receptor and endosomal β-
arrestin recruitment and receptor-localized conformations. In
the cytosol, endosomes, and nucleus, AngII and the G protein-
biased agonists promoted greater levels of ERK activation over
the β-arrestin-biased agonists, likely due to their promotion of
tighter transducer binding and G protein-mediated ERK
signaling. However, we observed that the pool of ERK activity
localized at the plasma membrane appeared to be insensitive to
ligand bias, as all seven ligands promoted comparable levels of
ERK activation. We previously showed that plasma membrane
localized ERK activity is primarily mediated by β-arrestins,26

and it has also been shown that β-arrestin trafficking to the
plasma membrane in HEK293T cells, independent of GPCR
activation, can result in ERK phosphorylation.43 This is also
consistent with a recent report which demonstrated that
dynamin inhibition resulted in similar signaling profiles of β-
arrestin-biased and endogenous agonists when their activity
was restricted to the plasma membrane.44 It has also been
recently shown that β-arrestins can directly scaffold ERK2 and
allosterically enhance its autophosphorylation activity, both in
their basal inactive and active conformations.45 Future studies
should explore whether these patterns hold across different cell
types or physiological conditions, potentially revealing
conserved mechanisms that can be therapeutically harnessed.

■ CONCLUSIONS
Our data show that AngII and its G protein-and β-arrestin-
biased analogs segregate into two functional clusters defined by
β-arrestin recruitment to the AT1R and endosomes,
conformations of receptor-associated β-arrestins, and ERK
activity in the nucleus, cytosol, and endosomes. β-Arrestin
finger loop engagement with the receptor core is associated
with these conformational differences, with G protein-biased
ligands favoring receptor−β-arrestin core complex config-
urations and β-arrestin-biased ligands favoring tail complex
configurations. In contrast, plasma membrane-localized β-
arrestin conformations and ERK activity were invariant across
ligands, consistent with a catalytically activated pool of β-
arrestins functioning independently of prolonged receptor
engagement. These findings offer valuable insight into the
complex interactions between ligand and location biases and
how they shape GPCR signaling.
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