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Abstract: Arrestins bind active phosphorylated G protein-coupled receptors (GPCRs). Among the
four mammalian subtypes, only arrestin-3 facilitates the activation of JNK3 in cells. In available
structures, Lys-295 in the lariat loop of arrestin-3 and its homologue Lys-294 in arrestin-2 directly
interact with the activator-attached phosphates. We compared the roles of arrestin-3 conformational
equilibrium and Lys-295 in GPCR binding and JNK3 activation. Several mutants with enhanced
ability to bind GPCRs showed much lower activity towards JNK3, whereas a mutant that does not
bind GPCRs was more active. The subcellular distribution of mutants did not correlate with GPCR
recruitment or JNK3 activation. Charge neutralization and reversal mutations of Lys-295 differentially
affected receptor binding on different backgrounds but had virtually no effect on JNK3 activation.
Thus, GPCR binding and arrestin-3-assisted JNK3 activation have distinct structural requirements,
suggesting that facilitation of JNK3 activation is the function of arrestin-3 that is not bound to a GPCR.

Keywords: arrestin; GPCR; JNK3; conformation; signaling bias

1. Introduction

Arrestins were discovered as key players in homologous desensitization of G protein-
coupled receptors (GPCRs) [1]. Most vertebrates, including humans, express four arrestin
subtypes [2]. Two of these, arrestin-2 and -3 (a.k.a. β-arrestin 1 and 2, respectively), are
ubiquitously expressed. Both bind hundreds of different GPCRs, with arrestin-3 being the
most promiscuous of the two [3,4]. Arrestins not only suppress G protein activation by GPCR
but also serve as signal transducers, facilitating several branches of signaling [5,6]. The best-
known signaling function of arrestins is activation of the mitogen-activated protein kinase
(MAPK) pathways [7,8]. Both non-visual subtypes, arrestin-2 and arrestin-3, facilitate
the activation of ERK1/2 [8], whereas only arrestin-3 enhances the activation of the JNK
family kinases [7,9]. The classical paradigm of arrestin-mediated signaling posits that the
receptor-bound arrestin shuts down G protein activation and at the same time initiates
the second round of G protein-independent signaling [5]. This paradigm implies that the
binding of arrestin to a GPCR is required for arrestin-dependent signaling to occur, with
arrestin redirecting the GPCR signaling from G protein-dependent to arrestin-dependent
pathways [10]. This is true for the ERK pathway: the affinity of free arrestin for ERK1/2
is very low, and arrestin-assisted activation of ERK requires a GPCR input [8,11,12]. A
significant body of evidence suggests that GPCR activation affects arrestin-dependent
signaling via Src [13,14] and focal adhesion kinase [15]. In contrast, several lines of evidence
indicate that arrestin-3 activates MAPKs of the JNK family in a GPCR-independent manner.
First, free arrestin-3 binds JNK3, its preferred JNK isoform, quite well [16,17]. Second, in
contrast to ERK1/2 activation in the same cells, GPCR stimulation has no effect on the
arrestin-3-dependent activation of JNK3 [12]. Third, arrestin-3-derived peptides incapable
of binding GPCRs facilitate activation of JNK3 in cells [18,19]. Arrestins in their basal
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conformation independently of GPCRs bind many proteins, although in most cases the
signaling consequences of these interactions have not been elucidated [20–24].

Biased GPCR signaling via one of the two classes of transducers, G proteins or arrestins,
has recently attracted considerable attention due to its potential to retain desired therapeutic
efficacy while minimizing unwanted on-target side effects [25,26]. Structures of GPCRs in
complex with biased agonists suggest that distinct receptor conformations are conducive
to the binding of select transducers, which in turn mediate distinct signaling events in
cells [27]. However, the structural requirements for arrestins to bind their partners and
activate individual signaling pathways remain largely unknown. No structure of any
arrestin in complex with a non-receptor signaling protein is available today. Here we
sought to compare the structural requirements of arrestin-3 for binding to GPCRs and for
activating JNK3. We took advantage of arrestin-3 mutants with enhanced or reduced ability
to bind GPCRs [12,28,29]. We demonstrate that the structural requirements for receptor
binding and arrestin-3-dependent facilitation of ASK1-driven JNK3 activation in cells are
dramatically different. These data further support the notion that the JNK pathways are
activated by non-receptor-bound arrestin-3. While previous studies suggested this, so far
there has been no comprehensive study directly addressing this issue. A practical corollary
of our findings is that GPCR ligands, regardless of bias, cannot be used to control this
branch of arrestin-3-dependent signaling. Alternative approaches must be developed to
allow for therapeutic exploitation of the signaling pathways regulated by free arrestins.

2. Materials and Methods
2.1. Plasmid Constructs

All constructs used for nanoBiT assays were cloned into pcDNA3 (Invitrogen, Carls-
bad, CA, USA). NanoLuc was split into Small BiT (SmBiT, 11 amino acids) and Large BiT
(LgBiT, 17.6 kDa), as suggested by Promega (Fitchburg, WI, USA). All arrestin-3 mutants
were tagged with SmBiT at the N-terminus with an 11-amino acid linker (SGLKSRRALDS).
Human β2AR and M2R were tagged with LgBiT at the C-terminus with a 4-amino acid
linker (APAG). The arrestin-3 mutants used in JNK3 activation assays were tagged with
Venus at the N-terminus, as described [12].

2.2. Cell Culture and Transfection

HEK293 arrestin-2/3 knockout cells (a generous gift of Dr. A. Inoue, Tohoku Uni-
versity, Sendai, Japan) [30,31] were grown in DMEM + GlutaMax (Gibco, ThermoFisher,
Waltham, MA, USA) with 10% fetal bovine serum (Gibco, ThermoFisher) and 1% peni-
cillin/streptomycin (Gibco, ThermoFisher) at 37 ◦C with 5% CO2. The absence of arrestin-
2/3 in this line was confirmed by western blotting with the pan-arrestin rabbit polyclonal
antibody F431 [32]. Cells were transfected using TransHi (FormuMax, Sunnyvale, CA,
USA) according to the manufacturer’s instructions (3 µL of TransHi/1 µg of DNA).

2.3. In-Cell Arrestin-GPCR Interaction Assay

The NanoBiT assay is based on the complementation of large and small bits fused
to different proteins that yield functional luciferase when the two proteins interact. This
complementation is reversible [33], which allows the observation of in-cell interactions in
real time. The cells were used after no more than ten passages. At 24 h post-transfection,
cells expressing similar levels of receptors and arrestins were transferred into a 96-well
flat-bottom plate and allowed to adhere in regular culture medium for 4 h. Then the cells
were serum-starved overnight (16 h) in culture medium without phenol red. At 48 h
post-transfection, luciferase substrate nanoGlo (N1120; Promega, Fitchburg, WI, USA)
was added according to the manufacturer’s instructions, and the total luminescence was
measured for 20 min using a Synergy Neo plate reader (BioTek, New Castle, DE, USA).
Then agonists (10 µM carbachol (carbamoylcholine) for M2R or 10 µM isoproterenol for
β2AR) were added, and the luminescence was recorded for 40 min. The expression of
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arrestin-3 and GPCRs was determined by western blot using anti-arrestin F431 [32] and
anti-HA (#3724, Cell Signaling Technology, Danvers, MA, USA) antibodies.

2.4. JNK3 Activation Assay

HEK293 arrestin-2/3 KO cells were co-transfected with HA-ASK1, HA-JNK3α2 and
either the control (Venus) or indicated N-terminally Venus-tagged form of arrestin-3. After
48 h, cells were lysed with lysis buffer containing 25 mM Tris, pH 7.5, 2 mM EDTA, 250 mM
NaCl, 10% glycerol, 0.5% NP-40, 20 mM NaF, 1 mM Na3VO4, 1 mM phenylmethanesul-
fonylfluoride (PMSF), 2 mM benzamidine, and a phosphatase inhibitor cocktail (P0044,
Sigma, St Louis, MO, USA). Whole cell lysates were centrifuged at 12,000× g for 10 min
at 4 ◦C to remove nuclei and cell debris, and the supernatant was used for Western blot
analysis. JNK3 activation was measured with the pp-JNK antibody (#4668, Cell Signaling
Technology) that recognizes doubly phosphorylated (fully activated) JNK3. The expres-
sion of HA-ASK1 and HA-JNK3α2 was determined using an anti-HA antibody (#3724,
Cell Signaling Technology). The expression level of Venus and Venus-tagged arrestin-3
proteins was determined with an anti-GFP JL-8 antibody (#632381, Takara Bio USA, San
Jose, CA, USA). The endogenous β-actin (loading control) was detected with an anti-actin
(#MAB1501, Millipore, Saint Charles, MO, USA) antibody.

2.5. Subcellular Localization of Arrestin-3

HEK293 arrestin-2/3 KO cells were co-transfected with HA-ASK1, HA-JNK3α2, and
either control (Venus) or indicated N-terminally Venus-tagged forms of arrestin-3 (to mimic
the conditions of JNK activation). Twenty-four hours post-transfection, the cells were
replated onto poly-D-lysine- and fibronectin-coated Mattek glass bottom dishes. The next
day, the medium in the dishes was replaced with 2 mL/dish of FluoroBrite, and the cells’
nuclei were stained with NucBlue reagent (ThermoFisher) according to the manufacturer’s
instructions. The cells were then imaged live on the Olympus confocal microscope. Images
of between 25 and 45 cells were collected for the analysis with Venus and each form of
arrestin-3. The images were analyzed with Nikon NIS-Elements software.

2.6. Data Analysis and Statistics

Statistical significance was determined with one-way ANOVA (analysis of variance),
followed by Dunnett’s and Bonferroni’s post hoc tests with correction for multiple com-
parisons using Prism8 software (GraphPad, San Diego, CA, USA). The WT arrestin-3
value groups were used as the comparison group for the Dunnett’s test, unless indicated
otherwise. If additional comparisons were of interest, the Bonferroni post hoc test with
correction for multiple comparisons of all means was performed, as indicated in the figure
legends. In no case perceived outliers were excluded. p values < 0.05 were considered
statistically significant.

3. Results
3.1. Functional Role of Arrestin-3 Conformational Equilibrium

To compare global structural requirements for GPCR binding and facilitation of JNK3
activation, we used mutants with significantly perturbed conformational equilibrium
(Figure 1). A mutant with a seven-residue deletion in the inter-domain hinge (∆7) was
shown to be receptor binding-deficient [12,22]. That was likely because the shortened hinge
precludes the twist of the two domains relative to each other invariably detected upon
GPCR binding [34], effectively “freezing” the ∆7 mutant in the basal (often referred to as
inactive) conformation. We also tested four classes of “enhanced” arrestin mutants with
increased receptor binding [28,35–38]. One was generated by the triple alanine substitution
in the C-tail (I386A, V387A, and F388A; 3A mutation), which precluded the anchoring of the
arrestin C-tail to the N-domain, thereby promoting receptor binding [35,39,40] (Figure 1A).
The deletion of the C-tail (residues 394–409), which yielded truncated arrestin-3-(1–393)
(Tr393), had the same effect. The R170E (RE) and D291R (DR) charge reversal mutations
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destabilize the polar core, another “clasp” holding arrestins in the basal conformation
(Figure 1A). The disruption of the polar core also facilitates receptor binding [38,41,42].
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Figure 1. Arrestin-3 structure and mutations. (A). The crystal structure of arrestin-3 (PDB: 3P2D [3])
with selected elements highlighted to indicate the positions of mutations, which are shown in the
insets: 3A: I386A, V387A, F388A; RE: R170E; DR: D291R. (B). The K294 (corresponding to K295 of
arrestin-3) of arrestin-2 interacts with the phosphorylated GPCR C-terminus (shown in yellow; PDB
4JQI [42]. (C). Schematic diagram of the arrestin-3 linear sequence with mutations indicated.

To exclude receptor bias, we used two functionally and structurally distinct GPCRs:
the Gs-coupled β2-adrenergic receptor (β2AR) and the Gi-coupled M2 muscarinic acetyl-
choline receptor (M2R). M2R has a very large third intracellular loop that contains all
sites phosphorylated in response to receptor activation [43] that are necessary for arrestin
binding [44,45]. In contrast, β2AR has a much shorter third loop, and its phosphorylation
sites necessary for arrestin binding are localized in the C-terminus [46]. We measured in-
cell arrestin-3 binding to these receptors using the nanoluciferase complementation assay
(NanoBiT), which was shown to be reversible [33], allowing us to follow in-cell interactions
in real time.
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Mutants with changed global conformational equilibrium expressed at the same
level (Figure S1A) showed dramatically different abilities to bind β2AR (Figure 2A). 3A,
Tr393, RE, and DR demonstrated greater agonist-dependent recruitment to activated β2AR
than WT. In contrast, ∆7 mutant showed no detectable agonist-induced β2AR binding
(Figure 2A). Similarly, arrestin-3 mutants with weakened conformational constraints ex-
pressed at the same level (Figure S1B) demonstrated higher M2R binding than WT, whereas
∆7 mutant did not bind (Figure 2B). These effects cannot be explained by the different levels
of mutants’ interaction with unstimulated receptors (Figure S2). Next, we tested the role of
conformational equilibrium in arrestin-3-dependent JNK3 activation (Figure 2C). As so far
only one MAP3K, ASK1, has been shown to serve as an upstream kinase inducing JNK3
activation [7,47], we used it as an initiator. All arrestin-3 mutants with enhanced GPCR
binding showed a much lower ability to facilitate ASK1-induced JNK3 phosphorylation
than WT (Figure 2C). The two mutants with detached and deleted C-tail (3A and Tr393,
respectively) yielded the lowest JNK3 phosphorylation (Figure 2C). The 3A mutant only
marginally increased JNK3 phosphorylation. The ability to facilitate JNK3 activation was
completely abolished by the deletion of the C-tail in Tr393 (Figure 2C). Both arrestin-3
mutants with a destabilized polar core (DR and RE) enhanced JNK3 phosphorylation less
effectively than WT. In contrast, the ∆7 mutant with severely impaired GPCR binding
effectively facilitated JNK3 phosphorylation (Figure 2C).

Upstream MAP3Ks are predominantly cytoplasmic, while GPCRs responding to extra-
cellular agonists are on the plasma membrane. The cytoplasmic arrestin-3 is both recruited
to receptors and scaffolds MAPK activation cascades. Thus, if the cytosolic availability
of arrestin-3 is altered by the mutations, this might affect the functional properties of the
mutants. Arrestin-3 possesses a nuclear export signal localized at its C-terminus [23,48].
WT arrestin-3 is predominantly cytosolic with a low presence in the nucleus (Figure 2D,E).
We tested the subcellular localization of arrestin-3 mutants (Figure 2D) and quantified
(Figure S3) their distribution in comparison with WT (Venus evenly distributed throughout
all cell compartments served as a control) (Figure 2E). The Tr393 mutant, with the arrestin-3
nuclear export signal deleted, was the only one enriched in the nucleus (Figure 2D,E), as
compared to WT. Nevertheless, it was still present in the cytoplasm in sufficient quantities
to interact with both GPCRs, and was recruited much better than WT (Figure 2A,B). The
subcellular localization of 3A, DR, RE, and ∆7 mutants was essentially the same as that
of WT (Figure 2D,E). The data show that mutants’ effectiveness in promoting JNK3 acti-
vation (Figure 2C) or binding to the receptors (Figure 2A,B) does not correlate with their
subcellular localization, suggesting that the conformation of the mutants, rather than their
distribution in the cell, determines their effectiveness in both functions. The data clearly
show that the ability of different forms of arrestin-3 to bind GPCRs does not correlate
with their ability to facilitate JNK3 activation. If anything, these functions appear to have
opposite structural requirements.

Structural studies do not provide any clues regarding possible functions of the arrestin
C-tail, as the distal C-tail of all arrestin subtypes was not resolved in the available struc-
tures [3,41,49–54]. The Tr393 arrestin-3 mutant was produced by the deletion of the whole
distal C-tail of arrestin-3 (residues 394–409). The effects of this relatively large 15-residue
deletion on receptor binding and JNK3 activation were profound and opposite: it greatly
increased GPCR binding (Figure 2A,B) but abolished the ability of arrestin-3 to facilitate
JNK3 activation (Figure 2C). Therefore, we tested the effects of a series of smaller C-tail
deletions (Figure 3A) on both functions. The JNK3 activation was virtually unaffected by
the deletion of up to six C-terminal residues but sharply declined upon further truncation
(Figure 3B). Removal of up to nine residues from the C-tail did not affect recruitment to
M2R or β2AR (Figure 3C,D). Further deletions increased the binding of mutants expressed
at the same level (Figure S1C) to both receptors (Figure 3C,D). These data suggest that C-tail
residues 401–403 might play an important role in JNK3 activation by full-length arrestin-3.
The opposite effects of most C-tail deletions on GPCR binding and JNK activation further
demonstrate the difference in structural requirements for these two functions of arrestin-3.
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Figure 2. textbfGPCR binding of arrestin-3 mutants with shifted conformational equilibrium. The
results of the NanoBiT complementation assay (performed as described in Methods) for β2AR
(A) and M2R (B) with WT arrestin-3 and indicated mutants. After the addition of the nanoluciferase
substrate, the total luminescence was measured for 20 min until it reached the steady state. Then the
agonist (10 µM isoproterenol for β2AR, 10 µM carbachol for M2R) was added, and the luminescence
was measured for 40–50 min. Representative results are shown as traces. The receptor binding was
normalized to the basal signal without an agonist (read at 20 min). The bars represent the mean ± SEM
of four independent experiments performed in triplicate. (C) Arrestin-3-dependent JNK3 activation.
HEK293 arrestin-2/3 KO cells [30] were co-transfected with Venus or the indicated Venus-tagged
arrestin-3 constructs, HA-ASK1 and HA-JNK3α2. Phosphorylation of JNK3 was analyzed by western
blot 48 h post-transfection. Upper panel: representative Western blots of phosphor-JNK3α2 and
transfected proteins (to show equal expression). Lower panel: Quantification of the phospho-JNK3α2
values. The bars represent means ± SEM of three independent experiments. Data points from each
experiment are shown as dots on the bar graphs. The statistical significance of the differences shown,
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as follows: according to Dunnett’s post hoc comparison to WT arr3: *, p < 0.05; ***, p < 0.001; or
Bonferroni’s post hoc comparison to ∆7: aa, p < 0.01; aaa, p < 0.001; and to Tr: bb, p < 0.01; ns,
the difference between the indicated groups is not significant. (D) Representative images of the
subcellular localization of the arr3 mutants in arrestin-null HEK293 cells. The Venus-tagged arr3
mutants were transfected into cells alongside ASK1 and HA-JNK3 in conditions identical to those
used to measure JNK activation (C). The cells were counterstained with NucBlue and imaged live on
an Olympus confocal microscope. (E) The intensity of Venus fluorescence (488 nm) was quantified
with Nikon NIS-Elements software and expressed as nuclear fluorescence per pixel (upper panel) or
total nuclear fluorescence as a percentage of total cellular fluorescence (lower panel). ***—p < 0.001
Dunnett’s post hoc comparison to WT arr3.

Cells 2023, 12, x FOR PEER REVIEW 8 of 19 
 

 

 
Figure 3. The effect of C-terminal deletions on arrestin-3-dependent JNK3 activation and GPCR 
binding. (A) Stepwise deletions in the C-tail of arrestin-3. The nuclear export signal disrupted by 
∆393 and ∆389 is indicated. (B) Arrestin-3-dependent JNK3 activation is not affected by the deletion 
of six C-terminal residues but sharply declines thereafter. Upper panel: representative Western blots 
of phosphor-JNK3α2 and transfected proteins (to show equal expression). Lower panel: Quantifica-
tion of the phosphor-JNK3α2 values. The bars represent the mean ± SEM of three independent ex-
periments performed in triplicate. Data points from each experiment are shown as dots on the bar 
graphs. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s post hoc 
comparison. ***, p < 0.001 to WT arr3. Binding of the C-tail deletion mutants with β2AR (C) and M2R 
(D) was performed as described in Methods. The bars represent the mean ± SEM of four independ-
ent experiments. Data points from each experiment are shown as dots on the bar graphs. The statis-
tical significance of the differences is shown according to Dunnett’s post hoc comparison to WT arr3 

Figure 3. The effect of C-terminal deletions on arrestin-3-dependent JNK3 activation and GPCR
binding. (A) Stepwise deletions in the C-tail of arrestin-3. The nuclear export signal disrupted by



Cells 2023, 12, 1563 8 of 18

∆393 and ∆389 is indicated. (B) Arrestin-3-dependent JNK3 activation is not affected by the deletion
of six C-terminal residues but sharply declines thereafter. Upper panel: representative Western blots
of phosphor-JNK3α2 and transfected proteins (to show equal expression). Lower panel: Quantifi-
cation of the phosphor-JNK3α2 values. The bars represent the mean ± SEM of three independent
experiments performed in triplicate. Data points from each experiment are shown as dots on the
bar graphs. Statistical analysis was performed by one-way ANOVA followed by Dunnett’s post hoc
comparison. ***, p < 0.001 to WT arr3. Binding of the C-tail deletion mutants with β2AR (C) and
M2R (D) was performed as described in Methods. The bars represent the mean ± SEM of four
independent experiments. Data points from each experiment are shown as dots on the bar graphs.
The statistical significance of the differences is shown according to Dunnett’s post hoc comparison to
WT arr3 as follows: *, p < 0.05; ***, p < 0.001. (E) Representative images of the subcellular localization
of the arr3 mutants in arrestin-null HEK293 cells. The Venus-tagged arr3 truncation mutants were
transfected into cells alongside ASK1 and HA-JNK3 in conditions identical to those used to measure
JNK activation (as in Figure 2C). The cells were counterstained with NucBlue and imaged live on
an Olympus confocal microscope. (F) The intensity of Venus fluorescence (488 nm) was quantified
with Nikon NIS-Elements software and expressed as nuclear fluorescence per pixel (upper panel)
or total nuclear fluorescence as a percentage of total cellular fluorescence (lower panel). **, p < 0.01;
*** p < 0.001 Dunnett’s post hoc comparison to WT arr3.

Since the nuclear export signal (NES) is localized to the arrestin-3 C-terminus
(Figure 3A), progressive truncations are likely to alter the subcellular distribution of the
truncation mutants. We tested the subcellular localization of the series of truncation mu-
tants (Figure 3E,F) and found that progressive shortening of the C-terminus did indeed
result in a gradual reduction of their preferential localization to the cytoplasm (Figure 3E).
This was particularly evident by the increased nuclear density per pixel (Figure 3F, up-
per panel). However, the overall cytosolic versus nuclear distribution was significantly
altered only in the shortest truncated mutants, Tr389 and Tr393 (Figure 3F). Furthermore,
the cytoplasmic concentration of even the shortest mutants was sufficient for enhanced
recruitment to the GPCRs localized in the plasma membrane (Figure 3C,D). Also, Tr389,
Tr393, and Tr400 demonstrate virtually the same reduction in JNK3 activation (Figure 3B),
even though the distribution of Tr400 is more WT-like than that of the two shorter mutants
(Figure 3E,F). Thus, the subcellular distribution of truncated mutants does not correlate
with their effectiveness in scaffolding the JNK3 activation cascade, suggesting that their
conformation plays a more important role, as in the case of structurally distinct mutants
shown in Figure 2.

3.2. Functional Role of Lariat Loop Lysine

Receptor-attached phosphates were shown to be critical for arrestin binding to most
GPCRs both experimentally [28,37,55–57] and by modeling [58]. Conserved lariat loop
lysine (Lys-294 and Lys-295 in arrestin-2 and -3, respectively) interacts with a phosphate
in bound phosphopeptide [42], bound GPCRs [34,59–62] (Figure 1B), or the putative non-
receptor activator abundant cytoplasmic metabolite inositol hexakisphosphate [63]. To
test the role of this lariat loop lysine in receptor binding and JNK3 activation, we replaced
it with Ala (charge neutralization) or Glu (charge reversal) on the WT background. The
positions of all mutations on the linear arrestin-3 sequence are shown in Figure 1C. We
found that both K295E and K295A mutants were recruited to β2AR essentially like WT
arrestin-3 (Figure 4A). In contrast to β2AR, K295A or K295E slightly increased WT arrestin-3
recruitment to M2R (Figure 5A). Although the rise is much smaller (from ~8 fold to ~13 fold)
than that induced by pre-activating mutations (Figure 2B), this difference indicates that the
residue at the 295 position plays a role in arrestin-3 recruitment to M2R but not to β2AR
(Figure 2). Neither K295A nor K295E mutations appreciably affected the ability of WT
arrestin-3 to facilitate JNK3 phosphorylation (Figure 6).
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Figure 4. K295 substitutions yield diverse effects on arrestin-3 recruitment to β2AR. NanoBiT
complementation assay results for β2AR with indicated arrestin-3 mutants: (A) WT group; (B) 3A
group; (C) Tr393 group; (D) RE group; (E) DR group. The curves are colored as follows: arrestin-3
WT, green; pre-activated mutants, gray; +K295A, blue; +K295E, orange. After the addition of the
nanoluciferase substrate, the total luminescence was measured for 20 min until it reached the steady
state. Then the agonist (10 µM isoproterenol) was added, and the luminescence was measured for
40 min. Representative results are shown as traces. The receptor binding was normalized to the basal
signal without an agonist (read at 20 min). The bars represent the mean ± SEM of four independent
experiments performed in triplicate. Data points from each experiment are shown as dots on the bar
graphs. Statistical significance of the differences is shown as follows: according to Dunnett’s post hoc
comparison; **, p < 0.01; ***, p < 0.001 to WT arr3; or Bonferroni’s post hoc comparison #, p < 0.05;
###, p < 0.001 between indicated groups.

Enhanced arrestin variants with a conformational equilibrium shifted towards a
receptor-bound-like state demonstrate increased binding to all functional forms of
GPCRs [28,35,37,38]. WT arrestin has to “jump” over a high energy barrier to achieve
receptor-binding conformation [64]. Based on experimental data [65] and modeling [58],
these mutants have a significantly lower energy barrier. The data obtained with arrestin-1
suggest that the mode of binding of enhanced arrestin mutants to active phosphorylated
receptors might be different than that of WT [66]. As mutations that change global arrestin
conformation severely affect their ability to activate JNK3 (Figures 2 and 4), the effects
of substitution of other functionally important residues on enhanced backgrounds might
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differ from their effects in WT proteins. Therefore, we tested the effect of K295 mutations
on enhanced arrestin-3 backgrounds on binding to both GPCRs and JNK3 activation.
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Figure 5. The effect of K295 substitutions on arrestin-3 recruitment to M2R. The results of the
NanoBiT complementation assay (performed as described in Methods) for M2R with the indicated
arrestin-3 mutants: (A) WT group; (B) 3A group; (C) Tr393 group; (D) RE group; (E) DR group.
The curves are colored as follows: arrestin-3 WT, green; pre-activated mutants, gray; +K295A, blue;
+K295E, orange. After the addition of the nanoluciferase substrate, the total luminescence was
measured for 20 min until it reached the steady state. Then the agonist (10 µM carbachol) was added,
and the luminescence was measured for 40 min. Representative results are shown as traces. The
receptor binding was normalized to the basal signal without an agonist (read at 20 min). The bars
represent the mean ± SEM of four independent experiments performed in triplicate. Data points from
each experiment are shown as dots on the bar graphs. The statistical significance of the differences is
shown as follows: according to Dunnett’s post hoc comparison *, p < 0.05; ***, p < 0.001 to WT arr3; or
Bonferroni’s post hoc comparison ###, p < 0.001 between indicated groups.

Lys-295 substitutions on the 3A background affected the recruitment to β2AR. K295E
slightly decreased the 3A effect (Figure 4B), although the binding of this combination
mutant was still much higher than that of WT. K295A completely eliminated the 3A effect
(Figure 4B), reducing the binding to the WT level. Similarly, to their effects on β2AR
binding, K295A dramatically reduced the recruitment of the 3A mutant to M2R, almost to
WT level, while K295E had no effect (Figure 5B). In contrast, on the Tr393 background, both
K295A and K295E increased the binding to β2AR to a similar extent (Figure 4C). The effects
of K295A and K295E on Tr393 recruitment to M2R were similar, with both mutations further
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enhancing binding (Figure 5C). As 3A and Tr393 share the same mechanism of arrestin-3
pre-activation, differential effects of K295A and K295E mutations on these two backgrounds
suggest that Lys-295 may play a role in the displacement of the arrestin C-tail and/or its
repositioning upon receptor binding [67].
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Figure 6. The effect of K295 substitutions on arrestin-3-dependent JNK3 activation. (A) Western
blot analysis of JNK3 activation. HEK293 arrestin-2/3 KO cells [30] were co-transfected with Venus
or the indicated Venus-tagged arrestin-3 constructs, HA-JNK3α2 and HA-ASK1. K, A, and E refer
to K295, K295A, and K295E. Ve indicates Venus only (no arrestin-3 control). (B) Quantification of
blots. The relative JNK3 activation was normalized to total JNK3 expression. The bars represent the
mean ± SEM of three independent experiments. Data points from each experiment are shown as
dots on the bar graphs. The statistical significance of the differences is shown as follows: according
to Dunnett’s post hoc comparison ***, p < 0.001 to WT arr3; according to Bonferroni’s post hoc
comparison aa, p < 0.01 to 3A. Note that except for the 3A group, no differences between the parental
protein and its K295A and K295E derivates were detected.
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Lys-295 is localized on the lariat loop, which supplies two negative charges to the polar
core (Asp-291 and Asp-298 in arrestin-3) [3] (Figure 1A). Therefore, we expected Lys-295
substitutions to affect arrestin-3 binding to GPCRs on RE and DR backgrounds, where
the polar core is destabilized. However, neither Lys-295 substitution greatly affected the
binding of the RE mutant to either GPCR (Figures 4D and 5D). K295A did not significantly
change arrestin-3 binding to β2AR on the RE background, whereas K295E slightly reduced
it, although the binding was still significantly higher than that of WT (Figure 4D). In the case
of M2R, the effects were opposite: K295E did not change the RE binding, whereas K295A
slightly reduced it (Figure 5D). On the DR background, K295A had no effect on binding
to β2AR, whereas K295E increased arrestin-3-DR recruitment to β2AR (Figure 4E). Both
K295A and K295E substitutions greatly increased DR binding to M2R (Figure 5E). These
data are consistent with our previous finding that lysine in the lariat loop does not appear to
participate in binding receptor-attached phosphates in arrestin-1, -2, or 3 [68]. Yet it contacts
one of the phosphates on different GPCRs in most solved structures of receptor-bound
arrestin-1 [34,69] and -2 [59–62,70,71]. Two reasons for this discrepancy are conceivable:
one, reengineered rather than wild-type GPCRs were used for structure determination
in all cases; two, in many structures, native phosphorylatable elements of GPCRs were
replaced with a multi-phosphorylated C-terminal peptide of the vasopressin V2 receptor.
Structures of wild-type receptors with phosphates in the positions phosphorylated in vivo
with bound cognate arrestins are needed to shed light on this issue.

The two receptors tested are very different structurally (the sizes of their cytoplasmic
elements and the position of phosphorylation sites) and functionally (coupling to different
G proteins). While the initial binding of arrestin-3 and all mutants to β2AR was followed
by rapid dissociation, the complex of M2R with all variants of arrestin-3 appears much
more stable than the complex with β2AR (compare Figures 4 and 5). It is tempting to
speculate that this difference reflects the absence of a complete “phosphorylation code” in
β2AR noted earlier [34]. A high signal even after 60 min of stimulation of M2R rules out the
depletion of luciferase substrate during the assay as the reason for the signal decline in the
case of β2AR (Figures 2–5). One possible explanation is that the complex of arrestin-3 with
β2AR is transient [72], so that arrestin-3 dissociates from β2AR upon internalization. It
should also be noted that all in-cell assays of the arrestin-receptor interactions (FRET, BRET,
and NanoBiT used here) involve the addition of large tags to the interacting proteins. This
might be the reason for the different kinetics of the same arrestin-receptor pair observed
using different methods. As the NanoBiT assay requires the smallest tags, it is likely that
the behavior of the complex with these modifications of interacting proteins is closer to
the behavior of the biologically relevant complex of wild-type proteins, although even
in this case it is unlikely to be identical to it. In summary, K295 mutations do affect
receptor binding. Remarkable similarity in the effects of K295A and K295E mutations on
all backgrounds on the binding to these two receptors suggests that Lys-295 plays a role in
receptor binding-induced conformational rearrangements of arrestin-3 rather than directly
via its interactions with the two structurally different receptors tested.

In contrast to GPCR binding, K295A and K295E substitutions on all backgrounds
had virtually no effect on the ability of the mutants to facilitate JNK3 phosphorylation
(Figure 6A,B). The only exception was K295E on the 3A background; it partially rescued
JNK activation by the 3A mutant, which was ineffective in this regard (Figure 6). This
finding is consistent with the idea suggested by the data with truncation mutants (Figure 3)
that in the context of full-length proteins, the C-tail plays a role in JNK3 activation. As
K295A did not have this effect (Figure 6), it is tempting to speculate that glutamic acid in
the 295 position creates an anchor for the C-tail released by the 3A mutation, bringing it into
a more favorable position for JNK3 activation. The data show that Lys-295 plays a much
greater role in arrestin-3 binding to GPCRs (likely interacting with non-phosphorylated
receptor elements [68]) than in its ability to facilitate JNK3 activation, yet again revealing
the difference in structural requirements for these two functions.
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4. Discussion

Non-visual arrestins interact with hundreds of GPCR subtypes and >100 non-receptor
signaling proteins [73]. Arrestins selectively bind the active phosphorylated form of their
cognate receptors and shut down G protein-mediated GPCR signaling [1], as well as activate
numerous signaling pathways (reviewed in [5,74]). Importantly, many proteins interact
with free (non-receptor-bound) arrestins [20–24], although the signaling consequences of
most of these interactions remain unexplored. Information on the role of the global arrestin
conformation and individual structural elements in different arrestin functions is limited. It
would help to understand the mechanistic underpinnings of arrestin-dependent signaling
and reveal whether arrestin interactions with GPCRs play a role in individual branches of
that signaling.

We tested the role of arrestin-3 conformational equilibrium in two functions: GPCR bind-
ing and JNK3 activation. Arrestins are held in their basal conformation by two “clasps” [28,37],
the polar core composed of several interacting charged residues, and a three-element inter-
action of β-strand I, α-helix, and β-strand XX of the C-tail mediated by bulky hydrophobic
side chains in all three elements [51] (Figure 1A). Upon binding to a GPCR, both of these
clasps are broken. A domain twist is observed in all structures of receptor-bound ar-
restins [34,42,59–63,69–71], suggesting that this twist is required for GPCR binding. In the
∆7 mutant, the conformational equilibrium was perturbed by a seven-residue deletion in
the 12-residue inter-domain hinge, likely preventing this domain twist and, consequently,
precluding receptor binding (Figure 2, Figure 4, and Figure 5). We have previously doc-
umented the inability of the ∆7 mutant to bind several GPCRs [22,29,75]. The mutants
with enhanced GPCR binding were created by destabilizing the basal conformation. In
two mutants, the three-element interaction was disrupted. In 3A, the C-tail is detached
by alanine substitutions of bulky hydrophobic residues that keep it anchored to the body
of the N-domain; in Tr393, the C-tail is deleted [28,37,76]. We also used polar core mu-
tants R170E and D291R, where the charges of the two residues forming the critical salt
bridge in the polar core [3,50,51] were individually reversed. We also tested the role of
positively charged Lys-295 implicated in binding to the phosphates attached to the GPCRs
(Figure 1B) [34,59–62] and the putative non-receptor activator of arrestin-3, inositol hexak-
isphosphate [63]. Lys-295 was replaced with neutral alanine or negatively charged glutamic
acid on WT and all mutant backgrounds.

In agreement with previous findings using in vitro direct binding [22] and an in-cell
BRET-based interaction assay [12], we found that the ∆7 mutant did not bind GPCRs
(Figure 2A,B). In contrast, 3A, Tr, RE, and DR mutants bound both receptors significantly
better than WT (Figure 2A,B). WT arrestin-3 and its receptor binding-deficient ∆7 mutant
facilitated JNK3 activation in cells overexpressing ASK1 [9,12], whereas mutants with
enhanced receptor binding demonstrated reduced ability to facilitate JNK3 activation
(Figure 2C). Both 3A and Tr were largely ineffective in this regard (Figure 2C). Polar core
mutants RE and DR were active but showed a significantly lower ability to promote JNK3
activation than WT arrestin-3 or ∆7 (Figure 2C). Thus, the effects of mutations changing
the conformational equilibrium of arrestin-3 on GPCR binding and JNK3 activation are
virtually opposite (Figures 2 and 6). Only the ∆7 mutant effectively “frozen” in the basal
conformation activated JNK3 with high efficacy, whereas the mutants with destabilized
basal conformation to favor receptor binding were significantly less efficacious. We found
that neither receptor binding nor JNK3 activation correlated with the subcellular distri-
bution of the mutants (Figures 2 and 3). The most parsimonious explanation of these
observations is that arrestin-3 activates the JNK pathway independently of GPCRs, likely
in its basal conformation.

We have previously shown that one of the phosphates of inositol hexakisphosphate
engages Lys-295 in a trimer of free arrestin-3, where this metabolite stabilizes the receptor-
bound-like conformation of the protomers [63]. Based on this evidence, we suggested
that inositol hexakisphosphate acted as a substitute for a GPCR, converting arrestin-3
into an “active-like” conformation, thereby making arrestin-3 a GPCR-independent JNK3
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activator [63]. The data presented here contradict this idea. While the substitutions of
Lys-295 with alanine and glutamic acid, neither of which would support phosphate bind-
ing, on various backgrounds had differential, often profound effects on receptor binding
(Figures 4 and 5), these mutations virtually never affected JNK3 activation (Figure 6). The
data suggest that receptor-bound-like arrestin-3 conformation is not only unnecessary
for efficient JNK activation but also inhibits this function. These results are consistent
with our earlier finding that short N-terminal arrestin-3 peptides lacking GPCR-binding
elements facilitate JNK3 activation in vitro and in cells [18,19]. JNK3 binds three elements
of arrestin-3, localized on both N- and C-domains [16], but only the N-terminal peptides
facilitate JNK3 activation [18,19], likely because upstream JNK3-activating kinases also
bind in this region [17].

Upon binding to a GPCR, arrestins undergo a significant conformational rearrange-
ment [34,59–62,69–71], and the receptor-bound conformation of arrestins is often called
“active” [34,77]. Our data demonstrate that, from a functional standpoint, it is incorrect to
consider the basal arrestin conformation inactive. Both conformations are active; arrestins
in each conformation perform specific functions. Demonstrated interactions of arrestin-2
and -3 with numerous non-receptor partners [73] suggest that these proteins might regulate
many signaling pathways. For most arrestin-binding partners, it remains to be determined
whether they prefer the receptor-bound or basal arrestin conformation. There is evidence
indicating that the activation of ERK1/2 [8,11,12,14,78], Src [13,14], and focal adhesion
kinase [15] by arrestins depends on their binding to GPCRs. The comparison of the GPCR
binding and JNK3 activation efficacies of a large set of arrestin-3 mutants suggests that JNK3
activation is facilitated by arrestin-3 in the basal rather than receptor-bound conformation.
Thus, the arrestin-3 conformation conducive to scaffolding the JNK3 activation cascade
is different from the conformation necessary for receptor binding. The elucidation of the
exact arrestin-3 conformation optimal for scaffolding the ASK1-MKK4/7-JNK3 signaling
cascade requires co-structures of full-length arrestin-3 with these kinases.

JNK3 activation is not the only GPCR-independent function of arrestins. Both arrestin
isoforms bind microtubules; microtubule and GPCR binding are mutually exclusive since
the binding sites overlap [22]. Arrestins recruit the E3 ubiquitin ligase Mdm2, which
arrestins in the basal conformation bind quite well [23], to the cytoskeleton, facilitating
the ubiquitination of microtubule-associated proteins [22]. Thus, free arrestins can change
the subcellular localization of signaling proteins and direct their activity towards partic-
ular substrates. Such a function has been proposed earlier for arrestin-assisted ERK1/2
activation, which is performed by receptor-bound arrestins [8]. In the basal conformation,
the C-tail of all arrestins is anchored to the N-domain via both three-element interaction
and the polar core [3,50,51,53,54]. Receptor binding causes the release of the arrestin C-tail,
which makes binding sites for clathrin [79,80] and the clathrin adaptor AP2 [80,81] localized
on this element more accessible, thereby promoting internalization of the receptor-arrestin
complex (reviewed in [82]). However, free arrestin-2 and -3 in the absence of a receptor also
bind clathrin [79]. This interaction plays a critical role in the disassembly of focal adhesions
independently of receptor activity [21].

The key question regarding any kind of cell signaling is how it is initiated. Arrestins in
receptor-bound and free conformations serve as scaffolds for MAPK cascades that activate
ERK1/2 and JNK3, respectively. Their function is likely the same as that of all MAPK
scaffolds: facilitate signaling initiated by the inputs that activate the upstream-most kinase
in the three-tiered cascade.

At this point, the available evidence is insufficient to conclude whether more arrestin
functions are GPCR-dependent or GPCR-independent. While the difference between the
effects of balanced and G protein- or arrestin-biased GPCR ligands on pathways mediated
by active G proteins and receptor-bound arrestins must be profound, neither type of ligand
can affect receptor-independent functions of non-visual arrestins. Different tools must be
devised to regulate these branches of cellular signaling. In particular, signaling-biased
arrestin mutants and monofunctional peptides distilled from multi-functional arrestin
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proteins should be explored. These mutants and peptides could greatly expand our toolkit
for research and, ultimately, for therapy.

5. Conclusions

A comprehensive analysis of a large set of arrestin-3 mutants showed that structural re-
quirements for arrestin-3 binding to GPCRs and for arrestin-3-dependent facilitation of the
activation of JNK3 are different and, in most cases, virtually opposite. These data strongly
suggest that non-receptor-bound arrestin-3 acts as the scaffold of the JNK3-activating
cascade, suggesting that GPCR input does not regulate arrestin-3-assisted JNK3 activa-
tion in cells.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells12121563/s1, Figure S1. Expression of SmBiT-arrestin-
3 and LgBiT-GPCRs used in nanoBiT assay; Figure S2. Basal luminescence (before agonist stimulation)
in cells expressing LgBiT-tagged β2AR and M2R with SmBiT-tagged WT arrestin-3 and indicated
mutants shown in Figure 2; Figure S3. Quantification of the subcellular distribution of arrestin-3 wild
type and mutants.

Author Contributions: Conceptualization, V.V.G. and C.Z.; formal analysis, E.V.G. and C.Z.; investi-
gation, C.Z., L.D.W., K.K.N. and A.G.; writing—original draft preparation, C.Z.; writing—review
and editing, C.Z., E.V.G. and V.V.G.; visualization, C.Z. and E.V.G.; supervision, V.V.G.; project
administration, V.V.G.; funding acquisition, V.V.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institutes of Health R35 GM122491 and Cornelius
Vanderbilt Endowed Chair (Vanderbilt University).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are presented in the manuscript. Raw data are available from
C.Z. and V.V.G. upon request.

Acknowledgments: The authors are grateful to A. Inoue (Tohoku University, Japan) for a generous
gift of arrestin-2/3 knockout HEK293 cells, and to T.M. Iverson (Vanderbilt University) for the use of
Synergy Neo plate reader.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Carman, C.V.; Benovic, J.L. G-protein-coupled receptors: Turn-ons and turn-offs. Curr. Opin. Neurobiol. 1998, 8, 335–344.

[CrossRef] [PubMed]
2. Indrischek, H.; Prohaska, S.J.; Gurevich, V.V.; Gurevich, E.V.; Stadler, P.F. Uncovering missing pieces: Duplication and deletion

history of arrestins in deuterostomes. BMC Evol. Biol. 2017, 17, 163. [CrossRef] [PubMed]
3. Zhan, X.; Gimenez, L.E.; Gurevich, V.V.; Spiller, B.W. Crystal structure of arrestin-3 reveals the basis of the difference in receptor

binding between two non-visual arrestins. J. Mol. Biol. 2011, 406, 467–478. [CrossRef] [PubMed]
4. Barak, L.S.; Ferguson, S.S.; Zhang, J.; Caron, M.G. A beta-arrestin/green fluorescent protein biosensor for detecting G protein-

coupled receptor activation. J. Biol. Chem. 1997, 272, 27497–27500. [CrossRef]
5. Peterson, Y.K.; Luttrell, L.M. The Diverse Roles of Arrestin Scaffolds in G Protein-Coupled Receptor Signaling. Pharmacol. Rev.

2017, 69, 256–297. [CrossRef]
6. Gurevich, V.V.; Gurevich, E.V. Plethora of functions packed into 45 kDa arrestins: Biological implications and possible therapeutic

strategies. Cell. Mol. Life Sci. 2019, 76, 4413–4421. [CrossRef]
7. McDonald, P.H.; Chow, C.W.; Miller, W.E.; Laporte, S.A.; Field, M.E.; Lin, F.T.; Davis, R.J.; Lefkowitz, R.J. Beta-arrestin 2: A

receptor-regulated MAPK scaffold for the activation of JNK3. Science 2000, 290, 1574–1577. [CrossRef]
8. Luttrell, L.M.; Roudabush, F.L.; Choy, E.W.; Miller, W.E.; Field, M.E.; Pierce, K.L.; Lefkowitz, R.J. Activation and targeting of

extracellular signal-regulated kinases by beta-arrestin scaffolds. Proc. Natl. Acad. Sci. USA 2001, 98, 2449–2454. [CrossRef]
9. Song, X.; Coffa, S.; Fu, H.; Gurevich, V.V. How does arrestin assemble MAPKs into a signaling complex? J. Biol. Chem. 2009, 284,

685–695.
10. Lefkowitz, R.J.; Whalen, E.J. β-arrestins: Traffic cops of cell signaling. Curr. Opin. Cell Biol. 2004, 16, 162–168. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12121563/s1
https://doi.org/10.1016/S0959-4388(98)80058-5
https://www.ncbi.nlm.nih.gov/pubmed/9687355
https://doi.org/10.1186/s12862-017-1001-4
https://www.ncbi.nlm.nih.gov/pubmed/28683816
https://doi.org/10.1016/j.jmb.2010.12.034
https://www.ncbi.nlm.nih.gov/pubmed/21215759
https://doi.org/10.1074/jbc.272.44.27497
https://doi.org/10.1124/pr.116.013367
https://doi.org/10.1007/s00018-019-03272-5
https://doi.org/10.1126/science.290.5496.1574
https://doi.org/10.1073/pnas.041604898
https://doi.org/10.1016/j.ceb.2004.01.001


Cells 2023, 12, 1563 16 of 18

11. Coffa, S.; Breitman, M.; Spiller, B.W.; Gurevich, V.V. A single mutation in arrestin-2 prevents ERK1/2 activation by reducing
c-Raf1 binding. Biochemistry 2011, 50, 6951–6958. [CrossRef] [PubMed]

12. Breitman, M.; Kook, S.; Gimenez, L.E.; Lizama, B.N.; Palazzo, M.C.; Gurevich, E.V.; Gurevich, V.V. Silent scaffolds: Inhibition of
c-Jun N-terminal kinase 3 activity in the cell by a dominant-negative arrestin-3 mutant. J. Biol. Chem. 2012, 287, 19653–19664.
[CrossRef] [PubMed]

13. Luttrell, L.M.; Ferguson, S.S.; Daaka, Y.; Miller, W.E.; Maudsley, S.; Della Rocca, G.J.; Lin, F.; Kawakatsu, H.; Owada, K.; Luttrell,
D.K.; et al. Beta-arrestin-dependent formation of beta2 adrenergic receptor-Src protein kinase complexes. Science 1999, 283,
655–661. [CrossRef] [PubMed]

14. Kaya, A.I.; Perry, N.A.; Gurevich, V.V.; Iverson, T.M. Phosphorylation barcode-dependent signal bias of the dopamine D1 receptor.
Proc. Natl. Acad. Sci. USA 2020, 117, 14139–14149. [CrossRef]

15. Zhuo, Y.; Gurevich, V.V.; Vishnivetskiy, S.A.; Klug, C.S.; Marchese, A. A non-GPCR-binding partner interacts with a novel surface
on β-arrestin1 to mediate GPCR signaling. J. Biol. Chem. 2020, 295, 14111–14124. [CrossRef]

16. Zhan, X.; Perez, A.; Gimenez, L.E.; Vishnivetskiy, S.A.; Gurevich, V.V. Arrestin-3 binds the MAP kinase JNK3α2 via multiple sites
on both domains. Cell. Signal. 2014, 26, 766–776. [CrossRef]

17. Perry, N.A.; Kaoud, T.S.; Ortega, O.O.; Kaya, A.I.; Marcus, D.J.; Pleinis, J.M.; Berndt, S.; Chen, Q.; Zhan, X.; Dalby, K.N.; et al.
Arrestin-3 scaffolding of the JNK3 cascade suggests a mechanism for signal amplification. Proc. Natl. Acad. Sci. USA 2019, 116,
810–815. [CrossRef]

18. Zhan, X.; Stoy, H.; Kaoud, T.S.; Perry, N.A.; Chen, Q.; Perez, A.; Els-Heindl, S.; Slagis, J.V.; Iverson, T.M.; Beck-Sickinger, A.G.; et al.
Peptide mini-scaffold facilitates JNK3 activation in cells. Sci. Rep. 2016, 6, 21025. [CrossRef]

19. Perry-Hauser, N.A.; Kaoud, T.S.; Stoy, H.; Zhan, X.; Chen, Q.; Dalby, K.N.; Iverson, T.M.; Gurevich, V.V.; Gurevich, E.V. Short
Arrestin-3-Derived Peptides Activate JNK3 in Cells. Int. J. Mol. Sci. 2022, 23, 8679. [CrossRef]

20. Ahmed, M.R.; Zhan, X.; Song, X.; Kook, S.; Gurevich, V.V.; Gurevich, E.V. Ubiquitin ligase parkin promotes Mdm2-arrestin
interaction but inhibits arrestin ubiquitination. Biochemistry 2011, 50, 3749–3763. [CrossRef]

21. Cleghorn, W.M.; Branch, K.M.; Kook, S.; Arnette, C.; Bulus, N.; Zent, R.; Kaverina, I.; Gurevich, E.V.; Weaver, A.M.; Gurevich, V.V.
Arrestins regulate cell spreading and motility via focal adhesion dynamics. Mol. Biol. Cell 2015, 26, 622–635. [CrossRef] [PubMed]

22. Hanson, S.M.; Cleghorn, W.M.; Francis, D.J.; Vishnivetskiy, S.A.; Raman, D.; Song, S.; Nair, K.S.; Slepak, V.Z.; Klug, C.S.; Gurevich,
V.V. Arrestin mobilizes signaling proteins to the cytoskeleton and redirects their activity. J. Mol. Biol. 2007, 368, 375–387. [CrossRef]

23. Song, X.; Raman, D.; Gurevich, E.V.; Vishnivetskiy, S.A.; Gurevich, V.V. Visual and both non-visual arrestins in their “inactive”
conformation bind JNK3 and Mdm2 and relocalize them from the nucleus to the cytoplasm. J. Biol. Chem. 2006, 281, 21491–21499.
[CrossRef] [PubMed]

24. Perry, S.J.; Baillie, G.S.; Kohout, T.A.; McPhee, I.; Magiera, M.M.; Ang, K.L.; Miller, W.E.; McLean, A.J.; Conti, M.;
Houslay, M.D.; et al. Targeting of cyclic AMP degradation to beta 2-adrenergic receptors by beta-arrestins. Science 2002, 298,
834–836. [CrossRef]

25. Smith, J.S.; Lefkowitz, R.J.; Rajagopal, S. Biased signalling: From simple switches to allosteric microprocessors. Nat. Rev. Drug
Discov. 2018, 17, 243–260. [CrossRef]

26. Gurevich, V.V.; Gurevich, E.V. Biased GPCR signaling: Possible mechanisms and inherent limitations. Pharmacol. Ther. 2020,
211, 107540. [CrossRef] [PubMed]

27. Wingler, L.M.; Lefkowitz, R.J. Conformational Basis of G Protein-Coupled Receptor Signaling Versatility. Trends Cell. Biol. 2020,
30, 736–747. [CrossRef]

28. Celver, J.; Vishnivetskiy, S.A.; Chavkin, C.; Gurevich, V.V. Conservation of the phosphate-sensitive elements in the arrestin family
of proteins. J. Biol. Chem. 2002, 277, 9043–9048. [CrossRef]

29. Gimenez, L.E.; Babilon, S.; Wanka, L.; Beck-Sickinger, A.G.; Gurevich, V.V. Mutations in arrestin-3 differentially affect binding to
neuropeptide Y receptor subtypes. Cell. Signal. 2014, 26, 1523–1531. [CrossRef]

30. Alvarez-Curto, E.; Inoue, A.; Jenkins, L.; Raihan, S.Z.; Prihandoko, R.; Tobin, A.B.; Milligan, G. Targeted Elimination of G Proteins
and Arrestins Defines Their Specific Contributions to Both Intensity and Duration of G Protein-coupled Receptor Signaling. J. Biol.
Chem. 2016, 291, 27147–27159. [CrossRef]

31. Grundmann, M.; Merten, N.; Malfacini, D.; Inoue, A.; Preis, P.; Simon, K.; Rüttiger, N.; Ziegler, N.; Benkel, T.; Schmitt, N.K.; et al.
Lack of beta-arrestin signaling in the absence of active G proteins. Nat. Commun. 2018, 9, 341. [CrossRef] [PubMed]

32. Vishnivetskiy, S.A.; Zhan, X.; Chen, Q.; Iverson, T.M.; Gurevich, V.V. Arrestin expression in E. coli and purification. Curr. Protoc.
Pharmacol. 2014, 67, 2–11. [CrossRef] [PubMed]

33. Dijon, N.C.; Nesheva, D.N.; Holliday, N.D. Luciferase Complementation Approaches to Measure GPCR Signaling Kinetics and
Bias. Methods Mol. Biol. 2021, 2268, 249–274. [PubMed]

34. Zhou, X.E.; He, Y.; de Waal, P.W.; Gao, X.; Kang, Y.; Van Eps, N.; Yin, Y.; Pal, K.; Goswami, D.; White, T.A.; et al. Identification of
Phosphorylation Codes for Arrestin Recruitment by G protein-Coupled Receptors. Cell 2017, 170, 457–469. [CrossRef] [PubMed]

35. Gurevich, V.V. The selectivity of visual arrestin for light-activated phosphorhodopsin is controlled by multiple nonredundant
mechanisms. J. Biol. Chem. 1998, 273, 15501–15506. [CrossRef]

36. Gurevich, V.V.; Benovic, J.L. Visual arrestin binding to rhodopsin: Diverse functional roles of positively charged residues within
the phosphorylation-recignition region of arrestin. J. Biol. Chem. 1995, 270, 6010–6016. [CrossRef]

https://doi.org/10.1021/bi200745k
https://www.ncbi.nlm.nih.gov/pubmed/21732673
https://doi.org/10.1074/jbc.M112.358192
https://www.ncbi.nlm.nih.gov/pubmed/22523077
https://doi.org/10.1126/science.283.5402.655
https://www.ncbi.nlm.nih.gov/pubmed/9924018
https://doi.org/10.1073/pnas.1918736117
https://doi.org/10.1074/jbc.RA120.015074
https://doi.org/10.1016/j.cellsig.2014.01.001
https://doi.org/10.1073/pnas.1819230116
https://doi.org/10.1038/srep21025
https://doi.org/10.3390/ijms23158679
https://doi.org/10.1021/bi200175q
https://doi.org/10.1091/mbc.E14-02-0740
https://www.ncbi.nlm.nih.gov/pubmed/25540425
https://doi.org/10.1016/j.jmb.2007.02.053
https://doi.org/10.1074/jbc.M603659200
https://www.ncbi.nlm.nih.gov/pubmed/16737965
https://doi.org/10.1126/science.1074683
https://doi.org/10.1038/nrd.2017.229
https://doi.org/10.1016/j.pharmthera.2020.107540
https://www.ncbi.nlm.nih.gov/pubmed/32201315
https://doi.org/10.1016/j.tcb.2020.06.002
https://doi.org/10.1074/jbc.M107400200
https://doi.org/10.1016/j.cellsig.2014.03.019
https://doi.org/10.1074/jbc.M116.754887
https://doi.org/10.1038/s41467-017-02661-3
https://www.ncbi.nlm.nih.gov/pubmed/29362459
https://doi.org/10.1002/0471141755.ph0211s67
https://www.ncbi.nlm.nih.gov/pubmed/25446290
https://www.ncbi.nlm.nih.gov/pubmed/34085274
https://doi.org/10.1016/j.cell.2017.07.002
https://www.ncbi.nlm.nih.gov/pubmed/28753425
https://doi.org/10.1074/jbc.273.25.15501
https://doi.org/10.1074/jbc.270.11.6010


Cells 2023, 12, 1563 17 of 18

37. Kovoor, A.; Celver, J.; Abdryashitov, R.I.; Chavkin, C.; Gurevich, V.V. Targeted construction of phosphorylation-independent
b-arrestin mutants with constitutive activity in cells. J. Biol. Chem. 1999, 274, 6831–6834. [CrossRef]

38. Gurevich, V.V.; Pals-Rylaarsdam, R.; Benovic, J.L.; Hosey, M.M.; Onorato, J.J. Agonist-receptor-arrestin, an alternative ternary
complex with high agonist affinity. J. Biol. Chem. 1997, 272, 28849–28852. [CrossRef]

39. Kim, Y.J.; Hofmann, K.P.; Ernst, O.P.; Scheerer, P.; Choe, H.W.; Sommer, M.E. Crystal structure of pre-activated arrestin p44. Nature
2013, 497, 142–146. [CrossRef]

40. Schroder, K.; Pulvermuller, A.; Hofmann, K.P. Arrestin and its splice variant Arr1-370A (p44). Mechanism and biological role of
their interaction with rhodopsin. J. Biol. Chem. 2002, 277, 43987–43996. [CrossRef]

41. Granzin, J.; Stadler, A.; Cousin, A.; Schlesinger, R.; Batra-Safferling, R. Structural evidence for the role of polar core residue
Arg175 in arrestin activation. Sci. Rep. 2015, 5, 15808. [CrossRef] [PubMed]

42. Shukla, A.K.; Manglik, A.; Kruse, A.C.; Xiao, K.; Reis, R.I.; Tseng, W.C.; Staus, D.P.; Hilger, D.; Uysal, S.; Huang, L.Y.; et al.
Structure of active beta-arrestin-1 bound to a G-protein-coupled receptor phosphopeptide. Nature 2013, 497, 137–141. [CrossRef]
[PubMed]

43. Nakata, H.; Kameyama, K.; Haga, K.; Haga, T. Location of agonist-dependent-phosphorylation sites in the third intracellular loop
of muscarinic acetylcholine receptors (m2 subtype). Eur. J. Biochem. 1994, 220, 29–36. [CrossRef]

44. Pals-Rylaarsdam, R.; Gurevich, V.V.; Lee, K.B.; Ptasienski, J.; Benovic, J.L.; Hosey, M.M. Internalization of the m2 muscarinic
acetylcholine receptor: Arrestin-independent and -dependent pathways. J. Biol. Chem. 1997, 272, 23682–23689. [CrossRef]
[PubMed]

45. Lee, K.B.; Ptasienski, J.A.; Pals-Rylaarsdam, R.; Gurevich, V.V.; Hosey, M.M. Arrestin binding to the M2 muscarinic acetylcholine
receptor is precluded by an inhibitory element in the third intracellular loop of the receptor. J. Biol. Chem. 2000, 275, 9284–9289.
[CrossRef] [PubMed]

46. Bouvier, M.; Hausdorff, W.P.; De Blasi, A.; O’Dowd, B.F.; Kobilka, B.K.; Caron, M.G.; Lefkowitz, R.J. Removal of phosphorylation
sites from the beta 2-adrenergic receptor delays onset of agonist-promoted desensitization. Nature 1988, 333, 370–373. [CrossRef]
[PubMed]

47. Miller, W.E.; McDonald, P.H.; Cai, S.F.; Field, M.E.; Davis, R.J.; Lefkowitz, R.J. Identification of a motif in the carboxyl terminus of
beta -arrestin2 responsible for activation of JNK3. J. Biol. Chem. 2001, 276, 27770–27777. [CrossRef]

48. Scott, M.G.; Le Rouzic, E.; Périanin, A.; Pierotti, V.; Enslen, H.; Benichou, S.; Marullo, S.; Benmerah, A. Differential nucleocytoplas-
mic shuttling of beta-arrestins. Characterization of a leucine-rich nuclear export signal in beta-arrestin2. J. Biol. Chem. 2002, 277,
37693–37701. [CrossRef]

49. Granzin, J.; Wilden, U.; Choe, H.W.; Labahn, J.; Krafft, B.; Buldt, G. X-ray crystal structure of arrestin from bovine rod outer
segments. Nature 1998, 391, 918–921. [CrossRef]

50. Han, M.; Gurevich, V.V.; Vishnivetskiy, S.A.; Sigler, P.B.; Schubert, C. Crystal structure of beta-arrestin at 1.9 A: Possible mechanism
of receptor binding and membrane translocation. Structure 2001, 9, 869–880. [CrossRef]

51. Hirsch, J.A.; Schubert, C.; Gurevich, V.V.; Sigler, P.B. The 2.8 A crystal structure of visual arrestin: A model for arrestin’s regulation.
Cell 1999, 97, 257–269. [CrossRef]

52. Sander, C.L.; Luu, J.; Kim, K.; Furkert, D.; Jang, K.; Reichenwallner, J.; Kang, M.; Lee, H.J.; Eger, B.T.; Choe, H.W.; et al. Structural
evidence for visual arrestin priming via complexation of phosphoinositols. Structure 2022, 30, 263–277. [CrossRef] [PubMed]

53. Sutton, R.B.; Vishnivetskiy, S.A.; Robert, J.; Hanson, S.M.; Raman, D.; Knox, B.E.; Kono, M.; Navarro, J.; Gurevich, V.V. Crystal
Structure of Cone Arrestin at 2.3Å: Evolution of Receptor Specificity. J. Mol. Biol. 2005, 354, 1069–1080. [CrossRef]

54. Milano, S.K.; Pace, H.C.; Kim, Y.M.; Brenner, C.; Benovic, J.L. Scaffolding functions of arrestin-2 revealed by crystal structure and
mutagenesis. Biochemistry 2002, 41, 3321–3328. [CrossRef] [PubMed]

55. Wilden, U. Duration and amplitude of the light-induced cGMP hydrolysis in vertebrate photoreceptors are regulated by multiple
phosphorylation of rhodopsin and by arrestin binding. Biochemistry 1995, 34, 1446–1454. [CrossRef]

56. Wilden, U.; Hall, S.W.; Kühn, H. Phosphodiesterase activation by photoexcited rhodopsin is quenched when rhodopsin is
phosphorylated and binds the intrinsic 48-kDa protein of rod outer segments. Proc. Natl. Acad. Sci. USA 1986, 83, 1174–1178.
[CrossRef] [PubMed]

57. Gurevich, V.V.; Benovic, J.L. Visual arrestin interaction with rhodopsin: Sequential multisite binding ensures strict selectivity
towards light-activated phosphorylated rhodopsin. J. Biol. Chem. 1993, 268, 11628–11638. [CrossRef]

58. Sente, A.; Peer, R.; Srivastava, A.; Baidya, M.; Lesk, A.M.; Balaji, S.; Shukla, A.K.; Babu, M.M.; Flock, T. Molecular mechanism of
modulating arrestin conformation by GPCR phosphorylation. Nat. Struct. Mol. Biol. 2018, 25, 538–545. [CrossRef]

59. Yin, W.; Li, Z.; Jin, M.; Yin, Y.L.; de Waal, P.W.; Pal, K.; Yin, Y.; Gao, X.; He, Y.; Gao, J.; et al. A complex structure of arrestin-2
bound to a G protein-coupled receptor. Cell Res. 2019, 29, 971–983. [CrossRef]

60. Staus, D.P.; Hu, H.; Robertson, M.J.; Kleinhenz, A.L.W.; Wingler, L.M.; Capel, W.D.; Latorraca, N.R.; Lefkowitz, R.J.; Skiniotis, G.
Structure of the M2 muscarinic receptor-β-arrestin complex in a lipid nanodisc. Nature 2020, 579, 297–302. [CrossRef]

61. Lee, Y.; Warne, T.; Nehmé, R.; Pandey, S.; Dwivedi-Agnihotri, H.; Chaturvedi, M.; Edwards, P.C.; García-Nafría, J.; Leslie, A.G.W.;
Shukla, A.K.; et al. Molecular basis of β-arrestin coupling to formoterol-bound β(1)-adrenoceptor. Nature 2020, 583, 862–866.
[CrossRef]

https://doi.org/10.1074/jbc.274.11.6831
https://doi.org/10.1074/jbc.272.46.28849
https://doi.org/10.1038/nature12133
https://doi.org/10.1074/jbc.M206211200
https://doi.org/10.1038/srep15808
https://www.ncbi.nlm.nih.gov/pubmed/26510463
https://doi.org/10.1038/nature12120
https://www.ncbi.nlm.nih.gov/pubmed/23604254
https://doi.org/10.1111/j.1432-1033.1994.tb18595.x
https://doi.org/10.1074/jbc.272.38.23682
https://www.ncbi.nlm.nih.gov/pubmed/9295310
https://doi.org/10.1074/jbc.275.13.9284
https://www.ncbi.nlm.nih.gov/pubmed/10734068
https://doi.org/10.1038/333370a0
https://www.ncbi.nlm.nih.gov/pubmed/2836733
https://doi.org/10.1074/jbc.M102264200
https://doi.org/10.1074/jbc.M207552200
https://doi.org/10.1038/36147
https://doi.org/10.1016/S0969-2126(01)00644-X
https://doi.org/10.1016/S0092-8674(00)80735-7
https://doi.org/10.1016/j.str.2021.10.002
https://www.ncbi.nlm.nih.gov/pubmed/34678158
https://doi.org/10.1016/j.jmb.2005.10.023
https://doi.org/10.1021/bi015905j
https://www.ncbi.nlm.nih.gov/pubmed/11876640
https://doi.org/10.1021/bi00004a040
https://doi.org/10.1073/pnas.83.5.1174
https://www.ncbi.nlm.nih.gov/pubmed/3006038
https://doi.org/10.1016/S0021-9258(19)50248-4
https://doi.org/10.1038/s41594-018-0071-3
https://doi.org/10.1038/s41422-019-0256-2
https://doi.org/10.1038/s41586-020-1954-0
https://doi.org/10.1038/s41586-020-2419-1


Cells 2023, 12, 1563 18 of 18

62. Huang, W.; Masureel, M.; Qianhui, Q.; Janetzko, J.; Inoue, A.; Kato, H.E.; Robertson, M.J.; Nguyen, K.C.; Glenn, J.S.;
Skiniotis, G.; et al. Structure of the neurotensin receptor 1 in complex with β-arrestin 1. Nature 2020, 579, 303–308. [Cross-
Ref] [PubMed]

63. Chen, Q.; Perry, N.A.; Vishnivetskiy, S.A.; Berndt, S.; Gilbert, N.C.; Zhuo, Y.; Singh, P.K.; Tholen, J.; Ohi, M.D.; Gurevich, E.V.; et al.
Structural basis of arrestin-3 activation and signaling. Nat. Commun. 2017, 8, 1427. [CrossRef]

64. Schleicher, A.; Kuhn, H.; Hofmann, K.P. Kinetics, binding constant, and activation energy of the 48-kDa protein-rhodopsin
complex by extra-metarhodopsin II. Biochemistry 1989, 28, 1770–1775. [CrossRef]

65. Gurevich, V.V.; Hanson, S.M.; Song, X.; Vishnivetskiy, S.A.; Gurevich, E.V. The functional cycle of visual arrestins in photoreceptor
cells. Prog. Retin. Eye Res. 2011, 30, 405–430. [CrossRef] [PubMed]

66. Vishnivetskiy, S.A.; Huh, E.K.; Gurevich, E.V.; Gurevich, V.V. The finger loop as an activation sensor in arrestin. J. Neurochem.
2021, 157, 1138–1152. [CrossRef] [PubMed]

67. Zhuo, Y.; Vishnivetskiy, S.A.; Zhan, X.; Gurevich, V.V.; Klug, C.S. Identification of receptor binding-induced conformational
changes in non-visual arrestins. J. Biol. Chem. 2014, 289, 20991–21002. [CrossRef]

68. Vishnivetskiy, S.A.; Zheng, C.; May, M.B.; Karnam, P.C.; Gurevich, E.V.; Gurevich, V.V. Lysine in the lariat loop of arrestins does
not serve as phosphate sensor. J. Neurochem. 2021, 156, 435–444. [CrossRef]

69. Kang, Y.; Zhou, X.E.; Gao, X.; He, Y.; Ke, J.; Tan, M.H.E.; Zhang, C.; Moeller, A.; Yang, H.; Suino-Powell, K.M.; et al. Crystal
structure of rhodopsin bound to arrestin determined by femtosecond X-ray laser. Nature 2015, 523, 561–567. [CrossRef]

70. Bous, J.; Fouillen, A.; Orcel, H.; Trapani, S.; Cong, X.; Fontanel, S.; Saint-Paul, J.; Lai-Kee-Him, J.; Urbach, S.; Sibille, N.; et al.
Structure of the vasopressin hormone-V2 receptor-β-arrestin1 ternary complex. Sci. Adv. 2022, 8, eabo7761. [CrossRef]

71. Cao, C.; Barros-Álvarez, X.; Zhang, S.; Kim, K.; Dämgen, M.A.; Panova, O.; Suomivuori, C.M.; Fay, J.F.; Zhong, X.;
Krumm, B.E.; et al. Signaling snapshots of a serotonin receptor activated by the prototypical psychedelic LSD. Neuron 2022, 110,
3154–3167. [CrossRef] [PubMed]

72. Oakley, R.H.; Laporte, S.A.; Holt, J.A.; Caron, M.G.; Barak, L.S. Differential affinities of visual arrestin, beta arrestin1, and beta
arrestin2 for G protein-coupled receptors delineate two major classes of receptors. J. Biol. Chem. 2000, 275, 17201–17210. [CrossRef]
[PubMed]

73. Xiao, K.; McClatchy, D.B.; Shukla, A.K.; Zhao, Y.; Chen, M.; Shenoy, S.K.; Yates, J.R.; Lefkowitz, R.J. Functional specialization of
beta-arrestin interactions revealed by proteomic analysis. Proc. Natl. Acad. Sci. USA 2007, 104, 12011–12016. [CrossRef] [PubMed]

74. Gurevich, V.V.; Gurevich, E.V. The structural basis of arrestin-mediated regulation of G protein-coupled receptors. Pharm. Ther.
2006, 110, 465–502. [CrossRef] [PubMed]

75. Vishnivetskiy, S.A.; Hirsch, J.A.; Velez, M.-G.; Gurevich, Y.V.; Gurevich, V.V. Transition of arrestin in the active receptor-binding
state requires an extended interdomain hinge. J. Biol. Chem. 2002, 277, 43961–43968. [CrossRef]

76. Pan, L.; Gurevich, E.V.; Gurevich, V.V. The nature of the arrestin x receptor complex determines the ultimate fate of the internalized
receptor. J. Biol. Chem. 2003, 278, 11623–11632. [CrossRef]

77. Seyedabadi, M.; Gharghabi, M.; Gurevich, E.V.; Gurevich, V.V. Receptor-Arrestin Interactions: The GPCR Perspective. Biomolecules
2021, 11, 218. [CrossRef]

78. Coffa, S.; Breitman, M.; Hanson, S.M.; Callaway, K.; Kook, S.; Dalby, K.N.; Gurevich, V.V. The Effect of Arrestin Conformation on
the Recruitment of c-Raf1, MEK1, and ERK1/2 Activation. PLoS ONE 2011, 6, e28723. [CrossRef]

79. Goodman, O.B., Jr.; Krupnick, J.G.; Santini, F.; Gurevich, V.V.; Penn, R.B.; Gagnon, A.W.; Keen, J.H.; Benovic, J.L. Beta-arrestin acts
as a clathrin adaptor in endocytosis of the beta2-adrenergic receptor. Nature 1996, 383, 447–450. [CrossRef]

80. Kim, Y.M.; Benovic, J.L. Differential roles of arrestin-2 interaction with clathrin and adaptor protein 2 in G protein-coupled
receptor trafficking. J. Biol. Chem. 2002, 277, 30760–30768. [CrossRef]

81. Laporte, S.A.; Oakley, R.H.; Zhang, J.; Holt, J.A.; Ferguson, S.S.G.; Caron, M.G.; Barak, L.S. The 2-adrenergic receptor/arrestin
complex recruits the clathrin adaptor AP-2 during endocytosis. Proc. Natl. Acad. Sci. USA 1999, 96, 3712–3717. [CrossRef]
[PubMed]

82. Gurevich, V.V.; Gurevich, E.V. The new face of active receptor bound arrestin attracts new partners. Structure 2003, 11, 1037–1042.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41586-020-1953-1
https://doi.org/10.1038/s41586-020-1953-1
https://www.ncbi.nlm.nih.gov/pubmed/31945771
https://doi.org/10.1038/s41467-017-01218-8
https://doi.org/10.1021/bi00430a052
https://doi.org/10.1016/j.preteyeres.2011.07.002
https://www.ncbi.nlm.nih.gov/pubmed/21824527
https://doi.org/10.1111/jnc.15232
https://www.ncbi.nlm.nih.gov/pubmed/33159335
https://doi.org/10.1074/jbc.M114.560680
https://doi.org/10.1111/jnc.15110
https://doi.org/10.1038/nature14656
https://doi.org/10.1126/sciadv.abo7761
https://doi.org/10.1016/j.neuron.2022.08.006
https://www.ncbi.nlm.nih.gov/pubmed/36087581
https://doi.org/10.1074/jbc.M910348199
https://www.ncbi.nlm.nih.gov/pubmed/10748214
https://doi.org/10.1073/pnas.0704849104
https://www.ncbi.nlm.nih.gov/pubmed/17620599
https://doi.org/10.1016/j.pharmthera.2005.09.008
https://www.ncbi.nlm.nih.gov/pubmed/16460808
https://doi.org/10.1074/jbc.M206951200
https://doi.org/10.1074/jbc.M209532200
https://doi.org/10.3390/biom11020218
https://doi.org/10.1371/journal.pone.0028723
https://doi.org/10.1038/383447a0
https://doi.org/10.1074/jbc.M204528200
https://doi.org/10.1073/pnas.96.7.3712
https://www.ncbi.nlm.nih.gov/pubmed/10097102
https://doi.org/10.1016/S0969-2126(03)00184-9
https://www.ncbi.nlm.nih.gov/pubmed/12962621

	Introduction 
	Materials and Methods 
	Plasmid Constructs 
	Cell Culture and Transfection 
	In-Cell Arrestin-GPCR Interaction Assay 
	JNK3 Activation Assay 
	Subcellular Localization of Arrestin-3 
	Data Analysis and Statistics 

	Results 
	Functional Role of Arrestin-3 Conformational Equilibrium 
	Functional Role of Lariat Loop Lysine 

	Discussion 
	Conclusions 
	References

