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A small molecule enhances arrestin-3
binding to the β2-adrenergic receptor
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Han Kurt 1,10,11, Ali Akyol 2,11, Cagdas Devrim Son 2, Chen Zheng 3, Irene Gado 4,
Massimiliano Meli 5, Erica Elisa Ferrandi 5, Ivan Bassanini5, Francesca Vasile4,
Vsevolod V. Gurevich 3, Aylin Nebol 6,7,8, Esra Cagavi6,7,8, Giulia Morra 5 & Ozge Sensoy 6,9

Excessive signaling by variousGPCRs underlies a variety of human disorders. Suppression of GPCRs
by “enhanced” arrestin mutants was proposed as therapy. We hypothesized that GPCR binding of
endogenous arrestins can be increased by small molecules stabilizing pre-activated conformation.
Usingmolecular dynamics, we identified potentially druggable pockets in pre-activated conformation
of arrestin-3 and discovered a compound targeting one of these pockets. Saturation-transfer
difference NMR data showed that the compound binds at the back loop of arrestin-3. FRET- and
NanoBiT-based assays in living cells showed that the compound increased in-cell arrestin-3, but not
arrestin-2, binding to basal β2-adrenergic receptor and its phosphorylation-deficient mutant, but not
to muscarinic M2 receptor. These experiments demonstrated the feasibility of enhancing the binding
of endogenous wild type arrestin-3 to GPCRs in a receptor-specific and arrestin-subtype selective
manner.

G protein-coupled receptors (GPCRs) are involved in various physiological
and pathophysiological processes and targeted by about a third of clini-
cally used drugs1. Agonist binding to GPCRs triggers a series of con-

formational rearrangements, which are propagated to the cytoplasmic tip of
the receptor2. According to the canonical mechanism, the active GPCR
conformation initiates G protein-mediated signaling. G protein-coupled
receptor kinases (GRKs) phosphorylate certain serine and threonine resi-
dues on the cytoplasmic elements of the activated receptor3. Consequently,
active and phosphorylated receptor recruits another cytosolic protein,
arrestin, which terminates G protein-mediated signaling4–6 and activates
alternative signaling pathways7–9.

Mammals express four arrestin subtypes10. Arrestin-1 and arrestin-4
are visual, expressed in photoreceptors, whereas arrestin-2 (β-arrestin-1)
and arrestin-3 (β-arrestin-2) are non-visual arrestins expressed in virtually
every cell in the body. All arrestins are elongatedmolecules consisting of an
N- and a C-domain11. In the basal state, the carboxy-terminal tail (C-tail) of
arrestin folds back and is anchored to theN-domain of the protein, thereby
stabilizing the basal conformation. Arrestin binding to the GPCR requires

receptor attached phosphates and an active receptor conformation12–15. The
requirement for GPCR phosphorylation among arrestin proteins differs.
Arrestin-1 absolutely requires rhodopsin phosphorylation for tight binding,
whereas in case of arrestin-2 and arrestin-3 phosphorylation requirement
depends on the receptor type3.

Receptor binding induces several conformational rearrangements in
arrestin, the most prominent being the release of the C-tail and twisting of
the two domains relative to each other by ~20o16–22. These are triggered by
the phosphorylated parts of the receptor that bind to the N-domain of
arrestin, displacing the C-tail and releasing the structural constraints that
stabilize its basal conformation. The interdomain rotation assists rearran-
gement of the central-crest loops, the gate, back, lariat and finger loop, each
of which is engaged in the formation of the high-affinity complex with the
receptor16,19,20,22.

Arrestin mutants with destabilized basal conformation bind GPCRs,
including their non-phosphorylated forms, better than parental wild type
(WT)proteins. Therefore, thesemutants have been suggested as therapeutic
tools for to correct defects of phosphorylation-deficient receptors, which
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cause a variety of human disorders, including retinitis pigmentosa23, certain
forms of cancer24, diabetes25, and others26. However, these mutants usually
demonstrate reduced thermal stability and receptor selectivity27, limiting
their therapeutic potential.

An alternative approach is the stabilization of receptor-bound-like
arrestin conformations by small molecules. Arrestin-3 is intrinsically flex-
ible, transiently sampling these conformations28. Comparison of structures
of arrestins in the basal and receptor-bound state has revealed remarkable
rearrangements in certain regions. As compared to the basal, the receptor-
bound state features amore exposed C loop (residues 249–254 in arrestin-2
and 244–249 in arrestin-3), rearranged gate loop (residues 295–306 in
arrestin-2 and 290–299 in arrestin-3)29 and unfolded back loop (residues
313–317 in arrestin-3, 312–316 in arrestin-2; 318–322 in arrestin-1)30–32.
Intermediate state of arrestin-1 (PDB ID:4ZRG&3UGU) features structural
properties that fall between basal and receptor-bound states.

Here, we tested whether stabilization of receptor bound-like con-
formation enhances arrestin-3 recruitment to anon-phosphorylatedGPCR.
A computational drug discovery approach, based on targeting these con-
formations of arrestin-3 extracted from molecular dynamics (MD) simu-
lations, identified a smallmolecule predicted to bind arrestin-3. The binding
of the molecule was verified by saturation-transfer difference (STD) NMR.
We showed that this compound enhanced arrestin-3 binding to incative
WT and activated phosphorylation-deficient β2-adrenergic receptor
(β2AR), but not to muscarinic M2 receptor. No impact on arrestin-2
recruitment to either receptor was observed, indicating selectivity of the
compound for the arrestin-3.

Results
Basal arrestin-3 samples receptor bound-like conformations
MD simulations of basal arrestin-3 revealed a marked flexibility of the
interdomain interface30. To explore spontaneously adopted GPCR

bound-like states for in silico drug discovery, we ran three ~1 μs MD
trajectories in explicit water (Supplementary Fig. 1 for RMSDs of the
replicates). Conformation of the back loop, the rearrangement of the gate
loop16–22,33 and inter-domain rotation were monitored as indicators of
global conformational rearrangements. We selected two reaction coor-
dinates to classify the state of arrestin-3 along the MD trajectories. These
are the pair-distances between: 1) the Cα atoms of residues K313 and
G317 located at the N- and C-terminus of the back loop, respectively,
(blue in Fig. 1A), 2) the Cα atoms of residues D291 and H296 on the gate
loop (red in Fig. 1A), which report on conformational changes occurring
upon binding of the receptor. Simulation snapshots were classified as
basal/pre-activated/active based on the reference values of these two
parameters in the corresponding structures (See Methods for definitions
of the values and Supplementary Table 1 for a list of structures).
Importantly, these reference values are well separated in basal and
receptor-bound arrestins (Fig. 1B), which enabled us to link the con-
formation of arrestin-3 to its functional state. Arrestin-3 sampled basal/
pre-activated/active states of the back loop in (68/29/3)%, (59/40/1)%,
and (15/54/31)% of the three independent simulations. Also, pre-acti-
vated, albeit not fully active, states of the gate loop were sampled in 72,
60, and 50% of them, respectively. The population of active and pre-
activated states was confirmed in a separate accelerated molecular
dynamics (aMD) simulation: here, the back loop showed a distribution of
basal/pre-activated/active states (61/33/6)%, respectively, whereas the
gate loop was in pre-activated states in 78% of the trajectory. The
destabilization of the aromatic core at the interdomain interface was also
proposed as an activation-related change30. We found that it populates
basal/pre-activated/active states in (10/79/11)%, (12/41/46)% and (17/82/
1)% of the three arrestin-3 trajectories. However, we did not consider
targeting this region as it is involved in GPCR binding, interacting with
the intracellular loop 2 of the receptor16.

Fig. 1 | Conformational states and N-C rotation angles of arrestin-3 complexes
revealed by MD simulations. A Residue positions K313 and G317 at the termini of
the back loop (blue), and D291 and H296 for gate loop (pink) are shown on the 3D
structure of arrestin-3 (PDB ID: 3P2D)28 together with the residues of the polar core
(green) and three-element region (yellow) as well as inter-domain aromatic core (pur-
ple). BDistribution of the distances used to identify the conformational state of the gate
loop and the back loop in arrestin-3 trajectories and those measured in active/pre-
activated and inactive structures of arrestins (See Supplementary Table 1 for the

complete list of structures). Values for inactive and receptor-bound structures are shown
in red and green dots, respectively. Notably, inositol hexakisphosphate-bound arrestin-3
(PDB ID:5TV1)16 adopts an extremely long distance (See green dot outlier) at the gate
loop, due to the perturbation induced by the IP6 molecule near the polar core.
C Superposition of traces of two extreme conformations from the principal component
analysis of arrestin-3 structures, aligned on the N terminal domain, showing the rota-
tion axis and direction (See Methods). D Table summarizing the occurrence of rotated
states in arrestin-3-compound complexes and the average rotation angle.
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Targeting the back loop stabilizes receptor- bound-like inter-
domain rotation in arrestin-3
We set out to find small molecules that stabilize receptor bound-like con-
formations sampled in MD simulations. These conformational states,
identified by the reaction coordinates defined above, were sufficiently
populated in the MD trajectory dataset to extract snapshots for in silico drug
discovery. We chose seven structures (Supplementary Fig. 2), characterized
by a diverse set of conformational states of the back loop, the gate loop, and
interdomain rotation (Supplementary Table 2). In three of the selected
snapshots the back loop was in the basal state and the gate loop was in the
pre-activated state; in two the back loop was in the activated state and the
gate loop was in the basal state, in the other two, the back loop was in the
activated state and the gate loop was in the pre-activated state (Supple-
mentary Table 2). In these selected conformations, the inter-domain rotation
angle fluctuates between active and basal values (Supplementary Table 2).

We then searched for available binding pockets on these selected
structures focusing on the interdomain interface. Two consensus high-
ranking pockets (see Methods, and Supplementary Table 3 for the prop-
erties of pockets identified)were found in this region.One of them is located
near the back loop and the other one at the gate loop and both consistently
emerge in multiple detection methods (see Methods and Supplementary
Table 4).

Virtual screening on these pockets using a dataset of compounds from
ZINC purchasable small molecules (see Methods and Supplementary
Table 5) yielded ~2000 hits, which were further analyzed by docking and
MD simulations of the predicted complexes with arrestin-3. One com-
pound, referred to as LGL, bound stably to the gate loop throughout the
course of 1 μs simulation (Supplementary Fig. 3). On the back loop pocket,
we first selected 22 highest ranking candidate compounds (LSH series) based
on their docking scores (Supplementary Table 6), ADME predictors
(Methods), and binding poses (Methods and Fig. 2C, D). Among them, 10
compounds stably bound to the back loop (Methods for the list of com-
pounds that left the target site within 50 ns or shorter) in a 1 μs MD

trajectory. To test whether these compounds stabilize the binding compe-
tent conformation of arrestin-3, we measured the inter-domain rotation
angle in the MD simulations of complexes. Within the LSH series, we
observed a pre-activated rotation angle for three of them (Supplementary
Table 6, highlighted green). The LSH-3 complex adopted a rotated state in
46% of the trajectories with an average value of 12.90, whereas LSH-1 and LSH-2

(Fig. 2C, D), stabilized a rotation angle ~6.50 (Fig. 1D). Despite stabilizing a
lower inter-domain rotation angle, we also included LGL in experimental
studies to compare the effect of a compound that is bound to the gate loop.
We also examined the dynamics of the back loop and the gate loop in the
arrestin-3/compound complexes. The gate loop parameters (RMSDand the
distance betweenCα atoms ofD291 andH296, both ofwhichwere expected
to increase upon activation, Supplementary Fig. 5), aremore perturbedwith
bound LSH-3 than in the other complexes, in agreement with the trend
observed for the inter-domain rotation angle (Fig. 1D). Also, the distance
between the gate loop and the polar core34, in arrestin-3/compound tra-
jectories,monitoredby the side chains ofD291 andR170 (D296 andR175 in
arrestin-1) increases (5.0 Å)withLSH-3 relative to the crystal of basal arrestin-
3 (PDB ID: 3P2D).

Interestingly, the perturbation of the back loop induced by the com-
pounds is not always associated with the stabilization of pre-activated inter-
domain rotation. For instance, LSH-1 stabilized the back loop in the unfolded
state (Supplementary Fig. 5A), but this did not perturb the gate loop, leading
to sampling lower inter-domain rotation angles (Supplementary Fig. 5B).
This suggests that both stabilization of the back loop in the unfolded state
and perturbation of the gate loop toward pre-activated state are required to
sample active-like inter-domain rotation angles.

LSH-3 binds arrestin-3 at the interdomain interface
To validate the interaction between arrestin-3 and LSH-3, STD NMR was
employed. STD-NMR is a powerful biophysical method for identifying
binding between small molecules and larger molecules, facilitating the
screening of compounds35. The STD-NMR spectrum and the binding

Fig. 2 | The interfaces targeted by compounds and chemical structures of the
compounds. A All atom structure of basal arrestin-3 highlighting the two interface
regions targeted by drug discovery: the back loop characterized by the short helix

(red box) and the gate loop (blue box). B Structures of the candidate compounds
selected after virtual screening and close-up of complexes: from left to right, LSH-1,
LSH-2, LSH-3, LGL.

https://doi.org/10.1038/s42004-025-01581-4 Article

Communications Chemistry |           (2025) 8:194 3

www.nature.com/commschem


epitope (the protons in close contact with the protein) are shown in Fig. 3.
Protons H14 and H15 of the piperazine ring showed the highest absolute
STD%, suggesting that thismoiety is the closest group to the protein. A high
STD value is also displayed by the methyl group (H17), while proton H16
could not be considered due to proximity of its signal to dissolved in
dimethyl sulfoxide (DMSO) peak. Thus, we conclude that piperazine ring
and its short aliphatic chain effectively engage the binding pocket in
arrestin-3. The aromatic (H7, H8, and H9) and cyclohexene (H1, H2, H3,
H4, andH5)protonsdemonstrate lower intensity (0.3–.5 STD%), indicating
weaker interactions with the protein surface. Thus, themolecule is arranged
in the binding pocket of arrestin-3 so that the piperazine moiety has the
strongest interaction with the protein.

While STD experiments identify the functional groups of the com-
pound critical for target binding, they do not identify the protein binding
site. To evaluate which site of arrestin-3 is involved, differential epitope
mapping by STD-NMR spectroscopy (DEEP-STD NMR)36 was employed.
This approach requires protein saturation at different irradiation fre-
quencies to highlight parts of the compound contacting protein in the
bound state. The analysis was carried out irradiating at 0–8.8 ppm, centered
on themethyl groupof the aliphatic chains and the aromatic orNHprotons,
respectively. These two STD-NMR experiments (Supplementary Fig. 6)
showed different compound epitopes under different irradiations, sug-
gesting that the aromatic protons of the compound are more intense upon
the irradiation of the protein at 8.8, while the piperazine ring is surrounded
by aliphatic amino acids. The two main putative binding sites emerging
from the computational site mapping, SH-back loop (from the helix turn
present in the inactive back loop) and GL-gate loop (Fig. 2), differ in the
amino acid composition: higher number of hydrophobic residues is present
in the SH binding site, while charged residues are mainly present at the GL
site (Supplementary Fig. 4). To discriminate among them, the total com-
pound saturation was calculated for both STD spectra. A larger total
saturation was observed in the STD spectrum irradiated at 0 ppm (Sup-
plementary Table 8), indicating that the compound preferentially occupies
the site lined by hydrophobic residues.

Finally, the binding constant (KD) of the compound was determined
using titration STD experiments. The curves were built with four con-
centrations (from0.3 to 5mM)and theKDvaluesweredetermined from the
binding isotherm with STD-AF measured at saturation times of 2 s. (Sup-
plementary Fig. 7). To calculate the STD amplification factor (STD-AF),
which relates the protons’ proximity to the protein surface, protons H14,

H15, and H17 were selected. The experimental data were fitted with an
exponential function. The KD obtained by STD-NMR is 0.8mM, indicating
that LSH-3 has sufficient affinity for arrestin-3 to be used as the chemical
scaffold.

LSH-3 enhances recruitment of arrestin-3 to phosphorylation-
deficient β2AR in cells
β2AR C-tail contains four residues which can be phosphorylated by GRK2:
Ser355,356,364 andThr360.We replaced these residueswith alanines to generate a
phosphorylation-deficient mutant, as described37. We visualized arrestin-3
recruitment to WT and phosphorylation-deficient β2AR by fluorescent
microscopy in response to an β2AR- agonist isoproterenol (Iso)

38. Since this
interaction requires the phosphorylation of the receptor, GRK2 was also
added. Arrestin-3 was recruited to WT, but not phosphorylation-deficient
β2AR (Fig. 4F, I).

Next, arrestin-3 recruitment to WT and phosphorylation-deficient
β2ARwith orwithout test compounds or Isowere analyzedby FRET39 using
membrane-targeted Gap43-mCh.-meGFP as a positive control. After
assessing cytotoxicity of LSH-1, LSH-2, and LSH-3 by succinate dehydrogenase
activity (MTT) assay40 in N2a and HEK293 cells (Supplementary Fig. 9),
experiments were carried out using 100 µM of each test compound.

To perform FRET experiments in a phospho-deficient system using a
plate reader, we validated that the FRET/Donor ratio calculated from the
plate reader correlates with % FRET efficiency measured by confocal
fluorescence microscopy, analyzed with the ImageJ PixFRET plug-in. N2a
cells overexpressing the control FRET construct, Gap43-mCh.-mEGFP,
were first imaged by microscopy, resulting in a 10–15% FRET efficiency.
Subsequently, the same experiment was conducted using the plate reader,
yielding a FRET/Donor ratio of 0.12, which was close to the microscopy
measurements. This consistency is largelydue to theminimal bleed-through
of thesefluorescent proteins into eachother’s channels,whichwasnegligible
under our imaging conditions (data not shown).

For further experiments, FRET/Donor ratios calculated from plate
reader measurements were used. Basal FRET/Donor ratios (prior to sti-
mulation) and response to Iso (20 µM) were measured in N2a cells
expressing either wild-type (WT) β2AR or phosphorylation-deficient β2AR
together with arrestin-3 (Fig. 5). N2a cells expressing WT β2AR showed
approximately 75% higher FRET/Donor signal compared to those expres-
sing the phosphorylation-deficient β2AR (Fig. 5A). Iso treatment further
increased the FRET/Donor ratio in the WT system, while no increase was

Fig. 3 | The epitopemap achieved by LSH-3. A Epitopemap of LSH-3 with relative STD
percentages at initial slope conveyed by color code, acquired at saturation time of 2 s,
irradiating at 0 ppm. Dark blue dots indicate the most intense signal (100% relative

STD), light blue dots between 20% and 80% and green dots under 20%. B 1H
spectrum of LSH-3 C. STD spectrum of LSH-3 in the presence of arrestin-3.
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observed in the phospho-deficient system (Fig. 5B). Thus, arrestin-3
recruitment to the phosphorylation-deficient β2AR was significantly
reduced.

Next, we used this system to testwhether selected compounds promote
interaction between phosphorylation-deficient β2AR and arrestin-3. 30-
minute measurements were recorded following 30-minute incubation
(Fig. 5C). FRET/Donor values for phospho-deficient β2AR and with and
without 1% DMSO (negative control) were calculated as 0.038 and 0.044,
respectively. FRET/Donor values for LSH-1, LSH-2, and LSH-3 were found to be
0.033, 0.030, and 0.064, respectively. Compound LSH-3 increased FRET by
nearly 50%, which suggested that LSH-3 facilitates interaction between
phosphorylation-deficient β2AR and arrestin-3.

To evaluate whether the compounds interfered with mEGFP or mCh
fluorescense, FRET experiment was performed in the presence of test
compounds using the positive control Gap43-mCh.-mEGFP. Results
indicate that LSH-1 andLSH-3 donot alter theFRET in this construct,while LSH-

2 decreases FRET by around 25%. This suggests that the impact of LSH-1 and
LSH-3 on FRET in phosphorylation-deficient β2AR-arrestin-3 system is not
due to non-specific interference, confirming that LSH-3 increased FRET by
bringing phosphorylation-deficient β2AR and arrestin-3 close to each other.

LSH-3 effect is receptor- and subtype- specific
To investigate the effect of LSH-3 treatment on arrestin recruitment to β2AR
andmuscarinicM2 receptor (M2R),weperformed abioluminescence-based
protein-protein interaction assay (NanoBiT) in HEK293 cells, where
endogenous arrestin-2 and arrestin-3 were knocked out41. Cells were co-
transfectedwith arrestin-3 or arrestin-2withN-terminally fused SmBiT and
β2AR or M2R with C-terminally fused LgBiT. 48-h post-transfection, the
cells were treated with 100 μM LSH-3 or DMSO (vehicle control) for 30min
prior to the addition of luciferase substrate.

In case of arrestin-3, LSH-3 treatment significantly enhanced
recruitment to the basal β2AR, particularly prominent in the initial
15min of the assay (Fig. 6C). Notably, the maximum arrestin-3
recruitment to the active β2AR remained unchanged (Fig. 6A). In con-
trast, LSH-3 treatment showed no significant influence on arrestin-3
recruitment to M2R, regardless of the receptor activation state or agonist
(carbachol) concentration (Figs. 6B, D).

To determine whether this effect was specific for arrestin-3, we per-
formed parallel experiments with arrestin-2. LSH-3 treatment had no sig-
nificant effect on arrestin-2 recruitment to either β2AR or M2R, with or
without the agonist (Fig. 6E–H). Thus, LSH3 selectively enhances arrestin-3,
but not arrestin-2, recruitment to basal β2AR, demonstrating subtype- and
receptor-specific action of the compound. This selectivity was consistent
with our computational prediction: Induced FitDocking of compoundLSH-3

was performed on representative arrestin-3 and arrestin-2 structures from
MD simulations (see Methods), as well as on arrestin-1 active and pre-
activated crystal structures. Results showed that only arrestin-3 yields low-
energy binding poses inserted in the back loop pocket (Supplementary
Fig. 10), compatible with the binding mode in Fig. 2.

Discussion
GPCRs are involved in numerous signaling pathways in the body. Precise
regulation of initiation and termination of the signal is crucial for the
homeostasis of the cell.One of themechanisms that cells use for terminating
theGPCR-mediated signaling is the phosphorylation of certain cytoplasmic
receptor residues. Recognition of phosphoresidues by arrestin stabilizes the
pre-activated conformation and contributes to GPCR affinity. Dysregula-
tion of phosphorylation prevents arrestin binding and leads to various
diseases24,42.

Enhanced arrestin mutants were designed to increase their affinity for
phosphorylation-deficient GPCRs, but their use requires gene therapy. The
effect of phosphorylation in inducing arrestin pre-activation can be reca-
pitulated by phosphopeptides mimicking the C-tail of the receptor43, as
shown by crystal structures of phosphopeptide-bound arrestin complexes.
Other negatively chargedmolecules like heparin or IP6mimic the effects of
phosphopeptides as well44. However, these compounds cannot be a viable
therapeutic option because they do not cross the plasma membrane. Here,
we demonstrated that the conformational equilibrium of arrestin can be
perturbed by small molecules.

We focused on arrestin-3, since available evidence indicates that it is
themost conformationallyflexible non-visual subtype28,30.We confirmed its
flexibility byMD simulations and identified a potential binding pocket that
emerges upon its transition to pre-activated state. We discovered in silico
compounds that fit one of these pockets and demonstrated experimentally
that one of the predicted compounds, LSH-3, binds arrestin-3 (Fig. 3). InMD
simulations LSH-3, predicted to stably bind to the back loop, stabilizes its
unfolded conformation, and transmits the perturbation from the back loop
to the gate loop, triggering its translocation from the polar core towards the
lariat loop, facilitating inter-domain rotation. Importantly, the back loop
was shown to be perturbed upon binding PIP2 which led to arrestin-3 pre-
activation45, and upon arrestin-2 pre-activation46. Interestingly, these con-
formational rearrangements occurred without full dislocation of the C-tail
of arrestin-3, which is consistent with our MD simulations, but opposed to
the commonmodel of phosphorylation-dependent activation, where theC-
tail is displaced upon binding to the phosphoreceptor. Interestingly, it was
previously shown that theC-tail of arrestin-3 can be localized close to itsN-
domain upon binding to the phosphorylated receptor47.

We demonstrated experimentally that in the presence of LSH-3 arrestin-
3 binds phosphorylation-deficient, as well as unstimulated (and therefore
not phosphorylated) β2AR. It should be noted that “unstimulated” does not
necessarily refer to the basal conformation, as β2AR samples active con-
formations even in the absence of an agonist48.

Our data suggests that LSH-3 acts as a selective facilitator of arrestin-3
binding to β2AR. The finding that L

SH-3 does not enhance arrestin-3 binding
to M2 muscarinic receptor suggests that arrestin-3 bound to different

Fig. 4 | (A-F) Spinning disc confocal microscopy images of N2a cells transfected
with β2AR-P.D.-mCh., arrestin-3-177-mEGFP and wild-type GRK2. A Taken
frommCh. channel after 30 s Iso stimulation.BTaken fromEGFP channel after 30 s
Iso stimulation. COverlay of A and B.D Taken from mCh. channel after 5 min Iso
stimulation E Taken from EGFP channel After 5 min Iso stimulation. F Overlay of
(D) and (E). (G–L) Spinning disc confocal microscopy images of N2a cells trans-
fectedwith β2AR-mCh., arrestin-3-177mEGFP, andwild-typeGRK2. Spinning disc
confocal microscopy images of N2a cells transfected with β2AR- mCh., arrestin-3-
177 mEGFP, and GRK2. G Taken from mCh. channel after 30 s Iso stimulation.
H Taken from EGFP channel after 30 s Iso stimulation. I Overlay of (G) and (H).
JTaken frommCh. channel after 5 min Iso stimulationKTaken fromEGFP channel
After 5 min Iso stimulation. Yellow arrows show arrestin-3 colocalizations with
β2AR. L Overlay of J and K. Magnification 63X, scale bars are 10 µm.
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GPCRs assumes distinct conformations. Indeed, the back loop is helical in
the structure of arrestin-2/M2R complex19, while it is unfolded in the
arrestin-2/β1-adrenergic receptor complex18, suggesting a receptor-specific
modulation. It is tempting to speculate that LSH-3 might modulate receptor-
specific binding of arrestin-3 by stabilizing the back loop in the unfol-
ded state.

4950In summary, our results indicate that arrestin-GPCR interaction
can be enhanced by small molecules in a receptor- and arrestin subtype-
specific manner. Mutations in GPCRs are at the root of numerous con-
genital disorders (reviewed in refs. 24,26,49–53). Excessive signaling by
gain-of-function mutants of various GPCRs was shown to cause retinal
degeneration (rhodopsin42,54), hyperthyroidism or toxic thyroid adenomas
(thyrotropin receptor55–57),male precocious puberty (LHreceptor58), obesity
(melanocortin-4 receptor59), and various forms of cancer60, to name just a
fewdisorders. Therefore, enhanced endogenous arrestins stabilizedby small
molecules to increase their binding to overactive GPCRs, appear to be an
alternative therapeutic approach to the treatment of such diseases. Further
studies are necessary to explore the uses and limitations of this approach.

Materials and methods
Modeling
We used the crystal structure of bovine arrestin-3 (PDB-ID:3P2D, chain B)
as a template to model human arrestin-3 (sequence identity: 95.2%) since
the number of C-tail residues resolved is higher than in other crystal
structures. Themissing residueswere built using Swiss-Model61 while theC-
terminal tail was modeled usingModeler software62 as it contained a higher
number of missing residues than could be handled by Swiss-Model. The
remaining C-tail residues were modeled as coil, without any secondary

structure, being consistently disordered and missing in crystal structures.
The lowest DOPE energy conformation was selected as the starting struc-
ture. The modeled C tail residues were rather mobile along the MD simu-
lations as expected. The same modeling protocol was applied for human
arrestin-2, starting from the crystal structure of bovine arrestin-2 (PDB-
ID:1JSY).

The protonation states of residues were determined using the
PROPKA63 methodology, which computes pKa values of ionizable residues
by accounting for the effect of the protein environment at pH = 7. The
parametrization of small molecules, which were used in simulations of
complexes with arrestin-3, was done using CHARMM-GUI64 .The output
files were examined to check the penalty values associated with para-
metrization. CHARMM-GUI was also used for solvation and ionization of
the systems studied, which was done by neutralizing the systems with
0.15M KCl. We used CHARMM36m (Chemistry at Harvard Macro-
molecular Mechanics force field)65 and TIP3P66 to model protein and water
molecules, respectively.

MD simulations
AtomisticMD simulationswere performed on both arrestin-3 and arrestin-
3-compound complexes using GROMACS 4.5.0.167 package and the fol-
lowing settings. The particle mesh Ewald68 method was used for electro-
statics with a real space cut-off of 1.0 nm and a grid spacing of 0.13 nm. The
Lennard-Jones interactions were determined with a twin-range cut-off
schemeof 1.0 and1.4 nmwith the long-range interactionsupdated every ten
steps. The time stepwas 2 fs. The temperature andpressurewere set at 310 K
and 1 atm using the Nose-Hoover thermostat69 and Parrinello-Rahman
barostat70, respectively.Weperformed three replicates for apo arrestin-3 and

Fig. 5 | FRET levels in N2a cells measured under
different stimulation conditions. Upper left
panel: Basal FRET levels in N2a cells expressing
phosphorylation-deficient β2AR-mCherry, arrestin-
3-177-mEGFP, GRK2, or β2AR-mCherry, arrestin-
3-177-mEGFP, GRK2. Upper right panel: Calcu-
lated FRET levels in N2a cell before and after 20 µM
Iso stimulation. Means ± s.e.m. are shown.
**p < 0005, ****p < 0.0001 statistically significant
differences. ns: no significant differ-
ences. Lower left panel: LSH-3 chemical (1H-Indole-
3-acetic acid, 6-[[(6-carboxy-3-cyclohexen-1-yl)
carbonyl] amino] - α- (4-ethyl- 1- piperazinyl)
increases FRET between b2AR phosphorylation-
deficient–mCh., and arrestin-3-177-mEGFP. Each
chemical was tested in two separate experiments
n = 6. Means ± s.e.m. are shown. **p < 0005,
***p < 0001, statistically significant differences. ns:
no significant differences. Lower right panel: Che-
mical interaction with membrane targeting
sequence fused mCh. and mEGFP transfected N2a
cells. Means ± s.e.m. are shown. ***p < 0.001, sta-
tistically significant differences, ns: no significant
differences. Chemical-treated samples were com-
pared with Gap 43 vehicle (1% DMSO).
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two for arrestin-3-compound complexes, each of which started with a dif-
ferent velocity distribution. All simulations were performed around 1 μs.
Arrestin-2 was subjected to the same simulation protocol for a total simu-
lation time of 3 μs. Clustering of MD trajectories for Induced Fit Docking
was carried out using GROMACS, the GROMOS method71 and a cutoff of
0.25 nm focusing on Cα atoms of residues 7-348, 385-391.

aMD simulations
aMD was used as an independent validation to check whether the system
might be exploring more conformational states than the ones observed in
standardMD.One aMD simulation72 of length 1 μs was produced using the
dual boost option, where independent boost potentials were applied to the
dihedral and potential energy of the system, as implemented in NAMD
package73. We used values of 4455 kcal/mol, 81, −544,852 kcal/mol, and
−35,198 for describing the threshold energy for dihedral, dihedral accel-
eration factor, threshold energy for the potential, and acceleration factor in
the dual boost mode, respectively, which were calculated according to the
equation in ref. 74. in aMD simulations. Vavg_dihedral andVavg_potential values
were obtained from classical MD simulations.

Reaction coordinates and structure classification
Trajectories of arrestin-3 were analyzed using a set of local and global
structural properties: the conformational state of the back loop and of the
gate loop, and the inter-domain rotation angle, as detailed in the next
Methods section. We measured the distance between Cα atoms of residues
F76 and F245 (F75 and F244 in arrestin-2; F79 and Y250 in arrestin-1) for
the aromatic core, K313 and G317 (R312 and G316 in arrestin-2; K318 and
G322 in arrestin-1) for the back loop, andD291 andH296 (D290 andH295
in arrestin-2; D296 andH301 in arrestin-1) for the gate loop.We compared
these values to thosemeasured in the structures of arrestin-1, arrestin-2, and
arrestin-3 in their basal and receptor-bound states (Supplementary Table 1
for the list of the crystal structures, PDB IDs: 7DF9, 2WTR, 1G4M,1G4R,
3GC3, 5W0P, 3GD1, 1SUJ, 1CF1, 4ZRG, 3UGU, 1AYR, 4J2Q, 3UGX,
3P2D, 1ZSH, 1JSY, 4ZWJ, 6U1N, 6TKO, 6K3F, 7JTB, and 7F1W). The gate

loop and back loop distances discriminate receptor-bound and basal
experimental structures, so they were selected for the classification of the
conformations. In detail, crystal basal systems show a folded α-helix at the
back loop and a characteristic distance below 8.5 Å for the pair given above.
Basal conformations also show a gate loop distance below 10.1 Å. In con-
trast, receptor-bound experimental structures have distances above 7.7 and
11.5 Å, for back loop and gate loop, respectively. Arrestin-3 MD snapshots
mostly fall within the basal range or in between basal and receptor-bound:
we classified these as pre-activated states.

Analysis of inter-domain rotation
The interdomain rotationaxiswasdefinedas follows:first,we superimposed
the N-terminal domain of a set of structures of arrestin-1, arrestin-2, and
arrestin-3 in the basal and receptor-bound state (the same PDB IDs given
above were used, See Supplementary Table 1 for the list of structures used),
obtaining a pseudo-trajectory which was then subjected to PCA analysis
using the gmx covar tool of GROMACS67. The first PC projection of this
pseudo-trajectory was then analyzed with the hingefind algorithm75 to
identify the rotation axis of the C-domain relative to theN-domain. Finally,
the rotation angle of the centerofmass of theC-domain around this axiswas
calculated for everyMD trajectory after superimposing theN-domain using
an in-house program adapted from ref. 76. We classified an interdomain
rotation angle as active when positive, i.e., rotated counterclockwise relative
to the basal state.

Virtual screening on selected conformations
The SiteMap tool77 from Schrodinger software was used to identify binding
pockets on the selected snapshots. The pocket candidates were evaluated
using the following parameters: the number of site points, hydrophobic and
hydrophilic, enclosure, exposure, donor/acceptor character of the pocket,
volume, and druggability score (Dscore) (Supplementary Table 3). The
pocket ranking was cross validated using the web server-based prediction
tool fpocket78, as well as the AI based tool deepsite79. Both confirm a high
score for the best SiteMap result (Supplementary Table 4). Hence, this

Fig. 6 | Arrestin-3 recruitment to inactive β2-adrenergic receptor (β2AR).
HEK293 arrestin2/3 KO cells were co-transfected with plasmids encoding arrestin-3
(A–D) or arrestin-2 (E–H), both withN-terminal SmBiT and β2AR (A, C, E, andG)
orM2R (B,D, F, andH) withC-terminal LgBiT. The cells were treated with 100 mM
LSH3 or DMSO (vehicle control) for 30 min prior to the addition of luciferase sub-
strate (time point 0). Agonist (10 mM isoproterenol (ISO) for β2AR or 10 mM
carbachol for M2R) was added at 30 min. A Arrestin-3 recruitment to β2AR.

B Arrestin-3 recruitment to M2R. C Arrestin-3 recruitment to inactive β2AR (no
agonist). D Arrestin-3 recruitment to inactive M2R. E Arrestin-2 recruitment to
β2AR. F Arrestin-2 recruitment to M2R.G Arrestin-2 recruitment to inactive β2AR.
H Arrestin-2 recruitment to inactive M2R. Data are presented as means ± SEM
(N = 6). Statistical significance was determined by two-way repeat measures
ANOVA followed by Fisher’s LSD post hoc test and indicated, as follows: *, p < 0.05.
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pocket and the second best, both located at the N-C domain interface,
referred to as back loop and gate loop, were used to build a receptor-based
pharmacophore using the Phase module of Schrodinger80: a pharmaco-
phore consists of a geometrical representation of the required chemical
functionalities such as hydrophobicity, the capability of acting as hydrogen
donors/acceptors, the aromaticity of the target region (See Supplementary
Table 5). Pharmacophore-based virtual screening was carried out on a
subset of the latest available ZINC purchasable compounds Database on
ZincPharmer81.

Docking
The set of 2055 compound hits obtained from the virtual screening step was
docked to the binding pocket. Glide docking tool82 was employed for this
purpose, following standardpreparationprotocols. The candidatemolecules
were docked flexibly to the target site by SP docking, where only the trans
conformers of amino acids were allowed. We used residues 123-128/306-
308/316 and 168-172/291-299 to dock to the back loop and the gate loop,
respectively. We then filtered them by means of a combined strategy. First,
we preliminarily ranked the compounds considering their binding energies
(SupplementaryTable 6),ADMEpredictors (numberofmetabolites, human
oral absorption value, molecular weight, QplogHERG, andQplogKhsa) and
binding poses (those that block interaction between the finger loop and the
back loop, which stabilizes basal conformation, were prioritized).

The 22 docking complexes with the highest scores were ranked for
subsequentMD-based evaluation.Among them, 12 compounds dissociated
from arrestin-3 within 50 ns. The ZINC IDs of these compounds were:
67755739, 55211759, 06864823, 03871402, 13546985, 68235734, 57778648,
47248657, 77319466, 79523936, 48397525, and 41124261. Ten compounds
stably bound to the back loop, but only three of them perturbed the inter-
domain rotation angle.

To computationally predict ligand selectivity, comparative induced fit
docking of compound LSH3 on arrestin-2 and arrestin-3was carried out using
Schrodinger glide-based induced fit docking protocol82, with default settings,
on representative structures of the most populated clusters obtained from
correspondingMD simulations (see above), after preparing the structures in
Maestro. Using the same protocol, induced fit docking of compound LSH3 on
arrestin-1 was performed on the crystal structures of pre-activated arrestin-1
(PDB ID: 4ZRG) and of rhodopsin bound arrestin-1 (PDB:5W0P).

Reagents
LSH-1 compound (Benzamide, 2- chloro- N- [3-[(cyclopropylcarbonyl)
amino] phenyl] - 5- (methylthio)-) was purchased from Enamine, (ZINC
ID:31135800), CAS Registry Number: 1386112-75-9. LSH-2 compound (1H-
Pyrazolo[4, 3- c] pyridine- 3- carboxylic acid, 4, 5, 6, 7- tetrahydro- 5- [(2-
methyl- 1H- imidazol- 5- yl) carbonyl] - 1- (3- phenylpropyl) -) was pur-
chased from ChemBridge, (ZINC ID:67490967), CAS Registry Number:
1309319-17-2. LSH-3 compound (1H- Indole- 3- acetic acid, 6- [[(6- carboxy-
3- cyclohexen- 1- yl) carbonyl] amino] - α- (4- ethyl- 1- piperazinyl) -) was
purchased from InterBioScreen (ZINC ID:36365956), CAS Registry
Number: 1214645-87-0. Lgl1 compound was purchased from Enamine,
(ZINC ID:12915185). All the chemicals were DMSO at 10mM con-
centration, then aliquoted at 10 µL in PCR tubes, and kept in a −80 °C
freezer for further use.

N2a cell culture
N2a (mouse neuroblastoma) cells were cultured in 44.5% v/v DMEM with
L-glutamine (Gibco, REF 41966-029), 44.5% v/vOptimem® reduced serum
medium with L-glutamine (Gibco, REF 11058-021), 10% v/v heat-
inactivated Fetal Bovine Serum (Biological Industries REF 04-127-1B),
1% v/v Penicillin/streptomycin solution (Biological Industries REF 03-031-
1B). HEK293 cells were cultured in the same reagents with DMEM ratio
90%, and no Optimem. Both cell lines were grown at 37 °C in a humidified
95% air/5% CO2 atmosphere. The cells were routinely subcultured
twice a week.

Molecular cloning
Tagging the arrestin-3 gene from the 177th position was performed by
Restriction Free Cloning, which involves two consecutive PCRs. In the first
PCR, the mEGFP (monomeric enhanced green fluorescent protein) gene
was amplified with primers that carry complementary to mEGFP gene
sequences and 25–30 overhanging base pairs from the arrestin-3 sequence
from the 177–178th position. The product of this “first” PCR, which carries
flanking regions that are homologous to the arrestin-3 gene, was used as a
double-stranded “mega primer” in a second PCR to amplify the whole
arrestin-3 carrying plasmid. After the second PCR, 1 µL Dpn1 restriction
enzyme was added directly into the PCRmix to digest the parental plasmid
(arrestin-3). 2 µL of the final mix was utilized for the transformation of E.
coli XL 1 Blue. Final constructs were verified by Sanger sequencing and
subcloned into an empty pcDNA 3.1(-) for eukaryotic expression.

Confocal fluorescence microscopy
To examine the arrestin-3 colocalization with β2AR at the cell membrane,
80,000 N2a cells were seeded on 35mm glass-bottom petri dishes (In vitro
scientific, CA, USA). Twenty-four hours later, cells were transfected with
400 ng of pcDNA3.1 or pcDNA3-based plasmids encoding arrestin-3-177-
mEGFP, β2AR–mCherry (mCh.)/ β2AR P.D.-mCh., and GRK2. Confocal
microscope imaging was performed 48 h post-transfection. Before imaging,
the media was aspirated, cells were washed with PBS, and 1mL of PBS was
added. Leica DMI 4000 equipped with Andor DsD2 spinning disc confocal
microscopy with Leica 63x/1,32 HCX PL APO oil DIC objective was used
for imaging. Cells were excited at 480 ± 10 nmand emissionwas collected at
525 ± 15 nm (mEGFP channel), excitation at 585 ± 15 nm and emission
collected at 630 ± 20 nm (mCherry channel). FRET analysis of Gap43-
mCh.-mEGFP was performed using ImageJ pix-FRET plug-in. First,
60,000 N2a cells were seeded in three 35mmglass-bottom petri dishes. The
next day, samples were transfected with 400 ng of plasmids encoding
Gap43-mCh.-mEGFP, Gap43-mCh, or Gap43-mEGFP. At 48 h post-
transfection, media was aspirated, cells were washed with 1mL PBS, and
1mL PBS was added to each plate before imaging. Donor spectral bleed-
through was calculated from the Gap43-mEGFP transfected sample by
exciting the cells from the donor channel, 480 ± 10 nmemission collected at
525 ± 15 nm and FRET channel, excitation at 480 ± 10, and emission at
630 ± 20 nm. Acceptor bleedthrough calculated from Gap43-mCh. by
exciting the cells from the FRET channel, excitation at 480 ± 10 and emis-
sion at 630 ± 20 nm, and acceptor channel, excitation at 585 ± 15 nm. and
emission collected at 630 ± 20 nm. FRET sample (Gap43-mCh.-mEGFP)
image was taken from all three channels. The images were processed using
ImageJ Pix-FRET plug-in that uses an algorithm that calculates the total
bleed through pixel by pixel in three stacks of microscope images. The
resulting final image gives the %FRET efficiency map.

FRET measurements
N2a cells (125,000) were seeded on poly D-lysine (PDL) coated 35mm
plastic petri dishes 24 h prior to transfection. In the control plate, in each
experiment, cells were transfected with an empty vector, and sample plates
that were transfected with β2AR-P.D-mCh., arrestin-3-177-mEGFP, and
GRK2 encoding plasmids (total DNA amounts of the controls and samples
were 1200 ng). After 24 h, transfected cells were washed with PBS and then
lifted by 140 µL TrypL-E™ Express (Gibco, Cat # 12605028). Cells were
resuspended in a 1.8 mL complete medium and counted. 20,000 N2a cells
were seeded in each well of PDL-coated F-bottom opaque black 96-well
plates (SPL Life Sciences F bottom 96-well immunoplate #31496). After
24 h, cells were washed twice with 200 µL Hanks’ buffered saline solution
(HBSS), and the final volumewas adjusted to 150 µLwith HBSS containing
either 100 µMof tested chemical or 1% v/vDMSO (control). Each chemical
was also added to each chemical’s blank group. After adding the chemicals,
96-well plates were incubated at 37 °C for 30min in the cell culture incu-
bator and thenmeasured for 30min at the wavelengths as follows; mEGFP;
470/510, FRET; 470/610, mCh.; 570/610 (excitation bandwidth: 15 nm,
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emission bandwidth: 25 nm) FRET was calculated as the ratio of FRET/
Donor. Molecular Device Spectramax id3 was used for measurement.

The %FRET efficiency was found to be around 12% (data not shown).
The same constructwas used for FRET calculation in themicroplate reader.
To determine the cell density to use in further experiments, 10,000, 15,000,
and 20,000 cells were seeded in eachwell, and FRETwas calculated as FRET
intensity/Donor intensity. According to the results, increased cell density
increases the intensity of each channel (mEGFP, FRET, and mCh.), but as
expected the FRET/Donor ratio was not affected by the cell density. The
FRET/Donor ratio was calculated as 0.125, which correlates with the cal-
culated FRET efficiency in a confocal microscope (around 12%).

To assess possible interference between the compounds and fluor-
escence of mEGFP and mCh, N2a cells were transfected with 400 ng of
the positive FRET construct, before FRET measurement in a microplate
reader. A 96-well plate was incubated for an hour with each compound
(100 µM) in a cell culture incubator and then measured by Molecular
Devices Spectramax id3 plate reader using the same settings as for the
other experiments.

MTT toxicity assay
To test the toxicity of the compounds, the MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide) assay was used. N2a and
HEK293 cells were seeded in clear F-bottom plastic 96 well microplates
(Sarstedt AG&Co. KG, Germany, REF: 83.3924) in 100 µL final volume in
complete medium, at a density of 10,000/well and 20,000/well for each cell
line, respectively, and cultured at 37 °C in 5% Co2 incubator for 20 h. The
test compounds were added at 50 and 100 µM and incubated for another
4 h. 10 µLMTT solution (5mg/mLdissolved in PBS)was added to eachwell
and incubated for another 4 h. After that, 100 µL of detergent solution (10%
w/v SDS in 0.01M HCl) was added to each well to dissolve the formed
formazan crystals. The plates were shaken for 5min and incubated at room
temperature for 16 h. Absorbance was measured at 570 nm with Thermo
Scientific Varioskan Lux microplate reader.

Saturation transfer difference (STD) – NMR
For the STD-NMR experiments, arrestin-3 was produced as 6xHis-tagged
recombinant protein in E. coli using vector pET28a from Twist Bioscience
(South San Francisco, California, USA), as described83,84. The LSH-3 com-
poundwas obtained by InterBioScreenwith a non-stereoselective synthesis.
It contains three stereocenters and thus can inprinciple exist as eightdistinct
stereoisomers. The commercially acquired compound was first character-
ized and a set of signals, corresponding to four of the possible diasteroi-
somers,were identified,withoneof themaccounting for the50%.Therefore,
to assess the ability of LSH-3 to bind arrestin-3, multiple STD spectra were
acquired using different compound/protein samples, prepared to better
characterize the binding mode. Reported STD data were calculated con-
sidering the main isomer.

The protein-compound samples were prepared in a 200:1, 500:1,
1500:1 and 3000:1 compound/protein ratio. The final concentration of the
protein was 5 μM, and the final volume was 180 μL. The buffer used is a
20mM deuterated phosphate buffer pH 7.4. A percentage (less than 5%) of
DMSO‑d6 was added when necessary to improve the solubility of the
compound.

1H-STD NMR experiments were performed on a 600MHz Bruker
Avance spectrometer. The probe temperature was maintained at 298 K. In
the STD experiments, water suppression was achieved by the excitation
sculpting pulse sequence.

The on-resonance irradiation of the protein was performed at 0 and
8,8 ppm.Off-resonance irradiationwas applied at 40 ppm,wherenoprotein
signals are visible. Selective presaturation of the protein was achieved by a
train of Gauss-shaped pulses of 50ms length each. The STD-NMR spectra
were acquired with an optimized total length of saturation train of 0.5, 1, or
2 s. Blank experiments were conducted in absence of protein in order to
avoid artefacts. The different signal intensities of the individual protons are
best analyzed from the integral values in the reference and STD spectra,

respectively. (I0 - Isat)/I0 is the fractional STD effect, expressing the signal
intensity in the STD spectrum (ηSTD) as a fraction of the intensity of an
unsaturated reference spectrum. In this equation, I0 is the intensity of one
signal in theoff-resonanceor referenceNMRspectrum, Isat is the intensityof
a signal in the on-resonance NMR spectrum, and I0–Isat represents the
intensity of the STD NMR spectrum. The STD NMR binding epitope was
calculated based on the normalized STDvalues from the initial slope of each
proton85, the initial growth rates approach consists in analyzing the
protein–compound association curve using STD values at the limit of zero
saturation time, when virtually no compound rebinding or relaxation takes
place. The distance between the compound and the protein surface is
expressed as absolute STD percentage (STD Abs) and the compound
moieties interactingwith themacromolecule are illustrated through a color-
coded epitope map, obtained by normalizing all measured STD intensities
against the most intense signal (to which is assigned an arbitrary
value of 100%).

The STD amplification factor (STD-AF) is obtainedmultiplying ηSTD
by the excess of compound and is proportional to the concentration of the
protein–compound complex in solution. The curves were built with four
concentrations (from 0.3 to 5mM) and the KD values were extracted from
the binding isotherm with STD-AF measured at saturation times of 2 s. To
calculate the STD amplification factor (STD-AF), which relates the protons’
proximity to the protein surface, protonH14,H15, andH17were selected as
important moieties for the interaction. The experimental data were fitted
with an exponential function.

NanoBiT assay
HEK293 cells with CRISPR/Cas9-mediated knockout of arrestin-2 and
arrestin-341 were co-transfected with plasmids encoding arrestin-3 or
arrestin-2 with N-terminal small-bit (SmBiT) and β2AR or muscarinic M2

receptor (M2R) withC-terminally fused large-bit (LgBiT) in a 24-well plate.
Twenty-four hours post-transfection, cells were transferred to a 96-well
plate in 100 μl serum-free DMEM and incubated for 16 h (serum starva-
tion). Forty-eight hours post-transfection, cells were pre-treated with
100 μM LSH3 or DMSO (vehicle control) for 30min at 37 °C in a CO2

incubator. Subsequently, 20 μl of nano-Glo substrate (Promega, #N2011)
was added to eachwell, and total luminescencewas recorded for 30minutes
until the signal became stable. Then 5 μl of agonist (isoproterenol for β2AR,
carbachol for M2R) was added to a final concentration of 10 μM, and
luminescence was immediately measured for 90min.

Statistical analysis
All experiments were performed in triplicate, and the results were presented
as mean ± S.E.M (Graphpad Prism version 8.0.1). Statical analyses were
carried out using GraphPad Prism. The effect of LSH3 treatment was eval-
uated using two-way repeated measures ANOVA with time and treatment
as factors, followedbyFisher’s LSDpost hoc testwith correction formultiple
comparisons. p values < 0.05 were considered statistically significant.

Data availability
The trajectories generated during the current study are available in the
https://zenodo.org/records/15503574.
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