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G protein–coupled receptors (GPCRs) are one of the most impor-
tant drug–target classes in pharmaceutical industry. Their diversity
in signaling, which can be modulated with drugs, permits the
design of more effective and better-tolerated therapeutics. In this
work, we have used rigid oligoproline backbones to generate
bivalent ligands for the gastrin-releasing peptide receptor (GRPR)
with a fixed distance between their recognition motifs. This allows
the stabilization of GPCR dimers irrespective of their physiological
occurrence and relevance, thus expanding the space for medicinal
chemistry. Specifically, we observed that compounds presenting
agonists or antagonists at 20- and 30-Å distance induce GRPR
dimerization. Furthermore, we found that 1) compounds with two
agonists at 20- and 30-Å distance that induce dimer formation
show bias toward Gq efficacy, 2) dimers with 20- and 30-Å
distance have different potencies toward β-arrestin-1 and
β-arrestin-2, and 3) the divalent agonistic ligand with 10-Å distance
specifically reduces Gq potency without affecting β-arrestin
recruitment, pointing toward an allosteric effect. In summary, we
show that rigid oligoproline backbones represent a tool to
develop ligands with biased GPCR signaling.

G protein–coupled receptors j cell signaling j receptor dimerization

Gprotein–coupled receptors (GPCRs) comprise a wide and
diverse family of seven-transmembrane helix proteins

found in almost all eukaryotic organisms. GPCRs are essential
in physiology, as they mediate cellular signaling inducing short-
term effects and, in the long run, control cellular changes such
as cell proliferation, differentiation, and migration. Therefore,
GPCR malfunction is often translated into pathological out-
comes (1). Currently, 108 GPCRs are targeted by 475 Food
and Drug Administration–approved drugs, making them one of
the most important pharmaceutical drug targets with around
25% of the prescribed drugs acting through this family of
receptors (2). Initially, it was believed that GPCRs signaled
independently from the type of ligand in a defined ratio
through G-protein and arrestin pathways. However, certain
natural and synthetic ligands are able to preferentially trigger a
subset of these signaling pathways, a phenomenon designated
as biased signaling, selective agonism, or collateral efficacy (3).
Many GPCRs display such behavior, such as angiotensin,
β-adrenergic, chemokine, and serotonin receptors (see ref. 4
for a comprehensive list). This raises interesting possibilities for
the design of new therapeutics that target specific GPCR path-
ways (4). β-adrenergic receptors are one of the earliest and
most studied models of biased signaling. In these receptors,
agonists are used as bronchodilators for the treatment of
obstructive pulmonary diseases (e.g., asthma), while antagonists
(beta blockers) are used for the chronic treatment of heart fail-
ure. Interestingly, one of the antagonist beta blockers, carvedi-
lol, can induce β-arrestin-1– and β-arrestin-2–mediated EGFR
transactivation downstream of Erk activation (5). Carvedilol is
therefore classified as a biased agonist, and it is unique

compared to typical beta blockers. Besides the clinically
approved carvedilol, several potential biased drugs are in clini-
cal or preclinical trials (6, 7).

While most GPCRs are able to function as monomers, there
is clear evidence that dimerization (or even higher-order oligo-
merization) represents an additional layer of regulation and a
fundamental aspect of receptor function (8). Nevertheless,
GPCR oligomerization is still a controversially discussed field,
probably because several modes of oligomerization exist. For
example, the class C GPCRs GABAB1 and GABAB2 are linked
together by a cytoplasmic coiled coil to form a functional
GABAB receptor dimer, whereas 5-HT2A and mGluR2 interact
through their transmembrane helices (9, 10). Crystal structures
also point toward homodimerization based on transmembrane
interactions. For instance, the μ-opioid receptor can dimerize
through two different interfaces: a larger interface formed by
transmembrane (TM) helices TM5 and TM6 and a smaller inter-
face formed by TM1, TM2, and the intracellular helix 8 (11).
The functional relevance of homo- and heterodimerization has
been, in the meantime, shown for many other GPCRs (12, 13).

Homo- and heteromers can exhibit different pharmacology
than monomers and, therefore, represent an obvious therapeu-
tic target. Bivalent ligands for opioid receptors were already
introduced in the 1980s before natural association of GPCRs
was shown (14, 15). In the meantime, many bivalent ligands,
especially for opioid and serotonin receptors, were synthesized.
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Critical factors in the development of these compounds are the
length, rigidity, and water solubility of the linker. Most of the
time, flexible linkers with a length of 18 to 25 atoms, corre-
sponding to ∼20- to 30-Å distance, have been used (reviewed,
for example, in refs. 16 and 17).

Oligoprolines are conformationally well-defined molecular
scaffolds that can be functionalized at defined sites to obtain
bivalent ligands. Oligoproline derivatives are well soluble in
water under physiological conditions and therefore ideally
suited scaffolds for applications in aqueous media. In aqueous
environments, oligoprolines adopt a highly symmetric polypro-
line II helix conformation in which every third residue is
stacked on top of each other at a distance of ∼10 Å (18). The
functionalization pattern of this molecular scaffold can be easily
fine-tuned by modular chemical synthesis reminiscent to an
“LEGO” approach. In addition to their application for target-
ing GPCRs, oligoprolines have also shown their value in the
development of inhibitors of protein–protein interactions, cell-
penetrating peptides, hierarchical supramolecular assemblies,
and the controlled formation of silver nanoparticles (19).

In this work, we use functionalized oligoproline backbones
to induce artificial homodimers of the gastrin-releasing peptide
receptor (GRPR) (now properly known as bombesin BB2

receptor) to explore its signaling space. GRPR is a class-A
GPCR that belongs to the bombesin family, and its homodime-
rization has not been documented so far. It is mainly expressed
in different regions of the gastrointestinal (GI) tract and the
brain (20, 21). GRPR does not only regulate various functions
in the GI tract, such as gut hormone secretion and GI motility
(22), but also many processes of the central nervous system like
the regulation of memory, fear, and itching (23). Interestingly,
GRPR was found to be overexpressed on different cancer
types, among them prostate cancer and breast cancer, and its
overexpression is accompanied by an ability to accelerate
growth of cancer cells and increase their invasive potential (24,
25). Studies in tumor xenograft mouse models already showed
that GRPR antagonists are able to decrease tumor growth rate
(26), suggesting the interest of GRPR as a drug target. In addi-
tion, the specific delivery of radiolabeled peptides to tumor
cells overexpressing the receptor enables targeted radiotherapy
and nuclear imaging of these cancers.

Here, we show that bivalent oligoproline-based ligands with
a distance of 20 and 30 Å between the recognition motifs are
indeed able to induce dimerization of GRPR. The consequen-
ces for signaling of these changes in the oligomerization state
were evaluated by measuring recruitment of six different adap-
tor proteins from three gene families (Gαq, β-arrestin-1/2, and
GRK2/3/5). We show that dimerization can, indeed, influence
the recruitment profile of GRPR, and we observe different
recruitment efficacies and potencies of our tested drugs. In
addition, we observed a strong effect on Gq recruitment of our
bivalent ligand that was unable to induce dimerization, suggest-
ing an allosteric effect.

Results
Ligands. For our studies, we used divalent ligands consisting of
oligoprolines as rigid scaffolds that allow for tailoring distances
of 10, 20, and 30 Å between agonistic and/or antagonistic
ligands. In particular, as recognition motifs, we used truncated
derivatives of bombesin, such as the targeting motif from RM1
(27) as antagonist and the targeting motif from AMBA (28) as
agonist, in which we replaced the C-terminal methionine with
a norleucine. Our oligoproline backbones were modified with
a 2,20,20 0,20 0 0-(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl)-
tetraacetic acid (DOTA) chelator that can be loaded with
radionuclides, since they were initially designed for radio-
pharmaceutical applications (Fig. 1A) (29). The recognition

motifs coupled to oligoproline backbones yielded monovalent
agonists/antagonists with the recognition motif in different
distances to the DOTA chelator (30) and bivalent agonists/
antagonist with 10-, 20-, and 30-Å distance between recogni-
tion motifs [(30, 31); see SI Appendix, Fig. 1 for characteriza-
tion of previously unpublished ligands]. In addition, hybrid
compounds with the agonist and the antagonist separated by
10, 20, and 30 Å were used (31). The schematic structure and
nomenclature of the studied compounds are given in Fig. 1.

Bivalent Ligands with 20- and 30-Å Distance Induce Dimerization.
Dimerization of GRPR was measured by coexpressing an
NLuc-tagged and a Cherry-tagged GRPR (Fig. 2A). Bringing
these two receptors in close proximity on the plasma membrane
by dimerization leads to bioluminescence resonance energy
transfer [BRET (32)]. No increase in the BRET signal was
observed when cells were stimulated with AMBA or RM1, our
reference compounds, indicating that these two compounds do
not influence the oligomerization status of GRPR. This was
also observed when a single agonist or antagonist was bound to
an oligoproline backbone (Fig. 2 B and C). However, stimulation
with the 20- and 30-Å ligands (agonists, antagonists, and
hybrids) resulted in an increase of the BRET signal within
minutes, indicating dimerization (Fig. 2 D–F). For hybrid and
antagonistic bivalent ligands, saturation was reached after 1 to 3
min and for bivalent agonists within 10 min. As a control, we
also used a GRPR mutant (GRPR-R288A-NLuc) that was pre-
viously shown to be unable to bind to ligands (33, 34). No dimer-
ization was observed with this mutant, indicating that ligand
binding is necessary for dimerization (SI Appendix, Fig. 2A).
These different kinetics might be related to the internalization of
the receptors stimulated by agonists. We also observed that the
BRET signal for the bivalent hybrids and the antagonist with
30-Å distance is lower. Nevertheless, these values (kinetics and
signal strength) should not be compared directly, since BRET
signals depend on the distance and relative arrangement
between BRET donor and acceptor, which are unknown. Stimu-
lating cells with bivalent ligands at high concentrations can lead
to “high-dose inhibition,” in which a bivalent ligand recruits only
one receptor molecule due to saturation of receptors (35). How-
ever, we do not see a decrease in the dimerization signal at
higher-ligand concentrations (10 μM), indicating that high-dose
inhibition does not occur in our experimental setting (SI
Appendix, Fig. 2B). The 10-Å bivalent ligands, on the other
hand, did not induce a substantial change in the BRET ratio.
These results indicate that the 20- and 30-Å ligands can induce
receptor dimerization by “catching” the receptors on the plasma
membrane and forcing them into close proximity. Conclusively,
a distance of 20 and 30 Å between the ligands is suitable for
accessing the binding pockets of two GRPR molecules at the same
time, while 10 Å is too short to allow the concurrent interaction
with two receptors.

Recruitment of Adaptor Proteins to Activated GRPR. Since GRPR
homodimerization has not been reported, we were interested to
find if our dimer-inducing ligands can also influence the bal-
ance between the receptor signaling pathways (i.e., induce
biased signaling). Signaling bias can arise at the level of the
ligand, the receptor, or the cell (6). As we are, in this work,
exclusively interested in the effect of the ligands, we recorded
time-resolved recruitment of adaptor proteins (G proteins,
arrestins, and G protein-coupled receptor kinases [GRKs]) as a
measure of their ability to alter receptor signaling. These assays
are either based on enzyme complementation [split NanoLuc
(36)] or BRET (37) (SI Appendix, Fig. 3 B–D). With this strat-
egy, we reduce the possible influence of the cell type that we
would include by measuring downstream activity such as Erk
phosphorylation or Ca2+ production.
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Data were acquired at different ligand concentrations between
0.001 and 5 μM. Time-resolved data for the reference compound
AMBA is shown in Fig. 3; data for all other ligands is shown in
SI Appendix, Fig. 4. For measuring Gαq recruitment, we used a
recently published BRETassay based on engineered Gα proteins
(37). These probes provide an excellent signal-to-noise ratio but
have the disadvantage that they are not released after binding.
GRPR recruited the mGαq probe efficiently, reaching saturation
within 10 min after stimulation with 1-μM agonist (Fig. 3A and
SI Appendix, Fig. 4A).

GRPR interacts with both nonvisual arrestins (38). In the
present study, β-arrestin-1 and β-arrestin-2 recruitment was
measured using a split Nanoluc assay (39) A sharp increase in
luminescence was observed after stimulation with high-agonist
concentrations, reaching maximal signal within 3 min after
stimulation (Fig. 3 B and C and SI Appendix, Fig. 4 B and C).
The following decay of the signal was first steep and exponen-
tial but flattened after ∼10 min to a slow decay. This biphasic
reaction might be explained by the continuous synthesis/recy-
cling/degradation of the receptor as described previously (36, 40).
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At lower-ligand concentrations, luminescence increased more
slowly and reached saturation after ∼10 min.

GRKs are also known interaction partners of GPCRs. We
used again split NanoLuc-based probes to measure GRK2,
GRK3, and GRK5 recruitment to activated GRPR. GRK2/3
and GRK5 represent two branches of the GRK family that tar-
get different sequences leading to different phosphorylation
patterns at the C-terminal tail of receptors (41). As for
β-arrestins, a transient interaction with all three tested GRKs
was observed (Fig. 3 D–F and SI Appendix, Fig. 4 D–F). Also,
as in β-arrestins, maximal activation at high-ligand concentra-
tions was reached within 3 min after stimulation, while at lower
concentrations, the peak of the signal was shifted to later time
points (>10 min). Additionally, at lower concentrations, the
recruitment of the adaptor proteins was no longer transient but
remained at saturation during the whole time span of the
assays.

Effects on Gαq Recruitment. The data of the recruitment assays
were then used to generate dose–response curves for all ligands
(Fig. 4). From these dose–response curves, potencies (half maxi-
mal effective concentration, EC50) and efficacies (Emax) of all
drugs were obtained (Fig. 5). We observed a significantly
increased efficacy toward miniGq recruitment for both dimer-
inducing bivalent agonists (AG-2-BBN-2 and AG-2-BBN-3; Fig.
5A). The bivalent compound that is unable to induce receptor
dimerization (AG-2-BBN-1) exhibits impaired miniGq potency
and efficacy; this compound induced G-protein recruitment with
an efficacy of only 57 ± 6% and was therefore significantly less
efficient than monovalent ligands and the bivalent compounds
AG-2-BBN-2 and AG-2-BBN-3. Furthermore, AG-2-BBN-1 also
exhibited a reduced potency for G-protein recruitment as com-
pared with AMBA, AG-2-BBN-2, and AG-2-BBN-3.

Interestingly, all three monovalent agonists with oligoproline
backbones show a clearly enhanced potency when compared to
AMBA, whereas efficacies are similar to the values of AMBA.
This suggests that the oligoproline backbone with its linker or
the DOTA moiety may be in contact with the receptor and
have an effect on Gq recruitment or lead to higher affinity.

Effects on β-arrestin/GRK Potency and Efficacy. We observed that
the efficacies of all bivalent agonists toward β-arrestin-1 and
β-arrestin-2 are similar to the reference agonist AMBA. This is
contrast to the observed increased efficacy of the dimer-
inducing compounds (AG-2-BBN-2 and AG-2-BBN-3) for min-
iGq recruitment. Monovalent agonists show slightly reduced
efficacies toward β-arrestin-1 and β-arrestin-2. In contrast, we
observed a clearly reduced potency for β-arrestin-2 recruitment
after stimulation with the bivalent agonist with 20-Å distance
(Fig. 5C). The monovalent agonists AG-1-BBN-2 and AG-1-
BBN-3 showed both increased potencies for β-arrestin-2
recruitment. For GRK recruitment, we observed an increased
potency with the dimer-inducing compound with 30-Å distance
(AG-2-BBN-3) for GRK2/3 but not for GRK5 (Fig. 5 D–F). In
addition, increased efficacies for GRK5 recruitment were mea-
sured for all monovalent compounds (Fig. 5F) that correlate
with the increase in Gq potency (Fig. 5A).

Implications for Signaling Balance. The balance between different
signaling pathways plays an important role in drug action (6).
For better visualization of the observed effects toward effector
recruitment, we use a two-dimensional bias plot to display effi-
cacy and potency (Fig. 6; see SI Appendix, Fig. 5 for a spider
web representation). In our study, we use AMBA as reference
agonist and consider it as unbiased. Our analysis reveals several
interesting shifts in the signaling balance.

First, we observe that dimerization of GRPR leads to
G-protein recruitment bias. Bivalent ligands show a clearly
enhanced Gq efficacy with minor effects on β-arrestin and
GRK2/3. In Fig. 6A, AG-2-BBN-2 and AG-2-BBN-3 are clearly
shifted to the right of the graph, indicating G-protein bias (i.e.,
these compounds preferentially lead to G-protein recruitment
over β-arrestin recruitment). Second, the nondimer–inducing
bivalent ligand with 10-Å distance (AG-2-BBN-1) has lower
potency and lower efficacy for Gq recruitment. This leads to a
signaling shift toward β-arrestin and GRKs (Fig. 6B). The
effector recruitment properties of AG-2-BBN-1 also clearly
differ from those of the monovalent compounds. Finally, we
also observe different recruitment between β-arrestin-1 and
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β-arrestin-2 for the two dimer-forming ligands. AG-2-BBN-2
(20 Å) has a lower potency toward β-arrestin-2. This leads to
preference of AG-2-BBN-2 signaling toward β-arrestin-1 (yel-
low area in Fig. 6C). In contrast to that, the potencies of AG-2-
BBN-3 (30 Å) toward β-arrestin-1 and β-arrestin-2 are similar
to AMBA (orange area in Fig. 6C). AG-2-BBN-1, the bivalent
agonist that does not induce receptor dimerization, did not
exhibit a recruitment bias for any of the β-arrestins and
recruited them with a similar potency to AMBA. Finally, we
clustered the ligands according to their recruitment and dimer-
ization potential. Data matrices were normalized, and k-means
clustering was subsequently used to classify ligands. We
observed that AG-2-BBN-1 forms a subtree with AMBA and
that all monovalent ligands cluster together, as well as the biva-
lent agonists (SI Appendix, Fig. 6)

Effects of Hybrid Compounds on Effector Recruitment. We then
also tested our hybrid compounds that are composed of an ago-
nist and an antagonist. We observed for all compounds a clearly
reduced efficacy for most assays (SI Appendix, Fig. 7). The
mechanistic origin of this effect needs further investigation.
Possible explanations are impaired internalization of the recep-
tor or structural effects. Unfortunately, these low efficacies led
to a reduced signal-to-noise ratio, which prevented us from get-
ting concise potency data. Nevertheless, bivalent compounds
with an agonist and antagonist could be promising when a
reduced efficacy is desired.

Discussion
In this work, we aimed to induce forced dimers of GRPR to
overcome the limitations of its physiological signaling profile
and thereby expand the possibilities for medicinal chemistry
toward this receptor. The oligomerization state of GRPR under
resting conditions is not known, but we could show that binding
of monovalent ligands does not change the oligomerization

state. This does not exclude the idea that dimers or oligomers
of GRPR may exist under resting conditions, as it was shown
for several class A GPCRs, but they are probably not relevant
for the activation process (42, 43).

Previous studies using bivalent ligands aimed to induce natu-
rally occurring dimers and, therefore, mainly used flexible link-
ers to allow for a natural assembly of two receptors. In contrast,
the oligoproline scaffold used in this work forms a stiff back-
bone that allows establishing defined distances between the
attached ligands. Thus, binding of such more rigid bivalent
ligands presumably reduces the mobility of attached GPCR
dimers. We were able to induce dimers with oligoproline-based
bivalent ligands at distance of 20 and 30 Å but not when the
two recognition motifs were only 10 Å apart. This is in line with
previous studies with flexible linkers that showed dimerization
when ligands were spaced more than 15 Å (16, 17, 30).

We then investigated how these dimers may influence cellu-
lar signaling of GRPR by measuring recruitment of signaling
partners. Surprisingly, we did not only observe effects of dimer-
ization but also allosteric effects. In general, the effects of our
ligands on Gq recruitment were larger than on β-arrestin/GRK,
indicating that they preferably induce and stabilize the open
receptor state that binds the G protein. On the other hand,
β-arrestins are able to bind intermediate states of the opening
process and thus are less sensitive to the allosteric effect of our
ligands (44).

Interestingly, we observed opposite behavior on Gq efficacy
of bivalent ligands depending on their ability to induce receptor
dimers. Dimer-inducing compounds (at 20 to 30 Å) led to an
increased efficacy, whereas the agonist with 10-Å distance
had a reduced efficacy instead. This efficacy is independent of
the receptor affinity of the ligand itself and depends mostly on
the affinity of the adaptor protein to the receptor (45). Other
works have shown that targeting GPCR homodimers with biva-
lent ligands often exhibit a decreased efficacy for G-protein
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activation, becoming partial agonists or even antagonists
(46, 47). In this regard, AG-2-BBN-2 and AG-2-BBN-3 differ
from these common observations, suggesting that GRPR forced
dimers may arrange in a different manner than natural homo-
dimers, perhaps allowing positive cooperativity between two Gq
adaptors. In contrast, the low efficacy of AG-2-BBN-1 is proba-
bly linked to decreased affinity of ligand-bound GRPR to Gq
that is likely to result from a less favorable receptor active con-
formation. Furthermore, this ligand also showed reduced
potency for Gq recruitment. In comparison to the efficacy, the
potency depends on the affinity of the receptor for both the
adaptor protein and the ligand. The 10-Å distance between two
agonists in the polyproline scaffold is too short to recruit two
receptors. Therefore, we speculate that one ligand occupies the
receptor binding pocket, whereas the second ligand has an allo-
steric effect on the same receptor, for example, by interfering
with the opening of the receptor during the activation process,
thereby specifically preventing Gq recruitment but without
affecting β-arrestin binding. Consequently, oligoprolines could
be useful for delivering orthosteric and allosteric ligands
simultaneously.

Interestingly, we observed a reduced potency of AG-2-BBN-
2 toward β-arrestin-2, whereas its potency toward β-arrestin-1 is
similar to AMBA. This difference could be caused by changes
in potencies toward GRK2/3, resulting in different phosphory-
lation patterns that alter the competition of arrestins for the
receptor. Even though these changes are currently relatively
small, these compounds could be the basis to develop drugs
that are able to switch the signaling balance of arrestin in vivo.

These effects were obtained with two identical ligands, but it is
possible to use two different pharmacophores to amplify these
effects. For example, we observed clearly reduced efficacies
when we combined an agonist with antagonist (hybrid com-
pounds). Even though the mechanistic origin of this effect is
currently not clear, it clearly shows that the future combination
of different ligands can further expand the possibilities of
oligoprolines.

In summary, we have shown that rigid oligoproline back-
bones can be used to induce artificial GPCR dimers with
altered signaling properties. In addition, we have shown that
the stiff linkage of a second ligand at a short distance can also
alter signaling properties, possibly through allosteric effects
(Fig. 6D). Together, this work identifies oligoproline backbones
as an interesting tool for the development of biased drugs for
GPCRs that can be useful in the pharmaceutical industry and
in scientific research (e.g., to develop ligands that can stabilize
GPCR dimers for structural studies). Obvious candidates for
such an approach are opioid and dopamine receptors for which
biased ligands are in clinical trials (6).

Materials and Methods
Synthesis. The recognition motifs were synthesized by regular solid-phase
peptide synthesis and inserted into the oligoproline backbone by Cu(I)-cata-
lyzed Huisgen’s 1,3-dipolar cyclo-addition reactions (“click reaction”), as
described before (31). They were purified by preparative reverse-phase high-
performance liquid chromatography (HPLC) and characterized by mass spec-
trometry. The purity of all compounds was above 90% (30).
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Cloning. GRPR-expressing constructs with a C-terminal NLuc, 11S, and Cherry
tag were obtained by replacing the β2-adrenergic receptor complementary
DNA (cDNA) (B2AR) in pSI-AG10-B2AR-NLuc/-11S/-Cherry with the coding
region of human GRPR (39, 48). The cloning and characterization of 114-
β-arrestin-1/-2 was described by Spillmann et al. (39). In brief, the C-terminal
part of Nanoluciferase (114) was fused to the N terminus of β-arrestin-1/-2,
resulting in pSI-AA-114-β-arrestin-1 and pSI-AA-114-β-arrestin-2 (39, 49). For
GRK, probe 114 was cloned at the C terminus of GRK2/3/5, resulting in pSI-AA-
GRK2-114, pSI-AA-GRK3-114, and pSI-AA-GRK5-114 (SI Appendix, Fig. 3E).
Probes for measurement of Gq recruitment were kindly provided by Nevin
Lambert (Augusta University, Augusta, GA) (37).

Cell Culture and Creation of Stable Cell Lines. Human embryonic kidney
(HEK293) cells (Merck, 85120602) or stable clones thereof were cultured in
Dulbecco's Modified Eagle Medium (DMEM) with high glucose (No. 1-26F03-I,
BioConcept) supplemented with 10% fetal bovine serum and 100 U/mL

penicillin/0.1 μg/mL streptomycin (Sigma-Aldrich). Cells were propagated in a
humidified atmosphere at 37 °C and 5% CO2.

Cell lines stably expressing GRPR-11S and either 114-β-arrestin-1 or 114-
β-arrestin-2 were created from HEK293 cells by sequential transfection of pSI-
AK1-GRPR-11S and pSI-AA-114-β-arrestin-1/-2 with Lipofectamin 3000
(Thermo Fisher Scientific) according to the manufacturer’s recommendations.
Stable cell lines were obtained by culturing cells in 5 mg/mL Geneticin (G418
sulfate, US Biological Life Sciences) or/and Zeocin (100 μg/mL, Invitrogen).

Dimerization Assays. The dimerization assay was based on a NanoBRET system
using pSI-AG10-GRPR-NLuc (donor) and pSI-AG10-GRPR-mCherry (acceptor).
HEK293 cells were seeded in 6-well tissue culture plates at a density of 1.5 ×
106 cells per well 12 h prior to transfection. A total of 2 μg DNA containing
90% carrier DNA and 5% of each construct was transfected using Lipofecta-
min 3000. Following transfection, the assay was performed according to the
same protocol as the recruitment assays with a ligand concentration of 1 μM.
The measured emission wavelengths were 610 nm (mCherry) and 450 nm
(NanoLuc). Then, the emission of these nonstimulated cells was measured in
parallel and over the same time span as the emission of ligand-stimulated
cells. The BRET ratio of nonstimulated cells (background) was subtracted from
the BRET ratio of ligand-stimulated cells.

Recruitment Assays. β-arrestin recruitment was measured with cell lines
expressing GRPR-11S and 114-β-arrestin-1/-2. GRK2/3/5 recruitment was mea-
sured by cotransfecting pSI-AG10-GRPR-11S and pSI-AA-GRK2-114, pSI-AA-
GRK3-114, or pSI-AA-GRK5-114. These assays are based on split NanoLuc
enzyme complementation (36). MiniGq recruitment was measured by a Nano-
BRET assay by coexpressing pSI-AG10-GRPR-NLuc as the BRET donor and
venus-mGq as the BRET acceptor (37). For all recruitment assays, 8 × 106

HEK293 cells were seeded in 10-cm culture dishes 12 h prior to transfection
and then transiently transfected. Transfection was performed with Lipofecta-
min 3000 using 5 μg total DNA. For GRK recruitment, the ratio of constructs
was 1:1, while for miniGq recruitment, a donor:acceptor ratio of 3:1 was cho-
sen. One day after transfection, the cells were reseeded in white 96-well
microplates with clear bottoms (PerkinElmer) at a density of 80,000 cells per
well and cultured for additional 24 h. For the assay, the culture medium was
removed by inverting the microplate on a paper towel and replaced by 80 μL
assay buffer (20 mM Hepes in DMEM [high glucose, no phenol red, BioCon-
cept]) containing furimazine according to manufacturer’s recommendations
(Promega, N2012). A removable white bottom was added to the microplate,
and the baseline signal was measured in a PHERAstar FSX microplate reader
(BMG Labtech) for 10 min at 37 °C. For the NanoBRET assays, emission was
measured at 515 nm (Venus) and 410 nm (NanoLuc), while for the NanoLuc
assay, the whole emission was measured from 100 to 1,000 nm. The ligand sol-
utions for receptor stimulation were prepared in a separate 96-well micro-
plate in assay buffer containing furimazine. A total of 20 μL ligand solution
was added to the cells directly after baseline measurement using a 96-channel
bench-top pipette (Integra, Viaflo96), and the measurement was continued
for at least 30 min. Each assay was done in triplicate and repeated three or
more times.

Data Analysis and Statistics of Concentration–Response Curves. Analysis was
performed using GraphPad Prism version 7.00 for Windows (GraphPad Soft-
ware). For all datasets, the time-resolved curve of the nonstimulated control
was subtracted from all other curves. These baseline-subtracted, time-resolved
curves were then quantified. The area under the curve (AUC) was calculated
by integration of the curve from the time point of stimulation until 20 min
after stimulation. In addition, peak height at the time point ofmaximal activa-
tion with the highest concentration of the compound of interest was calcu-
lated for every concentration. These quantified values, AUC and peak height,
were plotted against the compound concentration to receive the sigmoidal
concentration–response curve. These were fitted by nonlinear regression
using the “[Agonist] versus response � Variable slope (four parameters)” tool
from GraphPad Prism. All dose–response curves of one assay were normalized
to the efficacy (maximal activation) of the reference compound AMBA, which
was set to 100%. Values represent the mean ± SEM of at least three indepen-
dent experiments with three replicate each. Potency (EC50) and efficacy were
calculated by nonlinear regression of the concentration–response curves. The
significance was calculated by ordinary one-way ANOVA followed by Tukey’s
multiple comparison test using GraphPad Prism version 7.00 for Windows,
including an automatic outlier elimination.

Data Availability. Excel files with recruitment data have been deposited in the
Open Science Framework (https://osf.io/mh4bn/) (50). All other study data are
included in the article and/or SI Appendix.
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