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G protein-coupled receptors (GPCRs) are key pharmacological targets, yet
many remain underutilized due to unknown activation mechanisms and
ligands. Orphan GPCRs, lacking identified natural ligands, are a high priority
for research, as identifying their ligands will aid in understanding their func-
tions and potential as drug targets. Most GPCRs, including orphans, couple to
Gi/o/z family members, however current assays to detect their activation are
limited, hindering ligand identification efforts. We introduce G,ESTY, a sensi-
tive, cell-based assay developed in an easily deliverable format designed to
study the pharmacology of G;,/,-coupled GPCRs and assist in deorphaniza-
tion. We optimized assay conditions and developed an all-in-one vector
employing cloning methods to ensure the correct expression ratio of G,ESTY
components. G,ESTY successfully assessed activation of a library of ligand-
activated GPCRs, detecting both full and partial agonism, and responses from
endogenous GPCRs. Notably, with G,ESTY we established the presence of
endogenous ligands for GPR176 and GPR37 in brain extracts, validating its use
in deorphanization efforts. This assay enhances the ability to find ligands for

orphan GPCRs, expanding the toolkit for GPCR pharmacologists.

In mammals, G Protein Coupled Receptors (GPCRs) are the largest
family of cell surface receptors and are involved in a wide range of
physiological and pathological processes". Orphan GPCRs are those
whose natural ligands have not yet been identified or agreed upon,
making them difficult to study. Deorphanization, the process of
identifying endogenous ligands for orphan GPCRs, is often achieved by
analyzing receptor activation by candidate ligands in heterologous cell
systems. These candidate ligands are selected based on their over-
lapping in vivo localization with a target GPCR, by isolation from tissue
extracts that exert measurable physiological effects, or via screening
of large libraries of endogenous compounds including small mole-
cules, peptides, and lipids with a demonstrated biological activity*™.
Research that led to the deorphanization of the Glucagon-Like Peptide-
1 (GLP1) receptor illustrates how identifying a GPCR’s endogenous
ligand can unlock new therapeutic opportunities. Initially discovered
as a gut-derived hormone that enhances insulin secretion in response
to elevated plasma glucose levels”, GLP1 was found to bind to a
putative receptor in the brain and pancreas™". This discovery led to

the cloning of its receptor, a GPCR, in the early 1990s"™". Since then,
numerous GLP1 receptor agonists have been approved for treating
type 2 diabetes mellitus and, more recently, for chronic weight man-
agement in adults with obesity'®%.

A central challenge in the process of deorphanization is the choice
of a measurable outcome of receptor activation. Cell-based assays
exploiting various signaling properties and readouts have been
developed, each with their own advantages and limitations. These
assays measure proximal events such as heterotrimeric G protein
dissociation®?* or B-arrestin recruitment®?®; they quantify the accu-
mulation of second messengers”°; or they utilize genetic reporters
that depend on transcriptional regulation events initiated by
GPCRs**. Further sets of assays are label-free and agnostic to the
molecular mechanism leading to the change being measured®~*. All of
these assays differ in sensitivity and time required to obtain a mea-
surable signal. Most importantly, when studying orphan GPCRs, lack of
information about G protein coupling profile or ability to recruit
B-arrestins requires further considerations. To partially address this
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issue, we recently quantified the constitutive activity of several orphan
GPCRs and showed that many are coupled to G proteins belonging to
the Gj/o/, family™.

Here, we performed an in-depth optimization of a cell-based assay
aimed at measuring Gy, coupled receptor activation. We demon-
strated an improved sensitivity and the wide applicability of this assay
that we named G, Enhanced Signal Transduction assaY (G,ESTY). We
generated and tested an all-in-one plasmid for the mammalian
expression of each component required for G,ESTY at the optimized
ratio. Finally, we applied this assay to demonstrate the presence of
endogenous ligands for orphan receptors GPR176 and GPR37 in
unfractionated mouse brain extract.

Results
Gs-based protein chimeras combined with a cAMP biosensor
allow for the measurement of the activation of G;,,/,-coupled
receptors
Several cell-based assays are currently available to study the activation
of Gy/o/-coupled receptors. In the G protein nanoBRET assay, receptor
activation in response to ligands is measured as an increase in BRET
signal due to the release of GPy-venus and its interaction with a
membrane-anchored biosensor that consists of the C-terminus of
GRK3 fused to Nluc (Supplementary Fig. 1A)***. The main advantage of
this assay is the rapid measurement of a proximal event in GPCR
activation that allows for real-time analysis of the receptor kinetics but
with a trade-off in assay sensitivity (Supplementary Fig. 1D). Genetic
reporters expressing luciferase under the control of a GPCR-inducible
promoter are commonly used. These assays have been developed to
detect signals downstream of GPCR coupling to Gs (CRE-luc reporter),
Gq (NFAT-luc reporter), and Gyz13 (SRE-luc reporter)™. Activation of
Gi/o/-coupled receptors can be quantified as a reduction in the luci-
ferase accumulation using a CRE-luc reporter, or indirectly as GBy
modulation of signaling pathways regulating the SRE-luc reporter. A
more sensitive approach adopts G protein chimeras based on the core
of Gas or Gag and the last few amino acids of members of the Gy/o/,
family***’. This strategy allows the detection of an accumulation of
luciferase using CRE-luc and NFAT-luc, respectively, in response to the
activation of Gy/./,-coupled receptors (Supplementary Fig. 1B). One
limitation of this approach is that the receptor must be exposed to an
agonist for an extended time to accumulate measurable quantities of
luciferase in the cell (Supplementary Fig. 1D). During this time, pro-
cesses like receptor desensitization, internalization, and compensa-
tory mechanisms can take place in the cell reducing the assay
reliability. A good compromise between speed and assay sensitivity is
based on measuring the accumulation of second messengers. Activa-
tion of Gy/o/-coupled receptors inhibits the activity of adenylyl cyclase
thereby reducing cAMP accumulation in response to forskolin treat-
ments. Real-time measurements of CAMP levels can rapidly indicate if a
Gy/o/-coupled receptor has been activated. This assay depends on the
side-by-side comparison of cAMP accumulation in cells treated with an
agonist and in cells treated with vehicle. Such an approach is rapid,
achieving a signal plateau within 15 min of agonist application (Sup-
plementary Fig. 1C, D). Alternatively, co-expression of Gas-based chi-
meras bearing the C-terminus of Gy, family members can be used to
redirect receptor activation to stimulate adenylyl cyclase and cAMP
accumulation (Supplementary Fig. 1C, D)¥. Overall, this last strategy
yields an optimal balance between assay duration and sensitivity.
Building on these observations, we tested the activation of four
prototypical Gj/-coupled GPCRs, dopamine D2 receptor (D2R), o2
adrenergic receptor (ADRA2A), y-aminobutyric acid B receptor
(GABAB), and n opioid receptor (MOR) using three Gag-based chimeras
bearing the C-terminus of Ga;, Ga,, and Ga,. Application of selective
agonists revealed a robust accumulation of intracellular cAMP as
measured using a split-luciferase GloSensor (Fig. 1A). We measured
baseline luminescence for 3 min before applying each agonist as well

as the maximal amplitude obtained in response to agonist stimulation
(Fig. 1B). Using these measurements, we calculated the fold change
induction for each condition as an index that we can use to compare
sensitivity between assays (Fig. 1C). These experiments revealed that
all three Gogsbased chimeras are effective tools for detecting the
activation of Gy,-coupled receptors as an increased intracellular
accumulation of cAMP. Moreover, two out of four GPCR tested
exhibited a significantly higher fold change when the GsGz chimera
was co-transfected, likely due to a lower baseline level.

The assay sensitivity shows a clear dependence on both the
transfection ratio of assay components and the inhibition of
endogenous Gy, proteins

We optimized the assay conditions by adjusting the amount of trans-
fected plasmids used to express each Gas-chimera. (Fig. 2A). We found
that, generally, excessive amounts of Gos-chimeras result in higher
baselines, which attenuate the observed fold change (Supplementary
Fig. 2). Moreover, considering that GsGz, just like Ga,, is insensitive to
the action of pertussis toxin (PTX), we introduced it in the assay aiming
to reduce the adenylyl cyclase inhibition due to endogenous Go/
proteins. We found that very low levels of transfected PTX boosted the
induction of cAMP for each GPCR from a minimum of 15 times
(GABABR) to a maximum of 6.1 times (D2R) (Fig. 2B; Supplementary
Fig. 3). Similarly, keeping a fixed amount of PTX, we titrated the
amount of the GsGz chimera. We observed comparable effects with
each of the four receptors indicating an optimal amount of GsGz at
45-138 ng over a total of 2.5 g of transfected DNA (Fig. 2C; Supple-
mentary Fig. 4). Finally, we observed that the greatest accumulation of
cAMP was achieved when transfecting the highest amount of receptor
(Fig. 2D; Supplementary Fig. 5). Based on these results, we recalibrated
the amount of each transfected plasmid, expressing the four assay
components, and determined the optimal conditions as a molar ratio
of 50:47.5:1.8:0.7 (GloSensor:GPCR:GsGz:PTX) (Fig. 2E). These optimi-
zation steps led to an overall 3-6 fold improvement in assay sensitivity
measured as a fold change accumulation in cAMP. Given that HEK293
cells express Ga,*, we explored if transfecting cells with the catalytic
subunit of OZITX instead of PTX would further boost the signal
because it inhibits each Gy, protein including G,*°. We initially ver-
ified the effect of OZITX on the activation of wild-type G;,/, proteins
and G protein chimeras using the G protein nanoBRET assay (Supple-
mentary Fig. 6A). Our data indicate a complete abolishment of signal
initiated by wild type Ga,, Gai, and Gao,, while the inhibition of the Gs-
based chimeras was minimal for GsGo and GsGz, and more pro-
nounced but incomplete for GsGi (Supplementary Fig. 6B). We then
incorporated OZITX in our assay and tested the activation of D2R,
GABABR, ADRA2A, and MOR. Our findings indicate that, overall, OZITX
demonstrated a comparable effect to PTX, with no significant
enhancement observed in the assay. (Supplementary Fig. 6C).

Multiple conditions can further affect signal detection in G,ESTY
Further conditions can significantly affect assay sensitivity. As pre-
viously reported®, we first confirmed that GloSensor assays produce a
greater signal when performed at 28 °C compared to 23 °C or 37°C
(Fig. 3A; Supplementary Fig. 7). Moreover, the presence of ligands in
the culturing media can affect GPCR activation because of desensiti-
zation processes. We tested this factor by serum starving the cells for
4 hours or changing the cell culture media after transfection to one
containing 10% charcoal-stripped FBS or 10% dialyzed FBS (Fig. 3B;
Supplementary Fig. 8). Our data showed that serum starvation nega-
tively impacted the signal obtained for three out of four prototypical
GPCRs. However, we cannot rule out the possibility that serum star-
vation might enhance signal detection for other GPCRs, thus we
recommend testing this condition for each receptor of interest. Fur-
thermore, many GPCRs have been shown to interact with extracellular
matrix components* and, therefore, the analysis of their signaling
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Fig. 1| Real-time activation of Gs-based chimeras by G;,,,-coupled receptors.
A Kinetics of cAMP accumulation in response to agonist stimulation of indicated
GPCRs using 10 uM dopamine, 10 uM clonidine, 10 uM GABA, and 1uM DAMGO,
respectively. B Correlation between maximal amplitude and basal signal for each
receptor co-expressed with indicated G protein chimeras. C Fold change calculated
as the ratio of maximal amplitude over baseline reported in panel (B). Data are
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shown as means + SEM. N = 3 independent replicates (one-way ANOVA with Tukey’s
multiple comparisons test, *p < 0.05; *p < 0.01). In (C), *p = 0.0155 ADRA2A GsGo
vs GsGz, *p =0.0383 ADRA2A GsGi vs GsGz, *p = 0.0167 for MOR GsGo vs GsGz,
**p=0.0011 for GABAB GsGo vs GsGz, **p = 0.0039 for GABAB GsGi vs GsGz,
*p=0.0167 for MOR GsGo vs GsGz.

properties may be different if studied using cells in adhesion or in
suspension. We tested the same four GPCRs in these two conditions
and we found that, indeed, GABAB receptor shows a significantly
higher signal when cells are cultured in poly-D-lysine coated wells
(Fig. 3C; Supplementary Fig. 9). Finally, we tested the possible advan-
tage of blocking endogenous phosphodiesterases (PDEs) with IBMX to
enhance the accumulation of cAMP (Fig. 3D; Supplementary Fig. 10).
As expected, we found that applying IBMX before recording the
baseline significantly increased the baseline reading and reduced the
overall fold change observed. However, when IBMX was applied at the
same time as the agonist, we measured a significant increase in signal
(Fig. 3D; Supplementary Fig. 10). By subtracting the signal obtained by
applying IBMX with the vehicle from the total luminescence observed,
we found that the increased signal was not simply due to the simul-
taneous activation of adenylyl cyclase and inhibition of PDEs. From
here on, we applied the optimized G,ESTY protocol as summarized:
plasmids were co-transfected at a molar ratio of 50:47.5:1.8:0.7 (Glo-
Sensor:GPCR:GsGz:PTX-S1) in a media containing 10% dialyzed FBS;
the assay was run at 28°C; and 50 uM IBMX was co-applied with
agonists.

To quantify the robustness of G,ESTY, we calculated a screening
window coefficient (Z factor). This factor reflects both the dynamic
range of the assay and its variability, and it is a significant metric of the
assay quality. Considering the overall goal of using G,ESTY for GPCR
deorphanization where agonists are normally not available, we calcu-
lated the Z factor in two different conditions. We first compared cells
transfected with D2R or GABAB receptors and treated with the
respective agonist vs vehicle (Fig. 3E; Supplementary Fig. 11A). Then,
we analyzed the effect of agonist treatments on cells expressing each
GPCR vs mock-transfected cells (Fig. 3F; Supplementary Fig. 11B). This

condition mimics the conditions for high-throughput screening to
identify orphan GPCR ligands. Independent replicates conducted on
different days demonstrated that the assay is reproducible, with Z
factors calculated at 0.75 and 0.83 for D2R, and 0.78 for both condi-
tions for the GABAB receptor (Fig. 3G; Supplementary Fig. 11C).

Generation of an all-in-one plasmid for G,ESTY cell delivery

Like most cell-based systems used to detect GPCR signaling, G,ESTY is
a multicomponent assay (Fig. 4A). As a result, functional measure-
ments require efficient co-delivery of multiple plasmids in each cell.
This issue is normally overcome by averaging the signal of a large
number of cells assuming that a significant fraction will express all the
components. We recently generated a facile system to produce large
plasmids encoding multiple proteins under the control of individual
promoters. This approach guarantees that each transfected cell will
express all of the necessary components, thereby increasing the
assay’s sensitivity and simplifying transfection protocols. To select
promoters to drive the expression of each component recapitulating
our previously defined ratios, we performed a promoter efficiency
assay (Fig. 4B). Based on these results, we selected a minimal CMV
promoter to express the GloSensor and GPCRs, and a UbC promoter
for the expression of PTX-S1 and GsGz. We subcloned each component
accordingly and generated a set of all-in-one plasmids (Fig. 4C). We
then tested these newly generated tools in cells transiently transfected
with each of our four prototypical Gy,,-coupled receptors that we
stimulated with selective agonists. We found that the 4-in-one plas-
mids performance was comparable to the co-transfection of multiple
plasmids, but greatly simplified transfection protocols and reprodu-
cibility (Fig. 4D). Interestingly, the receptor expression from the 4-in-
one plasmid was significantly lower compared to transfecting
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individual plasmids; however, this does not impact assay performance
(Supplementary Fig. 12).

Next, we expanded the analysis of G,ESTY capabilities to a larger
array of 24 Gy/./,-coupled GPCRs paired with the 3-in-one construct. We
confirmed the suitability of the assay to study the pharmacology of 23
out of 24 Gy/./,-coupled receptors (Fig. 5A, C). At the same time, we

confirmed that in our setup we can still detect the activation of 5 G-
coupled receptors (Fig. 5A). The majority of GPCRs exhibit a primary,
preferential coupling to a single G protein family, such as Gs, Gio/2, Gq,
or Gyp/13. However, it is uncommon for a GPCR to only activate one G
protein family, as secondary coupling to additional G proteins is
typical**%. To test whether G,ESTY could detect the activation of
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Dotted lines indicate the threshold for robust assays. Data shown in panels (E and F)
are representative of three independent experiments quantified in panel (G) as
means = SEM.

GPCRs that do not exhibit a primary coupling to Gs or Gy, We ana-
lyzed three additional GPCRs: 5-HT2AR, M3R, and GPR55 in response
to the application of selective agonists (Supplementary Fig. 13A). The
response detected by G,ESTY suggests that even with minimal sec-
ondary coupling to Gy, both 5-HT2AR and M3R showed a robust
signal, while GPR55 showed no detectable signal (Supplementary
Fig. 13B). Overall, this data demonstrated that G,ESTY is a powerful
tool for GPCR deorphanization as it sensitively detects activation of
both primarily and secondarily coupled Gj/o/,- and Gs-coupled GPCRs,
potentially enabling the study of 86% of the GPCRome and, by simi-
larity, most of the orphan GPCRs (Fig. 5B).

We next investigated if G,ESTY was suitable to detect partial
agonism. Using MOR as a model, we obtained concentration-response
curves after stimulation with the endogenous ligand B-endorphin
(pEC50=5.45, E.x=6291), with the full agonist DAMGO
(pEC50 =7.17; Emax=59.53), and with the partial agonist morphine
(PEC50 =7.21, Ejhax = 38.85) that showed 65% of the maximal amplitude
measured with DAMGO (Fig. 6A). We also demonstrated that G,ESTY
can be used to study the activation of endogenously expressed
receptors. To this goal, concentration-response curves were obtained
from cells transfected with the 3-in-one construct, which does not
express any exogenous GPCR, and treated with selective peptidic
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under the control of UbC promoter. Data are shown as means + SEM; N= 6 inde-
pendent transfections. C Maps of the all-in-one plasmids generated. D Assay
comparison in cells transiently transfected with four single plasmids or with each of
the 4-in-one plasmids encoding each indicated GPCR. MP multiple plasmids. Data
are shown as means + SEM; N =5 independent transfections.

agonists activating endogenously expressed protease-activated
receptor (PAR) PAR1 (pEC50=4.56, E..x=73.87) or PAR2
(PEC50 =4.97, Ejnax = 103.70). Cells transfected with the 2-in-one con-
struct (no GsGz chimera) served as negative control (Fig. 6B). We
further applied G,ESTY to screen the activation of our four proto-
typical GPCRs by 84 compounds included in the SCREEN-WELL Orphan
ligand library. This library is a rich source of ligands for receptor
deorphanization as it includes endogenous compounds with putative
or potential biological activity, whose cellular targets are currently
unknown (Fig. 6C). As positive controls, we included the selective
agonist for each of the receptors studied. This analysis revealed several
hit compounds activating ADRA2A and D2R. Using the orthogonal G
protein nanoBRET assay, we validated some of these hits and obtained
concentration-response curves (Fig. 6D). We found that salsolinol-1-
carboxylic acid acts as a D2R agonist (pECsg = 5.84; E.x =85.07) and
we compared it to dopamine (pECsg = 8.27; Eax = 89.61). Similarly, we
discovered endogenous partial agonists acting on ADRA2A including
tryptamine (pECso=15.86; Enax=46.65), 3-hydroxyphenethylamine
(PECso = 6.11; Epax =48.53), octopamine (pECso=6.32; Eqax=69.74),
and we compared them with norepinephrine (pECso=8.31;
Emax=92.86). This set of data provides further evidence of the
applicability of G,ESTY for high throughput screening and identifica-
tion of novel compounds activating GPCRs.

G,ESTY application to GPCR deorphanization

To assess the suitability of G,ESTY in projects aiming at the identifi-
cation of endogenous ligands for orphan GPCRs, we treated cells co-
transfected with the 3-in-one plasmid and individual GPCRs with a raw

source of endogenous ligands. Historically, similar strategies were
successfully used to isolate anandamide from pig brain, identifying it
as an endogenous ligand for cannabinoid receptors*’; these methods
also facilitated the identification of ghrelin from rat stomach extract*,
and helped pair other GPCRs with their endogenous ligands**%. Here,
we prepared several mouse brain extracts following the pipeline out-
lined in Fig. 7A, which we applied to G,ESTY-transfected cells to
measure cAMP accumulation over time. In these experiments, we
compared the effects of applying whole brain homogenates with those
of two fractions obtained after centrifugation (supernatant and
resuspended pellet), both with and without microwaving the brain.
Control cells transfected with the 3-in-one plasmid and therefore
expressing GloSensor, GsGz, and PTX, but not exogenous GPCRs,
showed significant induction of cAMP levels likely due to the activation
of endogenous receptors. Notably, we observed differences in recep-
tor activation, suggesting that simple procedures like centrifugation
and microwaving can aid in isolating specific endogenous GPCR
ligands (Fig. 7B). Interestingly, microwaving significantly enhanced the
activation of endogenous GPCRs expressed in HEK293 cells, as well as
transfected receptors. While ADRA2A signaling was detected under all
conditions, MOR activation was more pronounced with supernatant
fractions and exhibited a higher signal when the brain was micro-
waved, in agreement with previous reports showing how microwave
irradiation could preserve neuropeptides from degradation*’ (Fig. 7B).
As a proof of specificity, we applied brain extract (no-mw-supernatant
extraction protocol) in the presence of specific GPCR antagonists
(Fig. 7C). This experiment demonstrated that the observed signal
increase, resulting from applying brain extract to cells transfected with
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Fig. 5 | G,ESTY applied to a battery of ligand-activated GPCRs. A Real-time
analysis of ligand-mediated activation of a battery of G;/,/,-PCRs (red) and Gs-PCR
(green) in cells co-transfected with indicated receptors and the 3-in-one G,ESTY
plasmid in the presence of 50 uM IBMX. Cells transfected only with the 3-in-one
plasmid served as control (white). The following agonists were applied at 4 min:
10 uM dopamine (D2R, D1R), 100 uM clonidine (ADRA2A, ADRA2B, ADRA2C), 10 uM
GABA (GABABR), 10 yM DAMGO (MOR), 1uM SNC-80 (DOR), 10 uM salvinorin A
(KOR), 10 uM human galanin (1-30) (GALIR), 100 uM serotonin (5-HT1B), 10 yM
human neuropeptide Y (13-36) (NPYR1), 10 uM lysophosphatidic acid (LPAR2),

10 uM 2-arachidonoyl glycerol (CBIR, CB2R), 10 uM N-formyl-met-leu-phe (FPR1),
1 mM isobutyric acid (FFAR3), 10 uM somatostatin 14 (SSTR1), 10 uM neuropeptide
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FF (NPFFR1), 10 uM SEW2871 (S1PR1), 10 uM histamine (HRH3), 10 uM quinpirole
(D3R), 10 uM TFLLR (PAR1), 10 uM SLIGKV (PAR2), 10 uM MK-6892 (HCA2R), 1uM
teriparatide PTH (PTHIR), 10 uM AB-MECA (ADORA2B), 10 uM NDP-a-MSH (MC4R),
and 10 uM CGRP (CLR). Data are shown as means + SEM; N =5 independent trans-
fections. B GPCRs that couple to G, and/or Gy, and can potentially be detected by
GZESTY are highlighted and include 213 out of 249 total ligand-activated GPCRs
(86%) (adapted from GPRCdb.org). C Quantification of agonist-induced activity for
24 Gyjo/,-coupled GPCRs. On the right, the response to agonist of the last seven
GPCRs is also reported with a different scale. Data are shown as means + SEM of the
fold change obtained; N=5 independent transfections.

specific GPCRs, is dependent on the GPCR itself rather than on
other potential cellular mechanisms. As an additional control for
specificity, we investigated D2R activation in response to the applica-
tion of no-mw-supernatant extracts from the striatum and cere-
bellum (Fig. 7D). Our ELISA confirmed striatal enrichment in
dopamine (1216.00 +991.18 nM) compared to cerebellum samples
(8.96 +7.49 nM). As expected, striatum extract induced significantly
greater D2R activation compared to the cerebellum extract. We also
conducted a series of assessments to further investigate the

composition of the applied brain extracts. We used ELISA to measure
dopamine and norepinephrine levels in the six different extract pre-
parations. Additionally, we quantified levels of proteins, unsaturated
fatty acids, and we assessed absorbance ratios (260/230 and 280/230)
to estimate nucleic acid content in each fraction (Table 1).

In parallel, we applied the same strategy to explore the possible
activation of a battery of orphan GPCRs from brain extracts. Intrigu-
ingly, we detected a consistent activation of orphan receptors GPR37
and GPR176 suggesting a significant presence of their endogenous
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Fig. 6 | G,ESTY applications. A Concentration-response curves obtained for MOR
stimulated with DAMGO, morphine, or 3-endorphin. Data are shown as means +
SEM; N=3 independent transfections. B Concentration-response curves of endo-
genously expressed PAR1 activated with a selective agonist peptide TFLLR (left) or
PAR2 activated with selective agonist peptide SLIGKV (right) in cells transfected
only with the 3-in-one plasmid. Control cells were transfected with a 2-in-one
plasmid not expressing GsGz chimera. Data are shown as means + SEM; N=3
independent transfections. C Results obtained applying G,ESTY to screen the small
library of orphan ligands, 84 compounds with putative or potential biological
activity, whose cellular targets are currently unknown (Enzo Life Sciences SCREEN-

Log[compound]

WELL orphan ligand library). In blue are positive control agonists for each receptor;
in red is a common hit likely activating an endogenously expressed GPCR (dihy-
droxynorephedrine). Data are shown as means + SEM; N =3 independent trans-
fections. D Concentration-response curves obtained using G protein nanoBRET
assay to validate positive hits activating D2R with compound E04 (salsolinol-1-
carboxylic acid) or dopamine. Data are shown as means + SEM; N =3 independent
transfections. E Concentration-responses for ADRA2A activated in response to the
application of compounds GO1 (tryptamine), GO8 (3-hydroxyphenethylamine),
HO9 (octopamine), or norepinephrine (NE). Data are shown as means + SEM; N=3
independent transfections.

ligands in the mouse brain (Fig. 7B). While GPR37 activation required
the microwave step but was independent from further centrifugation
steps, signal from GPR176 was only detected in the supernatant of
microwaved samples (Supplementary Fig. 14). Both these orphan
GPCRs are expressed in the brain, and they are reported to couple to
heterotrimeric G proteins of the Gy, family, but their endogenous
ligands have not been identified or agreed upon®*~2, Using the same
strategy, we tested the presence of GPCR ligands in bovine pituitary
extracts. We reasoned that many GPCRs are activated by hormones
released by glands, and we used the follicle-stimulating hormone (FSH)

receptor as a positive control, as its endogenous ligand is secreted by
the pituitary gland. We found that pituitary extract can indeed activate
FSHR, but none of the orphan GPCRs we tested were activated (Fig. 7E).

Discussion

Orphan GPCRs, by definition, have unknown or poorly understood
ligands and signaling mechanisms. Without a known ligand or baseline
receptor activity, designing assays to measure their activation or
inhibition becomes a complex task. A major obstacle in identifying
endogenous ligands for orphan GPCRs is the absence of sensitive
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assays capable of detecting low concentrations of these ligands in
biological samples. This challenge is especially pronounced for orphan
GPCRs that couple to heterotrimeric G proteins of the Gy, family,
which, according to the G protein database (GPCRdb.org), represent
72% of deorphanized GPCRs, with 30% being uniquely coupled to Gj/o/,
proteins**2, To address this problem, we designed G,ESTY, an opti-
mized cell-based assay that enables robust detection of GPCR activa-
tion in response to both purified ligands and mixed sources of
molecules, including those containing diluted ligands. The standard
approach for measuring Gy/.,,-coupled receptor activation of wild-type

G proteins is indirect, relying on a comparison between cells treated
with vehicle and those pre-incubated with an agonist before forskolin-
mediated stimulation of adenylyl cyclase, assessing the reduction in
cAMP accumulation. In contrast, G,ESTY detects the activation of
Gy/o/z-coupled receptors as a direct response to agonist application. To
compare G,ESTY with a traditional cCAMP inhibition assay, we obtained
concentration-response curves for D2R activated by the full agonist
quinpirole (Supplementary Fig. 15A). Both G,ESTY (Supplementary
Fig. 15B) and the cAMP inhibition assay (Supplementary Fig. 15C)
demonstrated significant signal detection at 1 nM quinpirole. However,
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Fig. 7 | Analysis of GPCR activation by tissue extract application using G, ESTY.
A Schematics of the protocol applied to prepare six different brain extracts: no-mw-
homogenate, no-mw-supernatant, no-mw-pellet, mw-homogenate, mw-super-
natant, and mw-pellet. Brain homogenates were sonicated and centrifuged to
obtain a supernatant fraction, and a pellet that was resuspended in PBS and further
sonicated. Each fraction was then applied to cells transfected with G,ESTY and
distributed in 96-well plates. cAMP levels were measured before and after brain
extract application for a total of 25 min (created in BioRender. Orlandi, C. (2025)
https://BioRender.com/f88k131). B The six different brain extract preparations
induce different level of activation of D2R, ADRA2A, MOR, GPR37 and GPR176. One-
way ANOVA with Dunnett’s multiple comparisons test, *p < 0.05; *p < 0.01;

***p < 0.001; ***p < 0.0001. Data are shown as means + SEM; N=6. C Co-
application of 10 uM of selective GPCR antagonists occlude the brain-induced

activation of D2R, ADRA2A, and MOR. Antagonists applied were: L-741626 (D2R),
RS-79948 (ADRA2A), and naloxone (MOR). One-way ANOVA with Tukey’s multiple
comparisons test, *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. Data are
shown as means + SEM; N =5. D Quantification of D2R response to application of
no-mw extracts obtained from mouse striatum (STR) or cerebellum (CB). Cells
transfected with pcDNA served as negative control. Two-way ANOVA with Tukey’s
multiple comparisons test, *p < 0.05; **p < 0.01;***p < 0.0001. Data are shown as
means = SEM; N = 6. E Quantification of indicated GPCR activation in response to
application of bovine pituitary extract. FSH receptor served as a positive control
and pcDNA as negative control. One-way ANOVA with Dunnett’s multiple com-
parisons test, ***p < 0.0001. Data are shown as means + SEM; N = 4-5; mw
microwaved, no mw not microwaved.

Table 1| Analytical measurements of brain extract content

Microwaved brain extracts

Non-microwaved brain extracts

Homogenate Supernatant Pellet Homogenate Supernatant Pellet
Nucleic acids (ug/pL) 3.15+0.54 0.38+0.03 3.12+0.49 3.48+0.55 0.48+0.05 3.30+0.33
260/280 1.14+0.01 2.21+0.06 1.09+0.03 1.12+0.01 1.56+0.02 1.09+0.02
260/230 0.67+0.02 1.62+0.05 0.60+0.01 0.62+0.01 0.58+0.01 0.64+0.04
Proteins (ug/uL) 18.70+4.38 0.28+0.14 16.53+1.64 1.9+7.01 1.73+0.15 13.36 £1.56
Unsaturated FAs (mg/brain) 95.83+22.03 2.98+1.91 72.05+39.84 43.51+7.44 5.54+0.16 43.98+5.21
NE (nM) 38.9+5.26 35.6+1.45 11.9+3.81 45.73+2.95 39.5+4.30 32.58+2.13
DA (nM) 412.2+246.5 289.5+40.4 76.41+35.4 337.1+£79.4 133.6+24.9 191.6 £62.1

Values expressed as the mean of 3 experiments +SD.

we believe that G,ESTY offers several advantages: 1. By measuring an
increase instead of a decrease in luminescence, G,ESTY enables a
greater dynamic range; 2. G,ESTY does not require pre-treatments
with forskolin or isoproterenol, consequently, experimental protocols
are simplified. In traditional G;,,/,-mediated cAMP inhibition assays, a
range of forskolin concentrations are used ranging from 0.5uM to
100 uM**®', Sometimes agonists activating endogenously expressed
Gs-coupled receptors (i.e. isoproterenol) are utilized instead of
forskolin® %3, Moreover, a range of ligand pre-incubation ranging from
0 to 15 min further increases the experimental variability*> . None of
these parameters are part of the G,ESTY protocol; 3. Since transfection
efficiency is rarely 100% and only a subset of cells successfully incor-
porates multiple plasmids, stimulating endogenously expressed ade-
nylyl cyclase with forskolin may lead to cAMP accumulation in cells
that do not express the GPCR of interest. This could reduce the sen-
sitivity of the CAMP inhibition assay. G,ESTY addresses this problem by
eliminating the need to stimulate adenylyl cyclase with forskolin or
isoproterenol, and, with our all-in-one format, ensuring that all trans-
fected cells express each assay component, resulting in more con-
sistent transfection across the cell population; 4. We observed that
while the cAMP inhibition assay can effectively detect MOR activation
by three different ligands, it cannot discriminate between partial
agonists and full agonists as effectively as G,ESTY (Supplementary
Fig. 15D). This is likely due to a ceiling effect: once a certain level of
inhibition is reached, it becomes increasingly difficult to detect addi-
tional inhibition quantitatively. In contrast, with G,ESTY, we measure
cAMP accumulation, a process that is more difficult to saturate,
thereby minimizing the likelihood of reaching a ceiling effect; finally, 5.
considering G,ESTY’s capability to detect the presence of endogenous
ligands in complex sources such as brain extracts, we explored the
performance of the traditional CAMP inhibition assay in the same task
(Supplementary Fig. 15E). This assay cannot be performed according to
the standard protocol where the application of an agonist is compared
to the application of a vehicle to calculate the inhibition in cAMP
production. Instead, the same population of cells was treated with

microwaved mouse brain extract (serving as the “agonist”) and 10 uM
forskolin, while, in the control experiment, 10 uM of selective antago-
nists were also co-applied. Overall. our data indicates that a traditional
cAMP inhibition assay is less sensitive than G,ESTY for this task (Sup-
plementary Fig. 15F).

Our work identified optimal assay conditions that apply to each
GPCR tested, such as the temperature of the assay, ratio of assay
components, and presence of IBMX, while other parameters appear to
affect the readout in a GPCR-specific manner. For example, we
observed a negative effect of serum starvation on the signal obtained
for three out of four prototypical receptors, however, the presence of
ligands in the culture media has been shown to induce receptor
desensitization and internalization halting the access of extracellular
ligands to the receptor itself®* ¢, Therefore, we cannot exclude the
possibility that testing certain GPCRs may benefit from using reduced
serum content or dialyzed serum. This aspect will require specific
assessment for individual receptors. Using IBMX has the advantage of
enhancing the detected signal, thereby improving the assay’s sensi-
tivity. Additionally, it helps eliminate false positives in high-throughput
screens caused by the presence of phosphodiesterase inhibitors in
many compound libraries. By applying innovative cloning techniques,
we generated large plasmids that encode multiple proteins under the
control of unique promoters. These all-in-one plasmids have the
advantage of expressing each component at precisely defined and
optimized ratios. Moreover, their use greatly simplifies transfection
protocols for large-scale screening efforts. Using all-in-one plasmids,
we showed that G,ESTY is suitable to detect the activation of endo-
genously expressed receptors. Delivery of the 3-in-one plasmid to
relevant cell types can be combined with agonist treatment to perform
pharmacological studies of receptors of interest in a physiologically
relevant context. Our initial optimization steps for G,ESTY were per-
formed using four prototypical GPCRs (D2R, ADRA2A, GABAB, and
MOR). The optimized protocol was later applied to an array of 24 Gj/o/,-
coupled GPCRs. The results showed that the great majority exhibited
over a 20-fold change in signal compared to baseline, suggesting ideal
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signal-to-noise properties for the assay. We also observed smaller
signal amplitude for a few receptors. This lower sensitivity may depend
on several factors including the presence of endogenous agonists in
the culture media that can lead to receptor desensitization or the
requirement of performing the assay with cells in adhesion. Trans-
fected receptors may also not be properly expressed, targeted to the
plasma membrane, or require accessory proteins to generate func-
tional receptor complexes. Therefore, when working with a specific
receptor it is recommended to test multiple assay conditions in the cell
type of choice to achieve an optimal assay sensitivity.

Screening efforts to identify orphan GPCR agonists will be mark-
edly enhanced by utilizing G,ESTY. Analysis of the constitutive activity
of orphan GPCRs provides valuable information regarding their G
protein coupling profile**”¢, Recent studies have shown that, similar
to ligand-activated GPCRs, the majority of orphan GPCRs couple to
heterotrimeric G proteins of the G;/,/, family. This makes them suitable
candidates for analysis using G,ESTY. Furthermore, given the limited
understanding of the G protein coupling profile for many orphan
GPCRs, a key benefit of G,ESTY is its ability to detect the activation of
approximately 86% of GPCRs. This estimate is based on coupling data
regarding the number of GPCRs that show a primary or secondary
coupling to Gs and/or Gy, proteins (Fig. 5B and Supplementary
Fig. 13). A minor caveat in the use of G protein chimeras is that their
activation kinetics by Gy/o/,-coupled receptors do not always mirror
that of native G proteins. This discrepancy likely depends on regions of
the G protein outside of the C-terminus that could affect coupling, but
as shown here, do not impact the ability of G,ESTY to effectively detect
GPCR activation. Numerous orthogonal assays are available to GPCR
pharmacologists to further define the kinetic properties of receptor-
dependent G protein activation®*”%. By screening a small library of
compounds with known biological activity but unidentified molecular
targets, we identified several that act as agonists or partial agonists of
the human D2R and ADRA2A receptors. The endogenous levels of
these ligands in the mammalian brain, their production and release
mechanisms, and their interactions with established neurotransmitter
systems will require further investigation. Although indications of
agonistic activity at the tested GPCRs for some of these ligands have
been previously reported’>”, this dataset strengthens the evidence for
the effectiveness of G,ESTY in high throughput screening, demon-
strating its potential for discovering novel ligands for oGPCRs.

The isolation of orphan GPCR endogenous ligands relies sig-
nificantly on the availability of methods that can accurately detect their
presence in raw unfractionated extracts. In this study, we utilized
G,ESTY to identify the existence of endogenous ligands for orphan
GPCRs in mouse brain extracts. Our approach consistently detected
known neurotransmitters capable of activating adrenergic, dopami-
nergic, and opioid receptors, thereby validating the method. Notably,
we also identified the presence of ligands that can activate class A
orphan receptors GPR176 and GPR37. GPR176 was previously found to
be enriched in the mouse suprachiasmatic nucleus (SCN) of the
hypothalamus, the central pacemaker that controls the circadian
rhythm®*”, Its protein expression levels oscillate according to the
circadian period being higher during the night, and GPR176-deficient
mice display a significantly shorter circadian period compared to their
wild-type littermates. Further studies indicated that GPR176 is prob-
ably not a light signal-related receptor for the SCN; rather, it seems to
be involved in determining the intrinsic period of the SCN. Finally,
heterologous expression of GPR176 blunted the forskolin-induced
accumulation of cAMP suggesting its coupling to heterotrimeric Gy/o/,
proteins®®. Overall, these findings indicate that GPR176 is involved in
the suppression of cAMP production in the SCN during nighttime,
which serves as the molecular mechanism for its regulation of the
circadian period’®. GPR176 roles outside the central nervous system
have also been described”; however, no endogenous or synthetic
ligands capable of activating GPR176 have been identified yet. With

G,ESTY enabling the detection of GPR176 endogenous ligand in the
mouse brain, we will be able to perform further studies leading to its
isolation. GPR37 is a brain-enriched orphan GPCR with some of the
highest transcript levels among all GPCRs’®. Despite its well-studied
involvement in Parkinson’s disease, inflammatory responses, and pain,
the identity of its endogenous ligand remains a topic of debate™”*®!,
Early studies proposed prosaptide, a fragment of the secreted neuro-
protective and glioprotective factor prosaposin, as the endogenous
ligand for GPR37%. The identity of this ligand-receptor pair was sup-
ported by the fact that prosaptide stimulation of cells transfected with
GPR37 induced ERK phosphorylation in a PTX-sensitive manner sug-
gesting coupling to Gy, proteins*”. Moreover, **S-GTPyS binding assays
and inhibition of forskolin-induced cAMP accumulation all pointed at
prosaptide as the endogenous ligand for GPR37°%. GPR37 activation by
prosaptide was later confirmed by measuring a PTX-sensitive intra-
cellular calcium mobilization in GPR37 transfected HEK293 cells®. In
the same study, activation by neuroprotectin D1 was also observed.
Studies in astrocytes also detected GPR37 activation by prosaptide®.
However, the claim that prosaposin and prosaptide are the endogen-
ous ligands for GPR37 was later challenged by reports demonstrating
that GPR37 shows high constitutive activity and that prosaptide
treatments were ineffective®. Consequently, the prosaptide/GPR37
pairing has yet to be approved by the International Union of Basic and
Clinical Pharmacology (IUPHAR) Nomenclature Committee. Given that
multiple endogenous ligands can activate the same receptor®, the
pursuit of identifying GPR37 ligands detected using G,ESTY is a valu-
able endeavor.

Methods

Ethics statement

Procedures involving mice strictly followed NIH guidelines and were
approved by the University Committee on Animal Resources (UCAR) at
the University of Rochester, animal protocol number UCAR-2019-027.

Cell cultures and transfections

HEK293T/17 cells were purchased from American Type Culture Col-
lection (ATCC) and cultured at 37 °C and 5% CO, in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM; Gibco, 10567-014) supplemented with
10% fetal bovine serum (FBS; Biowest, S1520), Minimum Eagle’s Med-
ium (MEM) non-essential amino acids (Gibco, 11140-050), sodium
pyruvate (Gibco, 11360-070), GlutaMAX (Gibco, 35050-061), and
antibiotics (100 units/ml penicillin and 100 pg/ml streptomycin; Gibco,
15140-122). 2 x 10° cells/well were seeded in 6-well plates in 1.5 mL of
medium without antibiotics and with 10% dialyzed FBS (Biowest,
#S181D). After 4 h, cells were transfected using linear 25kDa poly-
ethylenimine (PEI) (Polysciences; 23966) at a 1:3 ratio between total pg
of DNA plasmid (2.5pug) and ul of PEI (7.5ul, 1mg/ml). A pcDNA3.1
empty vector was used to normalize the amount of transfected DNA.
Charcoal-stripped FBS (347G18-CS) and dialyzed FBS (347G18-D) were
purchased from Biowest. Cells were routinely monitored for possible
mycoplasma contamination. For western blot analysis, 2 x 10° cells/
well were plated in each well of a 6-well plate and transfected with the
optimized multi plasmids ratio with FLAG-D2R, or with the all-in-one
plasmid encoding for G,ESTY and FLAG-D2R. Cells transfected only
with pcDNA3.1 served as a specificity control for anti-FLAG antibodies.

DNA constructs and cloning

Plasmids encoding Dopamine D2 Receptor (D2R), GABAB receptor
subunits (GABBR1 and GABBR2), o2-adrenergic receptor 2A (ADRA2A),
p-opioid receptor (MOR), 8-opioid receptor (DOR), k-opioid receptor
(KOR) a2-adrenergic receptor 2B (ADRA2B), a2-adrenergic receptor
2C (ADRA2C), serotonin receptor 1B (5-HT1B), masGRK3CT-Nluc, PTX-
S1, and Go,s Were generous gifts from Dr. Kirill Martemyanov (UF
Scripps Institute, FL). GB-Venus™*?* and Gy,-Venus'> were generous
gifts from Dr. Nevin Lambert (Augusta University, GA)”. Codon-
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optimized coding sequences of the following receptors were a kind gift
from Dr. Bryan Roth (University of North Carolina, NC; Addgene kit no.
1000000068)* and were used for subcloning into pcDNA3.1 plasmids
removing V2-tail, TEV site, and tTA sequences: follicle-stimulating
hormone receptor (FSHR), cannabinoid receptor 1 (CBIR), cannabi-
noid receptor 2 (CB2R), sphingosine-1 phosphate receptor 1 (S1PR1),
lysophosphatidic acid 2 receptor (LPAR2), somatostatin receptor 1
(SSTR1), neuropeptide FF receptor 1 (NPFFR1), free fatty acid receptor
3 (FFA3R), galanin 1 receptor (GALR1), formyl peptide receptor 1
(FPR1), hydroxycarboxylic acid receptor 2 (HCAR2), neuropeptide Y
receptor Y1 (NPYR1), protease-activated receptor 1 (PAR1), protease-
activated receptor 2 (PAR2), histamine receptor H3 (HRH3), dopamine
D1 receptor (DIR), dopamine D3 receptor (D3R), adenosine A2B
receptor (ADORA2B), parathyroid hormone 1 receptor (PTHIR), mel-
anocortin 4 receptor (MC4R), calcitonin-like receptor (CLR), serotonin
receptor 2A receptor (5-HT2AR), GPRSS5, and muscarinic receptor 3
(M3R). Plasmids encoding the cAMP sensor (pGloSensor™-22F) and
CRE-Nluc reporter were purchased from Promega. pFL-tk encoding
firefly luciferase under the control of constitutively active thymidine
kinase promoter was used as a normalizer for reporter assays. The
plasmids encoding the following Gs-derived chimeras were a kind gift
from Dr. Robert Lucas (University of Manchester, UK)”: GsGz
(Addgene plasmid #109355), GsGoB (Cys) (Addgene plasmid #109375),
GsGil/2 (Cys) (Addgene plasmid #109373). pOZITX-S1 was a kind gift
from Jonathan Javitch (Addgene plasmid #184925). All constructs were
verified by Sanger sequencing.

A modular plasmid system was used to assemble the components
of G,ESTY into single multicomponent plasmids. Five insert shuttle
plasmids (P1-P5) and a destination plasmid were constructed with
matching homology regions for Gibson assembly flanking an insert
sequence. For assembly, the shuttle plasmids and destination plasmid
were digested with the Type IIS restriction enzyme CspCl, which pos-
sesses a relatively rare 7-bp recognition sequence. As CspCl is a type IIS
restriction sequence, it cleaves outside of its recognition sequence,
allowing for generation of DNA fragments containing unique ends for
homology-directed assembly (i.e. Gibson assembly). P1 contained a
short CMV promoter (lacks CspCl site found in conventional CMV
promoter) driving expression of GloSensor-22F, P2 contained a short
ubiquitin C promoter (UbC) driving expression of PTX-S1, P3 con-
tained an ampicillin selection marker and a short CMV promoter
driving expression of the receptor of interest, P4 was generally a blank
insert except for the GABAB receptor for which P4 contained a short
CMV promoter driving expression of the GABAB receptor subunit 2
(with P3 containing subunit 1), and P5 contained a UbC promoter
driving expression of the GsGz chimera. To generate plasmids only
containing some of these inserts of interest, blank inserts were used for
any of P1-P5 containing G,ESTY components not required. The desti-
nation plasmid was a pUCS57-Kan containing the homologous
sequences for Gibson assembly of the inserts. Of note, a plasmid with
an alternate resistance marker to AmpR was used as this allows for
selection of the final assembled clone without any carry-through of
undigested insert plasmids. The CspCl digest contained 110 fmol of
each insert plasmid (-375 ng for a 5 kb insert plasmid), 37.5 fmol of the
destination plasmid (-125ng for a 5kb destination plasmid), 5pL
rCutSmart buffer (NEB), and 1 uL CspCl (5000 units/mL; NEB) ina 50 uL
reaction, incubated at 37 °C for 1h, and heat-inactivated at 65 °C for
20 min. For the Gibson assembly, 5 uL of the CspCl digest was mixed
with 5 uL of NEBuilder HiFi DNA Assembly Master Mix (NEB), incubated
at 50 °C for 15 min. For transformation of the assembled plasmid, 1.5 uL
of the Gibson assembly mix was transformed into either NEB 5-alpha
Competent E. coli (NEB) or NEB 10-beta Electrocompetent E. coli (NEB)
and plated on selective LB agar containing both kanamycin (selects for
destination plasmid backbone) and ampicillin (selects for P3 insert).
G,ESTY all-in-one construct plasmids can be propagated in NEB 5-alpha
E. coli in LB media supplemented with proper antibiotics at 37 °C,

although care should be taken not to grow cultures longer than 16 h to
prevent possible recombination of the plasmids. All plasmids used in
this study were verified by whole-plasmid sequencing, performed by
Plasmidsaurus using Oxford Nanopore Technology with custom ana-
lysis and annotation (Plasmidsaurus Inc). Each plasmid prep was ver-
ified to possess the expected DNA sequence and that the read length
histogram contained a single plasmid species of the correct size. The
expected sizes for the G,ESTY plasmids are as follows, 2-in-one
(10,879 bp), 3-in-one (21,933 bp), and 4-in-one D2R (14,638 bp).

Chemicals

The following chemicals were purchased: clonidine (Tocris), dopamine
(Tocris), GABA (Tocris), serotonin (Tocris), 1-oleoyl lysophosphatidic
acid (Tocris), DAMGO (MedChemExpress), TFLLR (MedChemExpress),
human PAR-2 (1-6, SLIGKV) (MedChemExpress), human galanin (1-30)
(MedChemExpress), IBMX (MedChemExpress), SEW2871 (MedChem-
Express), somatostatin-14 (Cpc Scientific), human neuropeptide Y (13-
36) (Cpc Scientific), neuropeptide FF (Thermo Scientific Chemicals),
MK-6892 (MedChemExpress), 2-arachidonoyl glycerol (Cayman Che-
micals), N-Formyl-Met-Leu-Phe (R&D systems), SNC80 (Adipogen),
isobutyric acid (TCI chemicals), salvinorin A (ChromaDex Inc.), mor-
phine (Mallinckrodt Chemical Company), human -endorphin (Sigma-
Aldrich), teriparatide (MedChemExpress), NDP-a-MSH (Phoenix Phar-
maceuticals), AB-MECA (MedChemExpress), quinpirole (Tocris), cal-
citonin gene-related peptide (CGRP) (AnaSpec), AM-251 (Tocris; #1117),
carbachol (Tocris; #2810), L-741626 (Tocris; #1003), RS-79948 (Tocris;
#0987), saclofen (MCE; #HY-100813), and naloxone (Tocris; #0599).
The SCREEN-WELL® Orphan ligand library was purchased from Enzo
Life Sciences (BML-2825).

cAMP measurements using G ESTY

HEK293T/17 cells were transfected as described above with pGlo-
Sensor™-22F cAMP plasmid (Promega) and indicated plasmids for
mammalian expression of GPCRs, PTX-S1 (or OZITX-S1), and Gs-based
chimeras (GsGo, GsGi, or GsGz). 18 hours post-transfection, cells were
mechanically detached using a gentle stream of PBS, centrifuged at
500 x g for 5 min, and resuspended in 300 pl of PBS containing 0.5 mM
MgCl, and 0.1% glucose. 40 ul of the cell suspension, containing
approximately 250,000 cells, were transferred to each well of 96-well
flat-bottomed white plates (Greiner Bio-One). D-Luciferin potassium
salt (Gold Bio; #DLUCK100) was dissolved in HEPES buffer 10 mM pH
7.4 to obtain a 50x stock at 30 mg/mL. 10uL of 5X D-luciferin
(3 mg/mL) solution were added to the cells. Cells were then incubated
at 37 °C and 5% CO, for 1 h and then equilibrated in the plate reader at
28 °C, until stable baseline values were reached (-15 min). The lumi-
nescence signal was monitored approximately every 30s using a
POLARstar Omega microplate reader (BMG Labtech).

In assays performed on coated 96 well plates, cells were trans-
fected in 6-well plates. The day after transfection, the media was
removed, and cells were gently washed with PBS once and briefly
trypsinized with 100 L of trypsin. Trypsinization was blocked by the
addition of 900 uL of transfection media containing 10% FBS, cells
were counted and seeded at 6.5 x 10* cells/well on a sterile white 96-
well plate coated with poly-D-lysine. Cells were then incubated over-
night at 37 °C and 5% CO.,. 24 h later, media in each well was replaced
with 40 L of PBS containing 0.5 mM MgCl,, 0.1% glucose, and 10 pL of
5X D-Luciferin, and then incubated for 1h at 37 °C. The 96-well plate
was moved into the plate reader, equilibrated at 28 °C until stable
luminescence values were obtained and finally treated according to
the experiment setup.

G protein nanoBRET assay

GPCR activation in live cells was measured as BRET signal between
Venus-GBly2 and masGRK3CT-Nluc performed as described
previously”. 2.5ug of total DNA was transfected according to the
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following ratio: 0.21 ug of GP1-Venus(156-239); 0.21 pg of Gy2-Venus(1-
155); 0.013 pg of masGRK3CT-Nluc; 0.83 pg of Ga proteins; and 0.21 ug
of receptor. 0.21 ug of RIC8A (for Gq and G15) or RIC8B (for Gs) were
also co-transfected. Empty vector pcDNA3.1 was used to normalize the
amount of transfected DNA. 18 h after transfection, HEK293T/17 cells
were washed once with PBS. For GPRS55 transfected cells, wells were
serum-starved in optiMEM 4 h before testing. Cells were then
mechanically harvested using a gentle stream of PBS, centrifuged at
500 x g for 5 min, and resuspended in 500 pl of PBS containing 0.5 mM
MgCl, and 0.1% glucose. 25 ul of resuspend cells, containing approxi-
mately 100°000 cells, were distributed in 96-well flat-bottomed white
microplates (Greiner Bio-One). The Nluc substrate, furimazine (N1120;
Promega) was used according to the manufacturer’s instructions.
Luminescence was quantified at room temperature using a POLARstar
Omega microplate reader (BMG Labtech). BRET signal was determined
by calculating the ratio of the light emitted by Venus-Gf1y2 (collected
using the emission filter 535/30) to the light emitted by masGRK3CT-
Nluc (475/30). The average baseline value (basal BRET ratio) was
recorded for 2 min prior application of 2x agonist previously dissolved
in BRET buffer. Recordings continued for 5 min after agonist applica-
tion. Average of the baseline BRET ratio was subtracted from maximal
BRET ratio obtained upon agonist application to obtain the ABRET
ratio for each Ga protein.

CRE luciferase reporter assay

HEK293T/17 cells were plated at a density of 1 x 10° cells/well in 6-well
plates in an antibiotic-free medium and transfected as described
above. 2.5 ug of total DNA was transfected according to the following
ratio: 0.10 ug of pFL-tk plasmid expressing firefly luciferase under
control of the constitutive thymidine kinase promoter; 0.21 ug of CRE-
Nluc luciferase reporter; 1.98 ug of GPCR; and only in experiments
screening G;y, activation, 0.21 pg of GsGil chimera. pcDNA3.1 was used
to normalize the amount of transfected DNA. Cells were incubated
overnight and then serum-starved in Opti-MEM for 4 h before collec-
tion. Transfected cells were harvested using a gentle stream of PBS,
centrifuged for 5 minutes at 500 x g, and resuspended in 150 ul of PBS
containing 0.5 mM MgCl, and 0.1% glucose. 30 ul of cells, containing
approximately 200,000 cells, were incubated in 96-well flat-bottomed
white microplates (Greiner Bio-One) with 30 ul of luciferase substrate
according to manufacturers’ instructions: furimazine (Promega
NanoGlo; N1120) for Nluc, and D-luciferin (Promega BrightGlo; E2610)
for firefly luciferase. Luciferase levels were quantified using a POLAR-
star Omega microplate reader (BMG Labtech). Firefly luciferase
expression was used to normalize the signal and compensate for
variability due to transfection efficiency and number of cells.

cAMP inhibition assay

HEK293T/17 cells were transfected as described above with pGlo-
Sensor™-22F cAMP plasmid (Promega) and plasmids for mammalian
expression of indicated GPCRs. The following day, cells were collected
in PBS, centrifuged at 500 x g for 5 min at room temperature, and the
supernatant was discarded. The cell pellet was resuspended in 300 pL
of BRET buffer. 40puL of the resuspended cells (approximately
250,000 cells) was plated into each well of a white 96-well plate, fol-
lowed by the addition of 10 pL of D-luciferin substrate. The plate was
then placed in the POLARstar Omega plate reader, where it was equi-
librated at 28 °C until a stable baseline value was recorded. After
baseline stabilization, measurements were paused, and the cells were
treated with the respective compounds or vehicle for 30s before
adding 10 uM forskolin. Measurement recording resumed thereafter
and continued for 20 min. A fold change (FC) was calculated for each
sample, similar to the approach used for G,ESTY, by dividing the
maximum relative light units (RLU) obtained after forskolin applica-
tion by the average baseline RLU. For the quinpirole concentration-
response curve, the FC for samples treated with the vehicle was

averaged and considered 100% of forskolin-induced cAMP levels. The
FC of all other samples was then normalized to the vehicle control FC
average and expressed as a percentage of cAMP inhibition. In brain
extract experiments, forskolin was co-applied with the extract, with or
without a specific receptor antagonist. Antagonists were used at a final
concentration of 10 uM. A FC was calculated for each sample and
normalized to the FC observed with the brain extract in the presence of
the respective antagonist. Results from pcDNA3.1-transfected cells
were averaged and used for the normalization of the respective
receptor.

Determination of components in mouse brain extracts

Levels of dopamine and norepinephrine were quantified using ELISA
assays (#KA1887 and #KA3836; Abnova) from 10pL of sample
according to manufacturer’s instructions. Unsaturated fatty acids were
quantified using a colorimetric Lipid Quantification Kit (#STA-613; Cell
Biolabs) according to manufacturer’s protocols. 260/280 and 260/230
absorbance ratios were determined using a Nanodrop (Thermofisher
Scientific). Protein concentration was determined by Pierce 660 nm
Protein Assay Reagent (#1861426; Thermofisher Scientific).

Western blot analysis

Rabbit anti-FLAG antibodies were purchased from Genscript
(#A00170; 1:1000), mouse anti-GAPDH antibody was purchased from
SIGMA (#MAB374; 1:4000). HRP-conjugated secondary antibodies
were purchased from Kindle Bioscience and used at 1:1000 dilution.
Transfected cells were collected in PBS and centrifuged at 500 x g at
room temperature. The supernatant was discarded, and the cell pellet
lysed in 250 pL of ice-cold lysis buffer (300 mM NaCl, 50 mM Tris-HClI,
pH 7.4, 1% Triton X-100, complete protease inhibitor cocktail from
Roche Applied Science) by sonication at 30% power for 10 s on ice. The
lysates were centrifuged at 14,000 x g for 10 minutes at 4 °C. The
supernatant was collected, and the protein concentration was deter-
mined using the Pierce 660 nm Protein Assay (Thermofisher Scien-
tific). An equal mass of protein samples was diluted with 4x SDS sample
buffer and analyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE).

Mice

C57BL/6) mice were housed in a temperature and humidity-controlled
room in the vivarium of the University of Rochester on a 12:12-h light/
dark cycle (lights off at 18:00 h) provided with food and water ad
libitum. Male and female adult mice were used for the experiments.
Mice were sacrificed by cervical dislocation, the head was removed and
placed immediately in a microwave at maximum power for 10s to
block protease activity*’ (this step was omitted to obtain non-
microwaved brain extracts). One brain was removed and immedi-
ately homogenized in a glass-glass Dounce homogenizer with 4 mL of
PBS. The obtained brain suspension is referred to as the “homogenate
fraction”. The homogenate fraction was then sonicated once on ice for
10 s at 30% power and centrifuged for 10 min at 14,000 x g at 4 °C,
obtaining a “supernatant fraction” and a pellet. Each pellet was resus-
pended in 1.5mL of PBS and sonicated once on ice for 10s at 30%
power to allow complete resuspension, resulting in the “pellet frac-
tion”. 50 pL of each fraction was then applied to the transfected cells.
Brains were collected between 2 and 4 PM. All procedures were pre-
approved and carried out following the University Committee on
Animal Resources (UCAR, protocol number UCAR-2019-027) at the
University of Rochester. Bovine pituitary extract was purchased from
MP biologicals (cat#2850450).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software.
The number of replicates and type of statistical analysis used are
described in each figure legend.

Nature Communications | (2025)16:4521

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59850-8

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw data that support the findings of this study are available in Fig-
share with the identifier 26513233. Any additional information required
to reanalyze the data reported in this paper is available from the cor-
responding author upon request.
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