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Abstract 25 

Background and Purpose 26 

Members of the G protein coupled receptor (GPCR) family are targeted by a significant fraction 27 

of the available FDA-approved drugs. However, the physiological role and pharmacological 28 

properties of many GPCRs remain unknown, representing untapped potential in drug design. Of 29 

particular interest are ~100 less-studied GPCRs known as orphans because their endogenous 30 

ligands are unknown. Intriguingly, disease-causing mutations identified in patients, together with 31 

animal studies, have demonstrated that many orphan receptors play crucial physiological roles, 32 

and thus, represent attractive drug targets.  33 

Experimental Approach 34 

The majority of deorphanized GPCRs demonstrate coupling to Gi/o, however a limited number of 35 

techniques allow the detection of intrinsically small constitutive activity associated with Gi/o protein 36 

activation which represents a significant barrier in our ability to study orphan GPCR signaling. 37 

Using luciferase reporter assays, we effectively detected constitutive Gs, Gq, and G12/13 protein 38 

signaling by unliganded receptors, and introducing various G protein chimeras, we provide a 39 

novel, highly-sensitive tool capable of identifying Gi/o coupling in unliganded orphan GPCRs. 40 

Key Results 41 

Using this approach, we measured the constitutive activity of the entire class C GPCR family that 42 

includes 8 orphan receptors, and a subset of 20 prototypical class A GPCR members, including 43 

11 orphans. Excitingly, this approach illuminated the G protein coupling profile of 8 orphan GPCRs 44 

(GPR22, GPR137b, GPR88, GPR156, GPR158, GPR179, GPRC5D, and GPRC6A) previously 45 

linked to pathophysiological processes. 46 

Conclusion and Implications 47 

We provide a new platform that could be utilized in ongoing studies in orphan receptor signaling 48 

and deorphanization efforts.  49 
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What is already known 50 

 A large group of understudied orphan GPCRs controls a variety of physiological process. 51 

What this study adds 52 

 A new strategy to identify G protein signaling associated with orphan GPCRs. 53 

 Identification of Gi/o coupling for 8 orphan GPCRs. 54 

What is the clinical significance 55 

 Many orphan GPCRs are associated with pathological conditions and represent promising 56 

druggable targets. 57 

 58 

1. INTRODUCTION 59 

The large family of G protein coupled receptors (GPCRs) constitutes the most exploited 60 

drug target in the human genome (Hauser, Attwood, Rask-Andersen, Schioth, & Gloriam, 2017; 61 

Sriram & Insel, 2018). This is the result of GPCR involvement in the regulation of key physiological 62 

processes combined with accessibility at the plasma membrane. Nonetheless, the endogenous 63 

ligands of many GPCRs have yet to be identified, which collectively are referred to as orphan 64 

GPCRs (oGPCRs). In spite of the lack of known endogenous ligands, experimental evidence from 65 

both animal models and human studies suggest that many oGPCRs regulate important 66 

physiological processes and therefore represent attractive therapeutic targets that remain to be 67 

exploited (Audo et al., 2012; Peachey et al., 2012; Wang et al., 2019; Watkins & Orlandi, 2020). 68 

The first critical step towards the deorphanization of an oGPCR involves identifying the 69 

intracellular signaling pathways that it modulates, thereby providing an essential readout to build 70 

screening platforms aimed at testing receptor activation by candidate endogenous/synthetic 71 

ligands. However, the lack of known ligands significantly limits the experimental strategies that 72 

can be applied to identify oGPCR-activated signaling pathways, thereby representing one of the 73 

greatest difficulties in studying oGPCRs. Although not widely utilized, one way to address this 74 

question involves measuring the GPCR constitutive activity (Bond & Ijzerman, 2006; Ngo, 75 

Coleman, & Smith, 2015). Constitutive activity is observed when a GPCR produces spontaneous 76 

G protein activation in the absence of agonist (Rosenbaum, Rasmussen, & Kobilka, 2009), a 77 

property often observed when overexpressing GPCRs in heterologous systems and also detected 78 

in vivo (Corder et al., 2013; Damian et al., 2012; Inoue et al., 2012). Given that current available 79 

assays have been unsuccessful in illuminating G protein coupling profiles for many oGPCRs, in 80 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2021. ; https://doi.org/10.1101/2021.03.10.434788doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.10.434788


4 
 

particular in detecting those dominantly coupling to Gi/o proteins, we sought to develop a novel 81 

approach with sufficient sensitivity to study oGPCR pharmacology. 82 

We generated a library of GPCRs that comprises the entire class C GPCR family and a 83 

subset of class A members including a total of 19 oGPCRs for testing with several luciferase 84 

reporter systems activated in response to G proteins stimulation. Luciferase reporters are 85 

characterized by high sensitivity and a wide dynamic range, allowing the detection of even minor 86 

levels of G protein-initiated signaling pathways (Cheng et al., 2010). These systems encode either 87 

firefly luciferase or nanoluc under the control of inducible promoters downstream of the main G 88 

protein-promoted signaling cascades. Gα proteins are classified into four major families: Gs, Gq,  89 

G12/13, and Gi/o. In detail, activation of Gs family members (Gs/olf) stimulates adenylate cyclase to 90 

produce cAMP that triggers downstream signaling events which activate the cAMP response 91 

element (CRE). A primary effector of heterotrimeric Gq family members (Gq/11/14/15) is 92 

phospholipase Cβ (PLCβ) that catalyzes the formation of second messengers inositol 1,4,5-93 

trisphosphate and diacylglycerol leading to the activation of the Nuclear Factor of Activated T-94 

cells (NFAT) promoter. The canonical downstream target of the heterotrimeric G12/13 proteins is a 95 

group of Rho guanine nucleotide exchange factors (RhoGEFs) that activate the Ras-family small 96 

GTPase RhoA. G12/13 activation can be detected by luciferase reporters using promoters 97 

comprising a serum response element (SRE), or serum response factor response element (SRF-98 

RE), with the last one designed to respond to SRF-dependent and ternary complex factor (TCF)-99 

independent pathways (Cheng et al., 2010). Conversely, detection of active G proteins belonging 100 

to the Gi/o family (Gi1/i2/i3/o/z/t) is more complicated and elusive. In fact, the main effect of Gi/o 101 

stimulation consists in the inhibition of adenylate cyclase, leading to a reduction of the cAMP 102 

production. Changes in cAMP levels can be readily detected after agonist-stimulation of Gi/o-103 

coupled GPCRs, however, determining the constitutive activity of such receptors has proven 104 

challenging. Moreover, according to the GPCR database (Flock et al., 2017; Pandy-Szekeres et 105 

al., 2018) (https://gpcrdb.org/signprot/statistics_venn), 158 out of 247 ligand-activated GPCRs 106 

(64%) can activate members of the Gi/o protein family, with half of them, 79 out of 247 (32%), 107 

showing exclusive coupling to Gi/o. Considering the likely large number of Gi/o-coupled receptors 108 

among oGPCRs, research in this field is in desperate need of innovative sensitive tools. 109 

To overcome this issue, we took advantage of previously developed G protein chimeras 110 

(Ballister, Rodgers, Martial, & Lucas, 2018; Conklin, Farfel, Lustig, Julius, & Bourne, 1993; Inoue 111 

et al., 2019), and generated novel G protein chimeras to expand the GPCR toolkit. Swapping the 112 

C-terminal strand of amino acids of any G protein with those of Gi/o family members enables 113 
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GPCRs that preferentially couple to Gi/o to trigger alternative downstream signaling events 114 

(Ahmad, Wojciech, & Jockers, 2015; Ballister et al., 2018; Conklin et al., 1993; Coward, Chan, 115 

Wada, Humphries, & Conklin, 1999; Inoue et al., 2019). Exploiting such property, we rerouted 116 

pathways initiated by the constitutive activation of Gi/o-coupled receptors to different downstream 117 

signaling outcomes which are more readily measurable. Herein, we tested 8 G protein chimeras 118 

against a set of 8 well-characterized Gi/o-coupled receptors for a total of 64 combinations to 119 

identify the most suitable ones for analysis of constitutive activity across our oGPCR library. 120 

Applying this strategy we successfully identified 8 oGPCRs that show significant basal activation 121 

of Gi/o proteins. We finally validated these results by measuring the inhibition of forskolin-induced 122 

cAMP production by an oGPCR showing high Gi/o constitutive activity, GPR156. 123 

  124 

2. METHODS 125 

2.1 Cell cultures and transfections. 126 

HEK293T/17 cells were cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium 127 

(DMEM; Gibco, 10567-014) supplemented with 10% fetal bovine serum (FBS; Biowest, S1520), 128 

Minimum Eagle’s Medium (MEM) non-essential amino acids (Gibco, 11140-050), and antibiotics 129 

(100 units/ml penicillin and 100 µg/ml streptomycin; Gibco, 15140-122). HEK293 cells were 130 

seeded in 6-well plates in medium without antibiotics at a density of 1 × 106 cells/well. After 4 131 

hours, cells were transfected using linear 25 kDa polyethylenimine (PEI) (VWR; AAA43896) at a 132 

1:3 ratio between total µg of DNA plasmid (2.5 µg) and µl of PEI (7.5 µl). A pcDNA3.1 empty 133 

vector was used to normalize the amount of transfected DNA. For western blot and BRET assays, 134 

cells were collected 24 hours after transfection. For CRE and NFAT luciferase reporter assays, 135 

cells were incubated overnight and then serum-starved in Opti-MEM Reduced Serum Media 136 

(Gibco, 11058-021) for 4 hours before collection. For SRE and SRF-RE luciferase reporter 137 

assays, cells were incubated overnight and then serum-starved in Opti-MEM for 24 hours before 138 

collection. 139 

2.2 DNA constructs and cloning. 140 

Details about the DNA constructs used in this paper are listed in the Supplementary table 1. 141 

Plasmids encoding GPR158, GPR179, ADRA2A, LPAR2, CHRM1, GRM1, GRM2, GRM3, 142 

GRM4, GRM6, GRM7, GRM8, GABBR1, GABBR2, masGRK3CT-Nluc, Gαi1, Gαi3, GαoA, and Gαz 143 

were generous gifts from Dr. Kirill Martemyanov (The Scripps Research Institute, FL). The 144 

plasmid encoding the human GRM5a was a kind gift from Dr. Paul Kammermeier (University of 145 
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Rochester, NY). Gβ1-Venus156-239 and Gγ2-Venus1-155 were generous gifts from Dr. Nevin 146 

Lambert (Augusta University, GA) (Hollins, Kuravi, Digby, & Lambert, 2009). Plasmids encoding 147 

the cAMP sensor (pGloSensor-22F) and the following luciferase reporters were purchased from 148 

Promega: CRE-luc2, CRE-Nluc, NFAT-luc2, NFAT-Nluc, SRE-luc2, and SRF-RE-luc2. The 149 

plasmid encoding for the renilla luciferase under control of the constitutively active thymidine 150 

kinase promoter (pRL-tk) was a kind gift from Dr. Mark Ginsberg (University of California San 151 

Diego, CA). Plasmids encoding the following GPCRs were obtained from cDNA Resource Center 152 

(www.cdna.org): ADRB2, HTR1A, HTR2A, HTR4, and DRD1. The following cDNA clones from 153 

the Mammalian Gene Collection (MGC) encoding for full-length GPCR sequences required to 154 

further subcloning were purchased from Horizon Discovery: GPR19, GPR37, GPR85, GPR137, 155 

GPR137b, GPR162, GPR176, GPR180, CaSR, GPR156, GPRC5A, GPRC5B, GPRC5C, and 156 

GPRC6A. Codon optimized sequences for the following oGPCRs used to further subcloning were 157 

a kind gift from Dr. Bryan Roth (University of North Carolina, NC) (Kroeze et al., 2015): GPR22 158 

(Addgene plasmid #66346), GPR88 (Addgene plasmid #66380), GPR151 (Addgene plasmid 159 

#66327). The plasmids encoding the following Gq-derived chimeras were a kind gift from Dr. Bruce 160 

Conklin (University of California San Francisco, CA) (Conklin et al., 1993): qo5 (Addgene plasmid 161 

#24500), qi15 (Addgene plasmid #24501), qz5 (Addgene plasmid #25867). The plasmids 162 

encoding the following Gs-derived chimeras were a kind gift from Dr. Robert Lucas (University of 163 

Manchester, UK) (Ballister et al., 2018): Gsz (Addgene plasmid #109355), Gso (Cys) (Addgene 164 

plasmid #109375), Gsi (Cys) (Addgene plasmid #109373). The plasmids encoding the following 165 

GPCRs were a kind gift from Dr. Erik Procko (University of Illinois at Urbana, IL) (Park et al., 166 

2019): HLA-cMyc-EcopT1R1 (Addgene plasmid #113962), HLA-Flag-natT1R3 (Addgene plasmid 167 

#113950), HA-Flag-natT1R2 (Addgene plasmid #113944). The codon optimized sequence for 168 

human GPRC5D expression in mammalian cells was synthetized by Integrated DNA 169 

Technologies as a gene block and inserted into a pcDNA3.1 vector including a C-terminal HA-tag 170 

using In-Fusion HD Cloning technology (Clontech). The full-length sequences of all the orphan 171 

GPCRs (except GPR158 and GPR179) were subcloned into a pcDNA3.1 vector for mammalian 172 

expression and a C-terminal HA-tag (YPYDVPDYA) was add using In-Fusion HD Cloning 173 

technology (Clontech). A plasmid encoding the G protein chimera GqGi3 bearing the core of 174 

human Gαq and the last 4 amino acid of Gαi3 was generated by primer mutagenesis and In-Fusion 175 

HD Cloning (Clontech) in a pcDNA3.1 vector. All constructs were verified by Sanger sequencing. 176 

2.3 Western blot. 177 

For Western blotting analysis, transfected cells were harvested and lysed by sonication in ice-178 

cold immunoprecipitation buffer (300 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1% Triton X-100, and 179 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 11, 2021. ; https://doi.org/10.1101/2021.03.10.434788doi: bioRxiv preprint 

http://www.cdna.org/
https://doi.org/10.1101/2021.03.10.434788


7 
 

complete protease inhibitor mixture). Lysates were cleared by centrifugation at 14,000 rpm for 15 180 

min, and the supernatants were diluted in SDS sample buffer (final concentrations: 50 mM Tris-181 

HCl pH 6.8, 1% SDS, 10% glycerol, 143 mM 2-mercaptoethanol, and 0.08 mg/ml bromophenol 182 

blue). 10 µl of each protein sample were loaded and analyzed by SDS-PAGE. Orphan GPCR 183 

expression was detected using rat anti-HA tag (clone 3F10) antibodies (Sigma-Aldrich; 184 

11867423001) or rabbit anti-myc tag antibodies (GenScript; A00172). 185 

2.4 Luciferase reporter assays. 186 

HEK293T/17 cells were plated at a density of 1 × 106 cells/well in 6-well plates in antibiotic-free 187 

medium and transfected as described above. 2.5 µg of total DNA plasmids were transfected 188 

according to the following ratio: 0.97 µg of pRL-tk plasmid expressing renilla luciferase under 189 

control of the constitutive thymidine kinase promoter; 0.14 µg of luciferase reporter (NFAT-Fluc, 190 

CRE-Fluc, SRE-Fluc, and SRF-RE-Fluc for screening of Gq, Gs, and G12/13 activation; NFAT-Nluc 191 

and CRE-Nluc for screening of Gi/o activation); 1.11 µg of GPCR; and only in experiments 192 

screening Gi/o activation, 0.28 µg of G protein chimeras (GqGi1, GqGi1-9, GqGi3, GqGo, GqGz, GsGi1, 193 

GsGo, or GsGz). pcDNA3.1 was used to normalize the amount of transfected DNA. For CRE and 194 

NFAT luciferase reporter assays, cells were incubated overnight and then serum-starved in Opti-195 

MEM for 4 hours before collection. For SRE and SRF-RE luciferase reporter assays, cells were 196 

incubated overnight and then serum-starved in Opti-MEM for 24 hours before collection. 197 

Transfected cells were harvested, centrifuged for 5 minutes at 500g, and resuspended in 500 µl 198 

of PBS containing 0.5 mM MgCl2 and 0.1% glucose. 50 µl of cells were incubated in 96-well flat-199 

bottomed white microplates (Greiner Bio-One) with 50 µl of luciferase substrate according to 200 

manufacturers’ instructions: furimazine (Promega NanoGlo; N1120) for nanoluc, e-coelenterazine 201 

(Nanolight; 355) for renilla luciferase, and luciferin (Promega BrightGlo; E2610) for firefly 202 

luciferase. Luciferase levels were quantified using a POLARstar Omega microplate reader (BMG 203 

Labtech). Renilla luciferase expression was used to normalize the signal in order to compensate 204 

for variability due to transfection efficiency and number of cells. 205 

2.5 Bioluminescence Resonance Energy Transfer (BRET) assays. 206 

Measurements of ADRA2A activation by norepinephrine in live cells by measurement of BRET 207 

between Venus-Gβ1γ2 and masGRK3CT-Nluc was performed as described previously (Masuho, 208 

Martemyanov, & Lambert, 2015). 2.5 µg of total DNA plasmids were transfected according to the 209 

following ratio: 0.21 µg of Gβ1-Venus156-239; 0.21 µg of Gγ2-Venus1-155; 0.21 µg of 210 

masGRK3CT-Nluc; 0.42 µg of Gαi/o proteins or Gq-derived chimeras (Gαi1, Gαi3, Gαo, Gαz, GqGi1, 211 

GqGi1-9, GqGi3, GqGo, GqGz) or 1.25 µg of Gαs-derived chimeras (GsGi, GsGo, or GsGz); and 0.21 212 
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µg of ADRA2A. Empty vector pcDNA3.1 was used to normalize the amount of transfected DNA. 213 

18 hours after transfection, HEK293T cells were washed once with phosphate-buffered saline 214 

(PBS). Cells were then mechanically harvested using a gentle stream of PBS, centrifuged at 500 215 

g for 5 minutes, and resuspended in 500 µl of PBS containing 0.5 mM MgCl2 and 0.1% glucose. 216 

25 µl of resuspend cells were distributed in 96-well flat-bottomed white microplates (Greiner Bio-217 

One). The nanoluc substrate furimazine (N1120) was purchased from Promega and used 218 

according to the manufacturer’s instructions. BRET measurements were obtained using a 219 

POLARstar Omega microplate reader (BMG Labtech) which permits detection of two emissions 220 

simultaneously with the highest possible resolution of 20 ms per data point. All measurements 221 

were performed at room temperature. The BRET signal was determined by calculating the ratio 222 

of the light emitted by Venus-Gβ1γ2 (collected using the emission filter 535/30) to the light emitted 223 

by masGRK3CT-Nluc (475/30). The average baseline value (basal BRET ratio) recorded for 5 224 

seconds before agonist application was subtracted from the BRET signal to obtain the ΔBRET 225 

ratio. 226 

2.6 cAMP assay. 227 

HEK293T cells were transfected with an equal ratio of indicated GPCR plasmid and 228 

pGloSensor™-22F cAMP plasmid (Promega). 18 hours post-transfection, cells were detached 229 

with 1 ml of PBS, centrifuged at 500 g for 5 minutes, and resuspended in 300 µl of PBS containing 230 

0.5 mM MgCl2 and 0.1% glucose. 40 µl of the cell suspension were transferred to each well of 96-231 

well plates containing 10 µl of 5X GloSensor cAMP Reagent (Promega) prepared according to 232 

the manufacturer’s instruction. Cells were then incubated at 37ºC for 2 hours and let cool down 233 

to room temperature for 10 minutes. Luminescence was monitored every 30 seconds using a 234 

POLARstar Omega microplate reader (BMG Labtech) at room temperature. After 3 minutes, 235 

forskolin (Tocris; 1099) was added to the cells at a final concentration of 0.5 µM. 236 

2.7 Statistical analysis. 237 

Analyses were performed using GraphPad Prism 9 software and number of biological and 238 

technical replicates are described in the figure legends. Data in figure 4 were analyzed by 239 

normalizing the nanoluc/renilla luciferase ratio by control cells not transfected with the G protein 240 

chimeras. One-way ANOVA with Dunnett's multiple comparisons test was performed comparing 241 

the signal obtained with each oGPCRs against control cells not expressing GPCRs. 242 

 243 

3. RESULTS 244 
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3.1 Screening of GPCR constitutive activity using luciferase reporter assays. 245 

Taking advantage of a plasmid cDNA library encoding the entire 22 class C GPCRs, including 8 246 

oGPCRs, and a subset of 19 class A GPCRs, including 11 oGPCRs, we systematically tested 247 

their constitutive activity using several luciferase reporter assays and setting an arbitrary threshold 248 

of 3 fold-increase for positive signals (Figure 1). We first screened the library for Gq activation by 249 

co-transfecting HEK293T cells with each GPCR and a NFAT-RE luciferase reporter (Figure 1a). 250 

As expected, the positive controls serotonin 2A receptor (HTR2A), muscarinic receptor 1 251 

(CHRM1), and the metabotropic glutamate receptors 1 and 5 (GRM1 and GRM5) showed the 252 

highest signal compared to control cells expressing only the luciferase reporter. None of the 253 

oGPCRs tested showed any constitutive activation of Gq-dependent signaling pathways (Figure 254 

1a). Similarly, using a CRE reporter assay for Gs activation, we detected the constitutive activity 255 

of β2 adrenergic receptor (ADRB2), serotonin receptor 4 (HTR4), and dopamine receptor D1 256 

(DRD1) (Figure 1b). Interestingly, some Gq-coupled receptors also triggered the expression of 257 

luciferase activating the CRE reporter, while all the oGPCRs showed levels of activation 258 

comparable to those of the control not expressing GPCRs (Figure 1b). Using the same approach 259 

with two additional luciferase reporters SRE and SRF-RE, we detected the constitutive activity of 260 

the lysophosphatidic acid receptor 2 (LPAR2) downstream of G12/13 (Figure 1c-d). Again, no 261 

constitutive luciferase expression by oGPCRs was detected (Figure 1c-d). Overall, these 262 

experiments revealed that luciferase reporters are sensitive enough to detect GPCR activity in 263 

the absence of ligand application for some GPCRs; however, none of the 19 oGPCRs tested 264 

showed any constitutive activation of Gq, Gs, or G12/13 signaling pathways. 265 

3.2 G protein chimeras are valuable tools to detect constitutive activity of Gi/o-coupled 266 

receptors. 267 

After exploring our GPCR library for the activation of signaling pathways downstream of Gs, Gq, 268 

and G12/13, we focused on Gi/o signaling. In principle, the CRE luciferase reporter could be used 269 

to detect activation of Gi/o-coupled GPCRs as a reduction in cAMP levels, however its use is 270 

limited by a low dynamic range. This especially applies to measurements of GPCR constitutive 271 

activity, as they are intrinsically small. Therefore, to obtain a reliable quantification of constitutive 272 

activation of Gi/o signaling, we tested several G protein chimeras based on Gq or Gs core protein 273 

and bearing the C-terminus of either Gi1, Gi3, Go, or Gz (Figure 2a). The last few amino acids in 274 

the Gα protein C-terminus define most of the GPCR coupling selectivity (Ballister et al., 2018; 275 

Conklin et al., 1993; Inoue et al., 2019). However, the coupling efficiency of G protein chimeras 276 

is variable and depends on the GPCR analyzed (Ballister et al., 2018; Conklin et al., 1993; Inoue 277 

et al., 2019). Thus, we tested 5 chimeras based on a Gq core and 3 chimeras based on a Gs core 278 
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for their ability to stimulate NFAT or CRE luciferase reporters, respectively. As a control, we first 279 

quantified the amount of luciferase expressed in cells where each chimera was co-transfected 280 

with the associated luciferase reporter but without GPCR overexpression. We reasoned that the 281 

difference in luciferase expression obtained comparing cells expressing the reporter with or 282 

without expression of the G protein chimeras could represent an index of reporter activation by 283 

endogenously expressed Gi/o-coupled receptors. As a positive control, we co-transfected GRM2 284 

because of its reported high constitutive activity (Doornbos et al., 2018) (Figure 2b-c). We found 285 

that expression of Gq-based chimeras only produced a negligible amount of NFAT reporter 286 

induction (0.1-fold increase on average) (Figure 2b), while we observed an average of 83-fold 287 

increase in CRE-induced luciferase expression using the Gs-based chimeras (Figure 2c). As 288 

expected, expression of GRM2 significantly induced the luciferase expression with all of the 289 

chimeras tested (Figure 2b-c). The fold-change observed normalizing the GRM2 constitutive 290 

activity over the no-GPCR control, revealed comparable levels of activation between Gq and Gs 291 

chimeras. Interestingly, the GqGi3 chimera showed a 29.3 ± 3.5 fold-increase, being the highest 292 

amplitude among all the chimeras, while both the GqGz and the GsGz chimeras showed only a 4.7 293 

± 0.6 and 3.8 ± 0.4 fold-increase (Figure 2b-c). To explore the efficiency of activation of these G 294 

protein chimeras, we then quantified the constitutive activity of eight GPCRs that are known to 295 

primarily couple to Gi/o (Flock et al., 2017; Pandy-Szekeres et al., 2018): class C GRM2, GRM3, 296 

GRM4, GRM6, GRM7, GRM8, and class A ADRA2A and HTR1A (Figure 2d). Assuming an 297 

arbitrary threshold of 3 fold-increase as a positive signal, our data show that some GPCR 298 

constitutive activity can be detected with the majority of the chimeras (i.e. GRM2), while some 299 

GPCRs show levels of activation above the threshold only if co-transfected with GsGi1 or GsGo 300 

chimeras (i.e. GRM7 and GRM8). According to earlier reports, the signal amplitude is GPCR-301 

dependent (Conklin et al., 1993), and here we show it is undetectable for a subset of GPCR (i.e. 302 

ADRA2A). We next asked if the absence of signal for ADRA2A could be due to a lack of 303 

constitutive activity or to the expression of a non-functional receptor. Using a Bioluminescence 304 

Resonance Energy Transfer (BRET) assay we tested the ligand activation of the G protein 305 

chimeras by ADRA2A (Figure 3a). Here, we activated the ADRA2A receptor with the endogenous 306 

agonist norepinephrine at a concentration of 1 µM. We compared the ΔBRET ratio obtained using 307 

G protein chimeras with those obtained with wild type Gi1, Gi3, Go, and Gz proteins (Figure 3b-d). 308 

Although the amplitude of the BRET signal generated by the G protein chimeras was smaller 309 

compared to the signal produced by wild type G protein, our data show that ADRA2A can indeed 310 

activate every tested chimera. Overall, we provide evidence that ADRA2A lacks detectable levels 311 
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of constitutive activity. Likewise, we expect that the constitutive activity of some of the oGPCRs 312 

in our library will also be undetectable.  313 

3.3. Identification of oGPCRs that signal through Gi/o. 314 

Agonist-activation of a subset of Gi/o coupled receptors, M4R, D2R, α2AAR, and A1R, using G 315 

protein chimeras was previously reported to be strongly dependent on both the Gi/o protein core 316 

and the Gi/o C-terminus (Okashah et al., 2019). However, among the possible combinations of G 317 

protein cores and C-termini, it was established that chimeras based on Gs could be triggered by 318 

Gi/o coupled receptors more easily than chimeras bearing the core of Gq or G12/13 (Okashah et al., 319 

2019). Our data on 8 control GPCRs suggest similar preference pattern, with Gs chimeras being 320 

more promiscuous than Gq chimeras (Figure 2d). We thus screened our oGPCR library for 321 

constitutive activation of GsGi1 and GsGo chimeras normalizing the luciferase signal to that 322 

obtained in cells transfected only with the luciferase reporters but no G protein chimeras (Figure 323 

4a-b). Excitingly, this optimized assay indicated that 8 of the 19 oGPCRs examined can indeed 324 

activate Gi/o proteins. Specifically, we confirmed previously identified Gi/o coupling for the orphan 325 

receptors GPR22 (Adams et al., 2008), GPR88 (Dzierba et al., 2015; Jin et al., 2014) and 326 

GPRC6A (Pi, Parrill, & Quarles, 2010), even though some reports failed to reproduce Gi/o coupling 327 

for GPRC6A (Jacobsen et al., 2013). Moreover, we revealed previously unreported robust and 328 

significant constitutive activity for GPR156 (8.94 ± 0.40 fold increase over control using the GsGi1 329 

chimera), GPR137b (4.05 ± 0.45), GPR158 (4.87 ± 0.32), GPR179 (7.97 ± 0.55), and GPRC5D 330 

(3.61 ± 0.17) (Figure 4a-b). 331 

The lack of signal obtained transfecting several oGPCRs with any of the tested luciferase 332 

reporters may be due to a variety of factors. For example, we demonstrated that ADRA2A receptor 333 

was functional in activating wild type or chimeric G proteins (Figure 3b-d), but did not produce a 334 

detectable basal G protein signaling (Figure 2d) pointing at a very low level of constitutive activity. 335 

Alternatively, the absence of signal could depend on DNA constructs that do not express 336 

adequate levels of GPCRs. To test this possibility, we analyzed the expression of our oGPCR 337 

library at the protein level by western blot using antibodies directed against C-terminus HA-tag 338 

(Figure 4c-d) or myc-tag (Figure 4e). Immunoblots revealed that the expression levels of GPR85 339 

and GPR137 were below detectable threshold, thus providing a possible explanation for their lack 340 

of signal (Figure 4c). 341 

3.4. Validation of GPR156 constitutive activation of Gi/o proteins. 342 

Adenylate cyclase represents one of the main intracellular effectors for both Gs and Gi protein 343 

signaling, with Gs stimulating cAMP production and Gi inhibiting it. To validate the results obtained 344 
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measuring Gi/o constitutive activation by oGPCRs shown in figure 4, we quantified the reduction 345 

in cAMP levels induced by treatment with the adenylate cyclase stimulant forskolin in cells 346 

overexpressing GPR156, GRM2 or GPRC5B. Using a co-transfected cAMP sensor, we were able 347 

to obtain real time measurements of cAMP changes (Figure 5a). As expected, we found that 348 

forskolin stimulation of cAMP levels was not affected by overexpression of GPRC5B (107.8 ± 349 

6.5% of CNT; p = 0.622); while overexpression of the positive control GRM2 (54.6 ± 4.7% of CNT) 350 

or the orphan receptor GPR156 (65.7 ± 5.2% of CNT) significantly blunted the effect of forskolin 351 

(Figure 5a-b). These results confirmed the earlier identified Gi/o coupling and high constitutive 352 

activity for GPR156, as well as the lack of Gi/o signaling for GPRC5B. 353 

 354 

4. DISCUSSION 355 

The unique properties of each GPCR together with the plethora of signaling cascades 356 

activated makes the development of tailor-made assays a prerequisite for future attempts at 357 

profiling oGPCR signaling. Many efforts have been made to create a universal platform for high-358 

throughput screening of GPCR signaling that is independent of G protein coupling (Inoue et al., 359 

2012; Kroeze et al., 2015). For example, the use of quantitative techniques to measure β-arrestin 360 

recruitment as a general readout of GPCR activation led to the identification of a number of 361 

compounds within a library of 446 molecules acting as agonists or antagonists for class A 362 

oGPCRs (Kroeze et al., 2015). However, despite the ability of class C GPCR members to recruit 363 

β-arrestins (Iacovelli, Felicioni, Nistico, Nicoletti, & De Blasi, 2014; Mos, Jacobsen, Foster, & 364 

Brauner-Osborne, 2019; Mundell, Matharu, Pula, Roberts, & Kelly, 2001; Stoppel et al., 2017), 365 

attempts to use this approach to deorphanize this subfamily of oGPCRs were unsuccessful 366 

(Kroeze et al., 2015). Similarly, the use of cell-based assays expressing G protein chimeras in G 367 

protein knock out cell lines to measure ligand-activated GPCR signaling has recently found a 368 

number of applications (Inoue et al., 2019; Okashah et al., 2019). Overall, we expect that a single 369 

readout would never be sufficient to detect the activation of every oGPCR without possibly 370 

omitting important ligand-receptor pairs. In fact, successful screening efforts will probably need to 371 

include multiple alternative readouts. A systematic parallel analysis of GPCR constitutive activity 372 

represents a powerful strategy to begin understanding the cell signaling pathways modulated by 373 

oGPCRs. Using a novel approach combining luciferase reporter assays with G protein chimeras, 374 

here we detected Gi/o protein activation by several oGPCRs in absence of ligand stimulation, 375 

thereby providing the first evidence for G protein coupling-preference for multiple oGPCRs. This 376 

information is crucial in the deorphanization process, as it provides a novel readout in designing 377 
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platforms to test the activation of oGPCRs allowing for the analysis of libraries of synthetic or 378 

endogenous compounds.  379 

In the present study, we did not found evidence of Gs, Gq, or G12/13 coupling for any of the 380 

19 oGPCRs analyzed, nevertheless, we confirmed Gi/o coupling for GPR22, GPR88, and 381 

GPRC6A. Strikingly, we observed previously unappreciated Gi/o constitutive activities for 382 

GPR137b, GPR156, GPR158, GPR179, and GPRC5D. GPR137b expression is restricted to 383 

heart, liver, kidney and brain, and it is one of the few GPCRs enriched at lysosomal membranes 384 

(Gan et al., 2019; Gao et al., 2012). Proteomics studies of lysosomal membranes also identified 385 

several G protein signaling elements including Gαi2, Gβ1, and Gβ2 (Callahan, Bagshaw, & 386 

Mahuran, 2009). The functional consequences of activating Gi/o signaling responses at the 387 

lysosomal membrane remain to be characterized. The group of Pangalos suggested that the class 388 

C orphan GPR156 could possibly act as a third GABAB receptor subunit because of their 389 

significant sequence homology (Calver et al., 2003). However, functional assays failed to reveal 390 

any activation in response to treatments with GABAB receptor agonists in cells expressing 391 

GPR156 alone or co-expressing GPR156 with GABAB1 or GABAB2 receptors (Calver et al., 2003). 392 

Searching for alternative ligands, a calcium mobilization assay was used to screen a library of 393 

2500 endogenous GPCR agonists without success (Calver et al., 2003). The extremely high 394 

constitutive activity of GPR156 could result in a low dynamic range when performing functional 395 

screens and therefore limit the chances to identify possible agonists. At the same time, a high 396 

constitutive activity can be a useful tool for the identification of inverse agonists that represent 397 

attractive compounds for multiple pharmacotherapies (Berg & Clarke, 2018; Bond & Ijzerman, 398 

2006; Chen et al., 2020). Our screening also revealed Gi/o constitutive activation for both GPR158 399 

and GPR179, highly homologous class C receptors. GPR158 is abundantly expressed in several 400 

neuronal populations in the brain where it regulates stress-induced depression (Orlandi et al., 401 

2012; Orlandi, Sutton, Muntean, Song, & Martemyanov, 2019; Sutton et al., 2018). While, 402 

GPR179 is specifically expressed in the ON-bipolar neurons of the retina (Audo et al., 2012; 403 

Orlandi et al., 2012; Peachey et al., 2012). Point mutations in GPR179 gene were identified in 404 

patients with congenital stationary night blindness and further animal studies revealed its essential 405 

role in night vision (Audo et al., 2012; Peachey et al., 2012; Ray et al., 2014). At the molecular 406 

level, both GPR158 and GPR179 has been shown to interact and modulate the activity of a family 407 

of R7 Regulator of G protein signaling (R7-RGS) proteins (Orlandi et al., 2012). At the same time 408 

GPR179 acts as a scaffold for many components of the post-synaptic mGluR6-Go-TRPM1 409 

signaling complex (Orlandi, Cao, & Martemyanov, 2013). Moreover, their long extracellular N-410 

termini have been shown to interact with extracellular matrix components to form trans-synaptic 411 
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complexes (Condomitti et al., 2018; Dunn, Orlandi, & Martemyanov, 2019; Orlandi et al., 2018). 412 

Our results here indicate that GPR158 and GPR179 can simultaneously activate G proteins of 413 

the Gi/o family while scaffolding R7-RGS proteins, which act as GTPase activating proteins (GAP) 414 

for a subset of Gαi/o family members to terminate the G protein signal. These complexes may be 415 

required for the timely inactivation of G proteins in response to extracellular events thus limiting 416 

the diffusion of activated G proteins to a restricted post-synaptic microenvironment. Alternatively, 417 

this receptor complex configuration may limit the diversity of G proteins activated by GPR158 and 418 

GPR179 to a subset of Gαi/o family members that are not a suitable substrate for R7-RGS proteins 419 

such as Gαz. Further studies are needed to investigate the molecular implications of G protein 420 

activation by GPR158 in the brain and GPR179 in the retina. The involvement of GPR158 in 421 

stress-induced depression makes it an ideal target for development of a novel antidepressants, a 422 

desperately needed class of pharmaceuticals. While GPR179 loss of function in congenital 423 

stationary night blindness, a debilitating disease without current available treatments, makes it 424 

also a relevant candidate for drug discovery ventures. Finally, we detected a previously 425 

unreported Gi/o coupling for GPRC5D, the last identified member of the class C retinoic acid-426 

inducible receptor family (Brauner-Osborne et al., 2001). GPRC5D is mostly expressed in 427 

peripheral tissues and it has recently been associated with cancer (Atamaniuk et al., 2012; Smith 428 

et al., 2019). Specifically, its expression was found to be elevated on the surface of malignant 429 

cells involved in multiple myeloma, and it represents a viable target for chimeric antigen receptor 430 

(CAR) T cell immunotherapy of multiple myeloma (Kodama et al., 2019; Smith et al., 2019). The 431 

discovery of signaling pathways triggered by GPRC5D represents therefore an important step 432 

forward in the development of therapeutic treatments for white blood plasma cell cancer. 433 

In summary, here we provided a new sensitive strategy to profile constitutive Gi/o protein 434 

coupling for understudied orphan GPCRs. This approach represents a fundamental advancement 435 

in the deorphanization process and will likely accelerate the search for novel GPCR ligands. By 436 

screening the entire class C GPCR family, we discovered or confirmed Gi/o coupling for 5 out of 437 

the 8 orphan members, and, similarly, we revealed 3 Gi/o coupled receptors within a subset of 438 

class A oGPCRs. Several of these oGPCRs are associated with debilitating neuropsychiatric 439 

disorders or they are relevant for treatment of numerous cancers. Hence, improving our 440 

understanding of the biology of such receptors has clinical relevance and it is essential in the drug 441 

discovery process. 442 

 443 

 444 
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Figure 1. Analysis of GPCR constitutive activity. 4 luciferase reporter assays were used to

measure the constitutive activity of a library of 41 GPCRs that include 19 orphan GPCRs. The

amount of firefly luciferase accumulated in the cells was normalized on the levels of constitutively

expressed renilla luciferase. The effect of GPCR overexpression was compared to cells

expressing only the reporters (control cells, dotted line) and reported as fold-change over control.

Colors are used to discriminate know G protein coupling: Gs (yellow), Gq (orange), G12/13 (blue),

and Gi/o (green). oGPCRs are in gray. (a) NFAT-RE-induced luciferase expression. (b) CRE-

induced luciferase expression. (c) SRE-induced luciferase expression. (d) SRF-RE-induced

luciferase expression. The data shown represent the average of 3-6 independent experiments,

each performed in duplicate. Data shown as means ± SEM.
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Figure 2. Use of G protein chimeras to detect constitutive Gi/o activation. (a) Sequence

alignment of the last 14 amino acids of wild type G proteins (top), Gq-derived chimeras (middle),

and Gs-derived chimeras (bottom). Residues conserved among every G protein are highlighted in

gray. Residues that were substituted in the G protein chimeras were highlighted and aligned with

the G protein C-terminal sequence of the core protein (Gq, middle; Gs, bottom). (b) Constitutive

activation of Gq chimeras by overexpression of GRM2. Reported is the fold change over control

cells expressing only NFAT-Nluc reporter and renilla luciferase (dotted line). (c) Constitutive

activation of Gs chimeras activate by GRM2 and reported as fold change over control cells

expressing only CRE-Nluc reporter and renilla luciferase (dotted line). (d) Analysis of the

constitutive activity of the Gi/o-coupled metabotropic glutamate receptors GRM2, GRM3, GRM4,

GRM6, GRM7, and GRM8, the α2A-adrenergic receptor (ADRA2A), and the serotonin 1A

receptor (HTR1A) with each of the 8 Gq-and Gs-based chimeras. The data shown represent the

average of 3 (panels b and c) or 3-6 (panel d) independent experiments, each performed in

duplicate. Data shown as means ± SEM.
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Figure 3. G protein chimera activation by agonist-activated GPCRs using BRET assay. (a)

Schematic representation of the BRET assay used to detect agonist-induced activation of

ADRA2A. Norepinephrine application triggers the GDP exchange with GTP on the Gα subunit

and the subsequent dissociation of Gβγ-Venus. At the membrane, released Gβγ will interact with

the C-terminus of masGRK3 that is fused with Nanoluc. Using a BMG Omega plate reader we

can therefore detect the BRET signal generated. (b) Representative response profile showing the

BRET signal after norepinephrine application at 5 seconds. The ΔBRET ratio is calculated for

each of the wild type Gi1 and Gi3, or the chimeric G proteins bearing a Gi1 or Gi3 C-terminus. (c)

Norepinephrine activation of wild type Go or G protein chimeras with a Go C-terminus. (d)

Norepinephrine activation of wild type Gz or G protein chimeras with a Gz C-terminus. The data

shown were replicated in 3 independent experiments.
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Figure 4. Orphan GPCR screening for Gi/o coupling. Quantification of luciferase expression in

cells co-transfected with oGPCRs, Gs-based chimeras, CRE-Nluc, and renilla luciferase showed

as fold change over control cells not overexpressing oGPCRs. (a) Analysis of constitutive

activation of the GsGi1 chimera by class A and class C oGPCRs. (b) Constitutive activation of the

GsGo chimera by class A and class C oGPCRs. (c) Bi-dimensional representation of oGPCR Gi/o

constitutive activity. Only oGPCRs showing statistically significant activity are labeled. The data

shown represent the average of 4 (GsGi1) or 5 (GsGo) independent experiments, each performed

in duplicate (one-way ANOVA with Dunnett's multiple comparisons test, *p<0.05, **p<0.01

***p<0.001). Data are shown as means ± SEM. (d-f) Western blot analysis of protein levels

detected in cells transfected with oGPCRS or without (pcDNA3.1) as a negative control.

Antibodies raised against HA tag were used to detect class A oGPCRs (d), and some class C

oGPCRs (e). Antibodies against myc tag were used to detect class C GPR158 and GPR179 (f).
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Figure 5. Gi/o coupling validation for GPR156. (a) cAMP production induced by 0.5 µM forskolin

treatment at 3 minutes. (b) Quantification of the forskolin-induced amplitude reported in panel (a).

Cells overexpressing GPR156 and GRM2 show a constitutive inhibition of cAMP production while

cells transfected with GPRC5B are not significantly different from control cells transfected with

empty vector. Data are shown as means ± SEM (n = 7 independent experiments; one-way

ANOVA with Dunnett's multiple comparisons test, ***p<0.001).
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