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ABSTRACT: GPR3 belongs to the protein superfamily of G protein-coupled receptors (GPCRs) and plays a central role in both 
benign and malignant physiological processes, such as energy expenditure in adipocytes and Alzheimer’s disease pathology, 
respectively. Despite the therapeutic potential of both receptor agonists and inverse agonists, GPR3 so far has lacked drug-
like ligands and innovative screening technologies, hindering effective drug discovery efforts targeting this receptor. To over-
come the limitations of conventional ligand screening techniques based on cAMP accumulation or -arrestin recruitment, we 
developed a conformational GPR3 biosensor to monitor receptor activity in living cells with high-throughput screening (HTS)-
compatible sensitivity and robustness. Combined with virtual compound screening against homology models of GPR3 and 
classical medicinal chemistry, this biosensor enabled us to identify new ligands, one of which (compound 33) modulates 
GPR3-dependent Gs activity with nanomolar potency. Our study not only presents novel GPR3 ligands for future optimization 
efforts and paves the way for even further expansion of the GPR3 ligand repertoire, but our sensor approach also provides a 
blueprint for targeting other therapeutically attractive yet challenging orphan GPCRs. 

Introduction 

Members of the protein superfamily of G protein-coupled re-
ceptors (GPCRs) are targeted by more than 30% of FDA-
approved drugs. However, more than two-thirds of all non-ol-
factory GPCRs remain untapped for disease therapy, including 
many orphan GPCRs - receptors with yet unknown endogenous 
ligands. While one of the class A orphan GPCRs, GPR3, has only 
recently been deorphanized,1–3 it still lacks drug-like ligands; 
moreover, innovative technologies to better study this receptor 
are just beginning to emerge4.  

GPR3, together with GPR6 and GPR12, is part of a cluster of 
class A GPCRs that is phylogenetically related to receptors that 
bind sphingosine-1-phosphate (S1P), lysophosphatidic acid 
(LPA), cannabinoids and proopiomelanocortin-derived pep-
tides. GPR3 activity is involved in both benign and malignant 
physiological processes. In the central nervous system (CNS), 
GPR3 mediates neurite outgrowth and neuronal cell survival5,6 
but has also been implicated in Alzheimer’s disease7–10. In the 

periphery, GPR3 regulates oocyte maturation and drives ther-
mogenic programs in adipocytes11. These examples demon-
strate that both agonists and inverse agonists of GPR3 may be 
of therapeutic value for various pathologies. Although re-
searchers have been trying to discover molecules that target 
GPR3 for more than two decades, only a limited set of ligands 
that were validated in independent laboratories is currently 
available (Chart 1). While the activity of S1P and cannabidiol 
(CBD) on GPR3 remains questionable in light of conflicting re-
ports12–16, AF64394 and its structural analogs have demon-
strated their value as GPR3-specific inverse agonists4,17,18. In 
addition, diphenyleneiodonium chloride (DPI) is a proven syn-
thetic agonist of GPR3 and a recently characterized DPI deriva-
tive promotes GPR3-dependent cAMP production with sub-mi-
cromolar potency12,19. In addition, the recent biochemical and 
structural studies revealed that endogenous long-chain lipids 
and fatty acids stabilize GPR3 in an active conformation1,2. 

The very limited number of success stories illustrates that 
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today’s GPR3-targeted drug discovery is still hampered by a 
poor understanding of the role of this receptor in cellular sig-
naling and by a limited panel of assays that reveal GPR3 activity 
in living cells. This is emphasized by the fact that the few GPR3 
ligands currently validated were discovered using one of only 
two available assay principles - cAMP accumulation or -arres-
tin recruitment12,17,18. We thus reasoned that an innovative 
sensing approach is needed to facilitate tailored GPR3 ligand 
screening with higher success rates. Hence, we aimed to de-
velop a sensor that detects compound-induced changes in 
GPR3 activity in a pathway-independent manner in a medium- 
to high-throughput screening (HTS) assay format. The latest 
generation of conformational GPCR sensors, based on biolumi-
nescence resonance energy transfer (BRET) between NanoLu-
ciferase (Nluc)20 and HaloTag21, fulfills these criteria22–24.  
Here, we present the generation of the first conformational bi-
osensor for an orphan GPCR with HTS-compatible sensitivity 
and robustness. We further demonstrate how this optical tool 
enabled us to identify new GPR3 ligands by combining virtual 
compound screening against 3D receptor models with a classi-
cal medicinal chemistry approach. Our most potent new GPR3 
ligand is an inverse agonist that induces conformational 
changes in GPR3 with low micromolar potency and reduced ba-
sal Gs activity downstream of GPR3 with nanomolar potency. 

Chart 1. Structures of proposed GPR3 ligands.  

 

Results and Discussion 

Design and validation of a conformational GPR3 sensor  

To develop a conformational GPR3 biosensor that can be used 
in a microtiter well plate format, we employed the intramolec-
ular BRET design previously validated for several class A 
GPCRs22–24. The BRET donor NanoLuc was fused to the recep-
tor’s full-length C-terminus and the self-labeling protein tag, 
HaloTag, was inserted into GPR3’s third intracellular loop be-
tween amino acids Arg231 and His232 (Fig. 1a; protein se-
quence in Fig. S1). This GPR3-HaloTag/Nluc fusion construct 
even showed enhanced surface expression levels compared to 
wildtype GPR3, confirmed by whole-cell ELISA using the N-ter-
minal HA-Tag of these GPR3 constructs (Fig. 1b). Upon expres-
sion of GPR3-HaloTag/Nluc in human embryonic kidney 293A 
cells (HEK293A), fluorescence labeling with the HaloTag® 
NanoBRET™ 618 ligand and addition of Nluc substrate furima-
zine, BRET in the receptor’s basal conformation was indicated 
in the luminescence emission spectrum by the characteristic 

acceptor peak around 620 nm (Fig. 1c). In addition, treatment 
with the GPR3 inverse agonist AF64394 resulted in a time- and 
ligand-concentration-dependent increase in BRET (Fig. 1d, e). 
The calculated EC50 value of 161 nM is similar to the affinity of 
AF64394 for N-terminally Nluc-fused GPR34 and to its previ-
ously determined potency of inhibiting GPR3 wildtype-medi-
ated cAMP production17, demonstrating the functionality of 
this conformational GPR3 biosensor. Additionally, experiments 
with a GPR3-HaloTag/Nluc mutant with impaired AF64394 
binding4 (Fig. 1e) and with HaloTag/Nluc-based biosensors of 
the 2A- and 2-adrenergic receptors (2AR)22 further con-
firmed the specificity of the AF64394-induced response at this 
GPR3 biosensor (Fig. S2). To assess the suitability of this new 
sensor for medium- to high-throughput ligand screening, we 
measured its Z’-factor25 in four independent experiments, con-
firming the high sensitivity (mean ± SEM Z’-factor = 0.78 ± 
0.02) and low inter-day variability (coefficient of variation = 
6.3%) (Fig. 1f). Ultimately, we also confirmed the signaling ca-
pacity of the GPR3 sensor using a cAMP biosensor26 (Fig. 1g). 
These experiments revealed elevated basal levels of cAMP 
when GPR3-HaloTag/Nluc was co-expressed (Fig. 1h) and a 
concentration-dependent reduction of cAMP by AF64394 (Fig. 
1i), demonstrating that the novel GPR3 conformational biosen-
sor possesses GPR3 wildtype-like signaling capacity.   

Virtual screening for new GPR3 ligands 

To demonstrate the value of this signaling pathway-independ-
ent readout of receptor activity for ligand discovery campaigns, 
we used the conformational biosensor to screen for GPR3 ac-
tivity modulating compounds. To preselect the compounds to 
be tested in vitro, we conducted a structure-based in silico 
screening using molecular docking calculations27. At the time 
this study started, no experimental structures of GPR3 or the 
related receptors GPR6 and GPR12 were available. Hence, we 
constructed active- and inactive-state GPR3 homology models 
based on experimental structures of the phylogenetically re-
lated Cannabinoid receptor 1 (PDB IDs 6N4B and 5TGZ, respec-
tively) (Fig. S3a-c). From exploratory docking calculations 
against the orthosteric pockets of both GPR3 models to assess 
their utility in a prospective screening, AF64394 and two struc-
tural analogs were ranked favorably compared to a randomly 
selected subset of our virtual compound library (about 700 
molecules), indicating that the models were indeed able to rec-
ognize these GPR3 ligands (Fig. S3d, e). While encouraging, a 
recent experimental structure of GPR3 in complex with 
AF64394 shows that this ligand does not bind to the orthosteric 
pocket (Jun Xu, personal communication), hence we would not 
have included this step had the project been started today. A 
library of around 70,000 readily available compounds from the 
Chemical Biology Consortium Sweden (CBCS) was then docked 
to each of these structures (about 110,000 entries at pH 7 ± 2). 
The docking poses of the top 100 (based on the docking score) 
molecules were visually inspected for each of the docking cal-
culations to the active- and inactive-state GPR3 models. Addi-
tionally, the poses of 120 molecules from a consensus list (be-
tween the top 1000 molecules of either docking calculation) 
were evaluated. After this visual inspection followed a cluster-
ing of compounds based on 2D similarity to obtain a high struc-
tural diversity of compounds to be tested. Finally, 31 and 20 
molecules were obtained from the lists resulting from docking 
to the inactive and active GPR3 model, respectively, and 42 
compounds were obtained from the consensus list for in vitro 
testing.  
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In vitro testing of virtual hits 

Initially, all 93 molecules were tested for activity at the GPR3 
biosensor at a concentration of 1 M (Fig. 2a). Only three com-
pounds induced a BRET response exceeding the threshold of 
the mean vehicle response ± three-fold standard deviation and 
were subsequently applied at serial dilutions to cells express-
ing either GPR3- or 2AR-HaloTag/Nluc22 (Fig. S4a-c). All three 

compounds induced GPR3-specific conformational changes. 
We hence searched for commercially available derivatives of 
these three molecules and obtained 14 additional compounds. 
Among these analogs, two more compounds induced GPR3-
specific conformational changes (Fig. S4d-e). Of the five com-
pounds that emerged from the virtual screen, three – hereafter 
referred to as virtual hit 1-3, VH1/2/3 – were selected for in-

Figure 1. Development of a conformational GPR3 biosensor. a) Design of the conformational GPR3 biosensor. b) Surface expres-
sion of wildtype GPR3 and the GPR3 biosensor. c) Luminescence spectra of the HaloTag labeled and unlabeled GPR3 sensor. d) 
AF64394-induced BRET time course of the GPR3 biosensor. Arrow indicates the time point of AF64394 or vehicle addition. e) 
Concentration-response curves of AF64394 obtained with the GPR3 sensor and a mutant variant. f) Z-factor of the GPR3 biosen-
sor. g) Scheme of the cAMP assay to assess the signaling capacity of the GPR3 biosensor. h) cAMP sensor BRET ratio upon co-
expression of GPR3 sensor or wildtype. i) Concentration-response curves of AF64394 obtained with the cAMP biosensor in cells 
co-transfected with pcDNA, GPR3 wildtype or GPR3 sensor. All experiments were conducted in transiently (b - e, h, i) or stably 
(f) expressing HEK293A cells. Data show mean ± SEM of three to four independent experiments. Statistical significance in (b) 
and (h) was tested using One-Way ANOVA followed by Tukey`s multiple comparison. Statistical difference of logEC50 values in 
(e) and between the top plateaus in (i) was tested using the extra-sum-of-squares F-test. *: p<0.05; ***: p=0.0002; ****: p<0.0001. 
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house chemical synthesis (compounds 52, 93, and 115; cf. 
Scheme 1, Figure S5), providing compounds of ≥ 99% purity 
for hit validation (NMR spectra: Fig. S6-S141; HPLC purity: Fig. 
S142 – S217). For VH1, the racemic mix, rac-VH1/52, was syn-
thesized and used for testing. Compounds 52, VH2/93, and 

VH3/115 (Fig. S5) were then validated with the GPR3 biosen-
sor including 2AR-HaloTag/Nluc as a negative control. All 
three compounds induced concentration-dependent and 
GPR3-specific conformational changes with potencies ranging 
from 25 (rac-VH1) to 85 M (VH3) (Fig. 2b-d).

With the first GPR3 ligands identified by using a conforma-
tional readout in our hands, we next wanted to understand 
whether these compounds could have been detected in a cAMP-

based assay, which has been used extensively in the past to 
screen for GPR3 ligands. We therefore tested rac-VH1/52, 
VH2/93 and VH3/115 in cells expressing a cAMP biosensor. 
Interestingly, only rac-VH1 and – to a much lesser extent – VH2 
induced GPR3-dependent changes in cAMP concentrations, 
demonstrating that a cAMP-based screen would likely have 
Figure 3. Effect of rac-VH1/52, VH2/93 and VH3/115 on 
GPR3-dependent cAMP production. a-c) BRET changes induced 
by vehicle control or 30 µM rac-VH1/52 (a), VH2/93 (b) or 
VH3/115 (c) in HEK293A cells transiently transfected with a 
cAMP BRET sensor along with pcDNA or GPR3. Data show 
mean ± SEM of three independent experiments. Statistical sig-
nificance was tested using Two-Way ANOVA followed by Sidak 
multiple comparison (*: p < 0.5; **: p < 0.01).  

Figure 2. In vitro testing of virtual screening hits. a) BRET changes of GPR3-HaloTag(618)/Nluc induced by 93 ordered test com-
pounds (1 M), vehicle control (grey) or 10 M AF64394 used as positive control. The grey shaded area indicates negative con-
trol ± threefold SD. b-d) Concentration response curves of in-house synthesized rac-VH1/52, VH2/93 and VH3/115 obtained 
with the GPR3-HaloTag(618)/Nluc or 2AR-HaloTag(618)/Nluc sensor used as a negative control. Data show mean ± SEM of two 
(a) or three (b-d) independent experiments conducted in HEK293A cells stably expressing the indicated biosensors. 
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incorrectly classified VH3 as a nonbinder (Fig. 3).  
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Scheme 1. Synthesis of VH1-3 analogs 21-37 (A), 52-77 (B, C), 80-84 (D), 93-110 (E), and 115-124 (F). Reagents and conditions: 
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Figure 4. In vitro testing of VH1 analogs. a) BRET changes of GPR3-HaloTag(618)/Nluc induced by vehicle control, rac-VH1/52 and 49 
chemical analogs. b-d) Concentration response curves of VH1 analogs 80 (b), 56 (c) and 33 (d) obtained with the GPR3-
HaloTag(618)/Nluc sensor. e) Comparison of the 33 response at GPR3- vs. 2AR-HaloTag(618)/Nluc sensor. f, g) Concentration response 
curves of rac-VH1/52 and its analogs 21, 23, 26, 27, 33, and 34 – 37 obtained with the GPR3-HaloTag(618)/Nluc sensor. Data show 
mean ± SEM of three independent experiments conducted in HEK293A cells stably expressing the indicated biosensor. 
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Unfortunately, the GPR3-HaloTag/Nluc responses observed 
with 10 and 100 M compound treatment suggested that none 
of the eighteen molecules were significantly more potent than 
the template molecules (Fig. S218 - S220). Hence, we decided 
to take this information and used classical medicinal chemistry 
strategies to derivatize VH1/VH2/VH3 in smaller increments 
and obtain analogs more similar to the templates (Fig. S221). 
In total, we synthesized 48 different analogs of VH1 (21-37, 52-
77, and 80-84; including rac-VH1/52), 17 VH2 analogs (93-
110) and 9 VH3 analogs (115-124) (cf. Scheme 1) with modi-
fications in different regions of the molecule. Details regarding 
the synthesis and analytical validation of these molecules can 
be found in the Supporting Information (NMR spectra: Fig. S6-
S141; HPLC purity: Fig. S142-S217) and Scheme 1. All 74 rac-
VH1/VH2/VH3 analogs were first tested at two different con-
centrations, 10 M and 100 M, with GPR3-HaloTag(618)/Nluc 
and the observed BRET changes were compared to those ob-
tained with VH1/2/3 in the same biological replicates (Fig. 4a, 
Fig. S222). From these results, promising analogs were se-
lected for full concentration-response experiments at GPR3-
HaloTag(618)/Nluc. Three interesting VH1 derivatives 
emerged from this analysis: While compounds 56 and 80 
showed only small left-shifts of the concentration-response 
curves (i.e. higher potency) compared to the template molecule 
rac-VH1/52 (Fig. 4b, c), 33 showed a more pronounced, 

approximately sixfold, improvement in ligand potency (Fig. 
4d) and selectivity for GPR3 over 2AR (Fig. 4e). Structurally, 
33 shares very little similarity with the known GPR3 inverse 
agonist AF64394 (atom pair Tanimoto = 0.22; maximum com-
mon substructure Tanimoto = 0.20 using PubChem finger-
prints as implemented on chemminetools.ucr.edu29), under-
scoring the novelty of this compound as a GPR3 ligand.   
The EC50 value of 33 at the GPR3 conformational biosensor was 
5 M (95% CI: 1 – 19 M). Strikingly, 33 showed a reduced am-
plitude in the GPR3 conformational change readout (which was 
still robustly reproducible in all of our independent experi-
ments; Fig. S223), indicating that the modification from rac-
VH1/52 to 33 caused a loss in inverse agonist efficacy whilst 
enhancing ligand affinity. To obtain deeper insights into the 
structure-activity relationship of rac-VH1/52 and 33, we fur-
ther collected concentration-response data for other VH1 de-
rivatives of this analog series (Fig. 4f, g). Our analysis revealed 
that the hydroxy and ether-groups, as well as the para chlorine 
substituent are dispensable for VH1 action because both 21 
and 23 showed similar efficacy as rac-VH1/52. In addition, the 
reduced BRET response obtained with 26 and 27 indicates that 
the loss in inverse agonist activity for 33 could be due to the 
shortening of the linker between the central heterocyclic sys-
tem and the “upper” aromatic ring (Fig. 4f). This effect of side 
chain truncation was, however, strictly dependent on the cyclo-
propyl substituent, because none of the other truncated, satu-
rated VH1 analogs (34 - 37) exhibited the low micromolar po-
tency observed with 33 (Fig. 4g).  

To develop a hypothesis for the cause of the significant loss in 
efficacy from VH1 to 33, we computationally predicted the 
binding poses of both molecules in GPR3 (Fig. 5a). Our docking 
suggests that the para-substituted phenyl ring of VH1 and its 
linker extend towards the extracellular space without making 
any contacts with the receptor. In contrast, the cyclopropyl ring 
of 33 is still buried in the receptor’s transmembrane core. In 
addition, further energy minimization of the GPR3 ligands indi-
cated that 33, but not VH1, can also find an energetically favor-
able pose deeper inside the transmembrane core of GPR3 to-
wards transmembrane helix 2. Notably, these computationally 
predicted poses of VH1 and 33 were supported by experi-
mental data with mutant variants of the GPR3 showing 
wildtype-like surface expression levels4. While the insertion of 
bulky tryptophan residues in extracellular loop 2 right-shifted 
the rac-VH1/52 concentration-response at the GPR3 biosensor 
(Fig. 5b), 33 was not affected by these modifications (Fig. 5c). 
These results suggest that 33 binds to GPR3 in a different man-
ner compared to VH1, which may relate to the mechanistic ba-
sis for the apparent reduction in inverse agonist efficacy from 
VH1 to 33. 

Pharmacological characterization of 33  

To further delineate the pharmacological properties of 33, we 
evaluated its activity in signaling assays downstream of GPR3. 
When 33 was applied to HEK293A cells expressing our Gs dis-
sociation biosensor, Gs-CASE30, a concentration- and GPR3-
dependent increase in BRET was observed with an EC50 value 
of 250 nM (95% CI: 13 nM – 3 M) (Fig. 6a, b). These data con-
firm that 33 is an inverse agonist of GPR3. We also investigated 
whether 33 blocks the activity of previously validated GPR3 lig-
ands – the agonist DPI and the inverse agonist AF64394 (Chart 
1) – in a cAMP assay31. Intriguingly, 33 had no effect on the ef-
fect of AF64394 (Fig. 6c), which is consistent with a recent ex-
perimental GPR3 structure showing non-orthosteric binding of 
AF64394 (Jun Xu, personal communication), but inhibited DPI-

Figure 5. Proposed binding poses of VH1 and 33. a) Computa-
tionally predicted binding poses of VH1 (blue) and 33 (pink) in 
GPR3 (model based on PDB 8X2K). b, c) Concentration response 
curves of rac-VH1/52 (b) and 33 (c) obtained with wildtype and 
mutant GPR3 conformational sensors.  Data show mean ± SEM 
of three independent experiments conducted in transiently 
transfected HEK293A cells. Statistical difference of the pEC50 
values was tested using extra-sum-of-squares F-test (*p < 0.5).  
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induced cAMP generation (Fig. 6d). These data support our 
previous observation that DPI and AF64394 engage distinct 
sites in GPR34 and suggest that 33 competes with DPI for GPR3 
binding.  

Physicochemical properties of 33 

Finally, we assessed the physicochemical properties of 33 us-
ing the SwissADME Swiss Drug Design online tool32. This anal-
ysis indicated that 33, with a molecular weight of only 277 
g/mol, a calculated Log-P of 2.9, no Lipinski rule violations, 
zero PAINS alerts, high leadlikeness and high synthetic accessi-
bility (2.4 on a scale ranging from 1-10 / highly accessible-not 
accessible), provides ample room for synthetic expansions and 
modifications in future campaigns aiming for more potent and 
efficacious 33 analogs. 

Conclusions 

GPR3 is a class A GPCR that holds great potential for the devel-
opment of treatments against severe human diseases. How-
ever, the therapeutic exploitation of this target is hampered by 
a very limited number of available GPR3 ligands. To fill this gap, 
we have developed an analytical tool that enables the discovery 
and characterization of new GPR3 ligands. Our biosensor de-
tects ligand-induced conformational changes in GPR3 and 

allowed us to identify and optimize new ligands by combining 
this advanced analytical tool with virtual compound screening 
and classical medicinal chemistry. Our virtual screening ap-
proach based on compound docking to 3D models of GPR3 re-
vealed three chemically novel inverse agonists of GPR3, VH1-3. 
Subsequent synthesis of more than 70 VH1/2/3 analogs al-
lowed us to further improve the potency of VH1 and identify 
one of its chemical analogs, 33, as a GPR3 ligand with low mi-
cromolar potency in the conformational readout (EC50 = 5 M) 
and sub-micromolar potency in a signaling-based G protein re-
association assay (EC50 = 249 nM). Additionally, mutagenesis 
studies and competition experiments with two known GPR3 
ligands provided insights into the binding mode of 33 at GPR3. 
In the future, 33 may, due to its favorable chemical character-
istics, serve as a useful lead structure for the development of 
advanced GPR3 inverse agonists that could aid in the treatment 
of severe, GPR3-dependent diseases such as Alzheimer’s dis-
ease. Its low molecular weight, balanced physicochemical 
properties and high synthetic accessibility allows for extensive 
chemical derivatization towards further advanced GPR3 in-
verse agonists.  

Collectively, our results demonstrate the power of structure-
based ligand discovery pipelines including readily applicable 

Figure 6. Compound 33 inhibits constitutive and ligand-dependent GPR3 signaling. a) Schematic of a live-cell Gs heterotrimer disso-
ciation / re-association assay to assess GPR3-dependent Gs activity. b) Concentration response curves of 33 obtained with the Gs 
dissociation sensor in cells co-transfected with GPR3 or empty vector control (pcDNA). c-d) Concentration response curves of 
AF64394 (c) and DPI (d) obtained with a cAMP biosensor in cells co-expressing GPR3 and pretreated with 30 M 33 or vehicle 
control. Data show mean ± SEM of three (c, d) or four (b) independent experiments conducted in HEK293A cells transiently express-
ing the indicated proteins. Extra-sum-of-squares F-test was performed to check for statistical difference of the EC50 values in (c) and 
(d) (****: p < 0.0001). 
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conformational GPCR biosensors. Using such tools, the modu-
lation of receptor activity can be detected in a downstream sig-
naling pathway-independent – and therefore unbiased – man-
ner, reducing the risk of false screening results. This advantage 
is particularly relevant for poorly-studied targets, e.g., orphan 
GPCRs with often unknown signaling patterns, as exemplified 
by the discovery of VH3/115. VH3/115 modulates the confor-
mation of GPR3 but not GPR3-dependent cAMP production. 
This provides evidence for an unproductive GPR3 confor-
mation that is stabilized by VH3 or GPR3 signaling via Gs- and 
cAMP-independent pathways, possibilities that require further 
investigation. 
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