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G protein coupled receptor 6 (GPR6) is a cannabinoid-related Class A GPCR 

orphan receptor, with high abundance in the central nervous system and high constitutive 

activation of adenylyl cyclase. A variety of research groups reported that GPR6 

represents a possible target for the treatment of different neurodegenerative disorders 

such as Parkinson’s disease, Alzheimer’s disease, or Huntington’s Disease. Different 

pharmaceutical companies claim the use of GPR6 inverse agonists in the treatment of 

Parkinson’s disease and other dyskinesia syndromes by using a wide range of pyrazine 

derivatives analogs.  

 In the first chapter, a review for the closely related orphan receptors GPR3/6/12, 

that share a high percentage of sequence homology is provided. This chapter includes 

background information about GPR3/6/12, pharmacological importance, reported 

molecules that target them, and their physiological role inside and outside the central 

nervous system.  

 In sight of the lack of GPR6 structural information, the second chapter is a 

detailed description of constructing a homology model of the GPR6 inactive state (R), 

using a suite of computational techniques. Using the GPR6 R model, docking studies 

were performed to rationalize the structure activity relationship of the patented pyrazine 

analogs, that act as GPR6 inverse agonists.  

  



Chapter III discusses the designing, docking, and synthesis of novel potential 

GPR6 modulators. A subset of pyrazine analogs was used here as a starting point for the 

design of novel GPR6 inverse agonists using a fragment-based scaffold hopping 

approach, with taking into consideration the structural knowledge that has been gathered 

from building GPR6 model and docking studies. 

Chapter IV is focused on cannabimimetic compounds’ interaction with GPR6. 

Pharmacological evaluation and docking studies to help in understanding the structure 

activity relationship of cannabinoid receptor 2 antagonist SR144528 (5-(4-chloro-3-

methylphenyl)-1-[(4-methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-

trimethylbicyclo[2.2.1]hept-2-yl]-1H-pyrazole-3-carboxamide) and its analogs in 

regulating GPR6 -arrestin2 recruitment is discussed in here. 
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Abstract 

GPR3, GPR6, and GPR12 are three orphan receptors that belong to the Class A 

family of G-protein-coupled receptors (GPCRs). These GPCRs share over 60% of 

sequence similarity among them. Because of their close phylogenetic relationship, GPR3, 

GPR6, and GPR12 share a high percentage of homology with other lipid receptors such 

as the lysophospholipid and the cannabinoid receptors. On the basis of sequence 

similarities at key structural motifs, these orphan receptors have been related to the 

cannabinoid family. However, further experimental data are required to confirm this 

association. GPR3, GPR6, and GPR12 are predominantly expressed in mammalian brain. 

Their high constitutive activation of adenylyl cyclase triggers increases in cAMP levels 

similar in amplitude to fully activated GPCRs. This feature defines their physiological 

role under certain pathological conditions. In this review, we aim to summarize the 

knowledge attained so far on the understanding of these receptors. Expression patterns, 
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pharmacology, physiopathological relevance, and molecules targeting GPR3, GPR6, and 

GPR12 will be analyzed herein. Interestingly, certain cannabinoid ligands have been 

reported to modulate these orphan receptors. The current debate about sphingolipids as 

putative endogenous ligands will also be addressed. A special focus will be on their 

potential role in the brain, particularly under neurological conditions such as Parkinson or 

Alzheimer’s disease. Reported physiological roles outside the central nervous system will 

also be covered. This critical overview may contribute to a further comprehension of the 

physiopathological role of these orphan GPCRs, hopefully attracting more research 

towards a future therapeutic exploitation of these promising targets. 

Keywords: Orphan receptors, GPR3, GPR6, GPR12, Neurodegenerative diseases, 

Cannabinoids 

Introduction 

The molecular cloning of GPR3, GPR6 and GPR12 was reported over two 

decades ago 1–3. The genes encoding these three receptors were located in the human 

chromosomal regions 1p36.1, 6q21, and 13q12, respectively. Sharing a high percentage 

of sequence homology among them, GPR3, GPR6 and GPR12 form a subgroup of 

orphan class A GPCRs (GPR3/6/12) characterized by their high constitutive activity 2. 

Because of their phylogenetic relationship, GPR3/6/12 belongs to the so-called MECA 

cluster 4,5. This group of receptors is formed by the melanocortin receptors (MCRs), the 

endothelial differentiation G-protein-coupled receptors (EDGR) [currently known as 

lysophospholipid receptors: sphingosine 1-phosphate (S1PR) and lysophosphatidic acid 

(LPAR) receptors], the cannabinoid receptors (CBR), the adenosine binding receptors 
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(AR), and the GPR3/6/12 orphan subset (Figure 1). According to the phylogenetic 

analysis reported by Fredriksson and coworkers, GPR3 and GPR6 share chromosomal 

positions with the cannabinoid receptors, which suggests that they share a common 

ancestor 4. As detailed in subsequent sections, these receptors share common conserved 

motifs and specific structural features. 

 

Figure 1. Phylogenetic Tree Representation of the MECA Cluster. 

 

Molecules potently and selectively targeting these receptors remain to be 

discovered. Very few small molecules have been identified as modulators of these 

GPCRs. Endocannabinoids such as anandamide or 2-arachidonoylglycerol failed to 

modulate these orphan receptors 6,7 whereas cannabidiol (CBD) and other 

phytocannabinoids displayed activity at GPR3, GPR6 and/or GPR12 7–9. Some 

sphingolipids have been proposed as putative endogenous ligands for GPR3, GPR6 

and/or GPR12 10–12. However, due to the pharmacological inconsistencies reported 
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among assays, the International Union of Basic and Clinical Pharmacology (IUPHAR) 

still categorizes these three receptors as orphans 13. 

Their close phylogenetic relationship with CB1 and CB2 along with the fact that 

they may share common ligands, led researchers to postulate a possible association 

between GPR3, GPR6 and GPR12 and the endocannabinoid system 14. Nonetheless, 

extensive studies need to explore this relation, as well as, possible interactions among 

these GPCRs under specific physiopathological conditions.  

Within the past years, numerous studies have linked GPR3, GPR6 and GPR12 to 

several neurological processes, as well as other functions outside the brain such as oocyte 

maturation or metabolism.  However, the lack of adequate pharmacological tools is 

delaying the elucidation of their biological relevance and their potential modulation in the 

treatment of diverse disorders.  

The current review intends to provide an organized and critical summary of the 

literature reported on the characterization of these attractive but complex orphan GPCRs. 

This global perspective may also help analyzing their role and identifying novel 

approaches for further investigations. 

General Features: Structure and Expression 

The orphan receptors GPR3, GPR6 and GPR12 are members of the rhodopsin-

like class of GPCRs. These receptors, whose human sequences contain 330, 362, and 334 

amino acids respectively, share about 60% of sequence identity among them. GPR3, 

GPR6 and GPR12 bear over 90% identity with their mouse and rat homologues. 

Sequence similarities at a transmembrane level with other GPCRs include over 45% 
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homology with the lysophospholipid receptors LPA1, S1P1, and S1P5, and over 40% 

homology with the cannabinoid receptors CB1 and CB2.
1 This high percentage of 

sequence homology with other lipid-sensing receptors of the MECA cluster leads them to 

share specific structural features and lack distinct motifs when compared to other receptor 

subfamilies. For instance, these receptors lack a helix kinking proline residues in the 

second and fifth transmembrane segments and have only one internal disulfide bridge in 

the second extracellular loop. GPR3, GPR6 and GPR12 also contain highly conserved 

residues in the transmembrane helices such as N1.50, D2.50, R3.50, W4.50, P6.50, and 

P7.50. In addition, they preserve the specific motifs present in TMH3, TMH6 and TMH7 

which are DRY, CWXP, and NPXXY motifs, respectively 15. 

Despite their structural similarities, sequence differences in specific 

transmembrane regions, extracellular and intracellular loops have been observed among 

GPR3, GPR6 and GPR12 16. In fact, further structural understanding of these differences 

among receptors may help designing future selective ligands for each of them.  

Although no crystal structure has been reported yet for any of these orphan 

receptors, computational molecular models are being developed based on GPCRs with 

currently available crystal structures 15. These homology models take into consideration 

structural differences and similarities with other GPCRs while identifying potential 

binding pocket residues for GPR3, GPR6 and GPR12. This computational approach may 

lead to the optimization of known ligands and will aid future drug discovery.  

 

1 http://gpcrdb.org/ 
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The physiological role of GPR3, GPR6 and GPR12 is clearly defined by their 

high presence in the central nervous system (CNS) 1,2,17. As represented in Figure 2, 

GPR3 is highly expressed in hippocampus, hypothalamus, cerebral cortex and 

cerebellum. Moreover, GPR6 is mainly located in striatum and hypothalamus, while 

GPR12 was detected in cerebral cortex, striatum and cerebellum.2  

 

Figure 2. Schematic Representation of GPR3, GPR6, and GPR12 Expression. 

 

To a lesser extent, these GPCRs are also found in peripheral tissues. For instance, 

GPR3 is present in the eye, heart, breast, liver, ovary, testis, adipose tissue and skin. 

However, in humans, GPR6 and GPR12 have very low expression at a peripheral level. 

GPR12 can be found in the eye, breast, liver, and skin, while low levels of GPR6 were 

 

2 https://www.proteinatlas.org/ 
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detected in the stomach and testis.2 It is worth mentioning that GPR3 and GPR12, but not 

GPR6, were detected in human umbilical vein endothelial cells 18. 

Even though similar expression patterns have been reported in other species, 

differences in particular tissues and cells have also been observed 19. For instance, 

expression of GPR12 was detected in oocytes of rats and mice but not in humans 20,21. 

In summary, since these receptors are highly expressed in human brain regions 

tightly associated with particular neurological disorders, they could represent potential 

therapeutic targets. Detailed abnormal expression under certain pathological conditions 

will be described in the biological relevance section.  

Pharmacology 

A high constitutive activation of adenylyl cyclase has been consistently observed 

in GPR3, GPR6 and GPR12 2,10,22. In the absence of a ligand, the basal activity of these 

receptors was found to be similar to the activity of fully activated Gαs-coupled receptors 

with their corresponding modulators 2,10. Experiments from diverse research groups 

demonstrated that these three receptors cause a significant increase in intracellular cAMP 

levels in a wide variety of cell lines 2,10,12,23,24. 

Besides their clear ability to couple to Gs, GPR6 and GPR12 have also been 

reported to transduce their signal through Gi/o. This G-protein promiscuity has been 

observed by independent research groups using different GPR6 or GPR12-transfected 

cell lines and a variety of functional outcomes 10–12,22. However, this G-protein dual 

coupling ability was not demonstrated for GPR3. 
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To the best of our knowledge, there is no further evidence of these orphan 

receptors coupling with other G subunit partners. In fact, co-expression of GPR3, GPR6 

or GPR12 with Gq or G16 did not produce substantial intracellular Ca2+ release 10,12. 

On the other hand, the G protein independent -arrestin2 signaling pathway has 

not been thoroughly investigated at these orphan receptors. GPR3 is the only receptor 

within this cluster for which this pathway was proved to be of special relevance under 

certain pathological conditions 25. This will be further detailed in a following section (see 

Biological relevance section). 

At a molecular level, little is known about the mechanisms that control their 

signaling activity or potential subcellular localizations. Different reports demonstrated 

that GPR6 can signal from intracellular compartments. Prasad and collaborators 

confirmed the intracellular localization of GPR6 using multiple detection methods such 

as imaging assays, biotinylation or proteolytic enzymes using GPR6-HEK293 cells and 

striatal neurons. 26,27.  Further assays demonstrated the Gs-mediated constitutive activity 

of GPR6 suggesting its ability to signal from within the cell.  

In contrast, Lowther and coworkers suggested that GPR3 does not signal 

following endocytosis 28,29. They observed that GPR3 signals at the cell surface being 

susceptible to desensitization by a -arrestin2 and GRK2 (G protein-coupled receptor 

kinase)-mediated mechanism. In fact, endocytic inhibition increased cAMP levels and 

GPR3 accumulation at the cell-surface, whereas overexpression of GRK2 and -arrestin2 

led to lower cAMP levels and a reduced GPR3 cell-surface expression 29. 
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Further biochemical mechanistic studies are clearly needed for a better 

pharmacological characterization of GPR3, GPR6 and GPR12. Advances in the 

development of specific antibodies and potent and selective ligands will certainly guide 

additional insights into downstream signaling events at these promising targets.   

Molecules Targeting GPR3/6/12 

Thus far, very few ligands have been reported to modulate these orphan receptors. 

In fact, the lack of potent, efficacious and selective GPR3, GPR6 and GPR12 ligands is 

delaying their therapeutical exploitation. Therefore, a structural understanding of these 

molecules and the identification of characteristic features might be crucial for further 

development of the desirable pharmacological tools. This section offers an overview of 

reported ligands and their pharmacology. 

Putative Endogenous Ligands 

A number of bioactive lipids have been inconclusively tested as potential 

endogenous molecules at GPR3/6/12 6,30. Despite the lack of consensus, several reports 

point towards the lysophospholipids sphingosine 1-phosphate (S1P), dihydrosphingosine-

1-phosphate (DHS1P), and sphingosylphosphorylcholine (SPC) (Figure 3) as putative 

endogenous ligands for GPR3, GPR6 and/or GPR12. As detailed below for each 

particular receptor, divergent pharmacological reports are puzzling the deorphanization of 

these receptors.  
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Figure 3. Structure of Putative Endogenous GPR3/6/12 Ligands. 

 

S1P has been proposed as an endogenous GPR3 ligand in different reports. 

Uhlenbrock and coworkers firstly reported that S1P is able to activate GPR3 in hGPR3-

HEK293 using intracellular Ca2+ mobilization and cAMP accumulation assays as 

readouts 10. Similar results were obtained in oocytes and mGPR3-COS7 supporting this 

data 20,31. However, independent research groups were not able to confirm these results. 

S1P did not enhance GPR3 activity using cAMP assays in hGPR3-CHO cells 32, nor 

activate GPR3 in β-arrestin recruitment assays using transfected HEK293, CHO, or HeLa 

cells 6,30,33.  Regarding the sphingolipid SPC, not significant activity was found in the few 

assays reported so far 10. 

There are contradictory reports around considering S1P as the endogenous ligand 

for GPR6 as well. It has been demonstrated that in hGPR6-HEK293, S1P and DHS1P 

elicit intracellular Ca2+ mobilization, whereas no significant changes were observed on 
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cAMP accumulation assays after S1P treatment 10. Ignatov and coworkers also observed 

that S1P induces an explicit boost in Ca2+ response in mGPR6-CHO cells, and stimulates 

GIRK in GPR6 transfected frog oocytes 12. According to these reports, S1P displays EC50 

values in the nanomolar range at GPR6 10,12. On the other hand, in the β-arrestin 

PathHunterTM assay S1P did not show an ability to recruit β-arrestin in GPR6 transfected 

HEK293 cells or CHO cells 6,30. Independent assays showed that the bioactive molecule 

SPC displayed weak 12 or no activity 10 at GPR6 when using Ca2+ mobilization assays.  

For GPR12, the endogenous debate is mainly focused on the lysophospholipid 

SPC. This lipid has been shown to induce significant Ca2+ mobilization in mGPR12-

CHO, and to evoke GIRK-mediated current in frog oocytes 11. In both assays, SPC 

displays EC50 values in the nanomolar range. In contrast, other reports found that at 

GPR12 SPC produced weak or no effects on cAMP 20,  Ca2+ mobilization 10 or -arrestin 

recruitment assays 6,30, in mGPR12-COS7, hGPR12-HEK293, and  hGPR12-CHO cell 

lines, respectively. On the other hand, S1P exhibited low 10,11 or no efficacy 6,30 at GPR12 

in the reported assays.  

Interestingly, the Japanese company Teijin Pharma Limited reported that the 

neuropeptide Nesfatin-1 34  is also able to activate GPR12 35. This was proved through 

cAMP accumulation and CREB phosphorylation assays in mGPR12-HeLa and mGPR12-

CHO cells respectively.  

It is also worth mentioning that endogenous cannabinoid ligands were also tested 

at GPR3, GPR6 and GPR12. In particular, anandamide, 2-arachidonoylglycerol, 
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virodhamine and noladin ether were assessed using -arrestin recruitment assays, but no 

activity was observed at micromolar concentrations 6,7. 

To sum up, the reported results point to the aforementioned sphingolipids as the 

putative endogenous ligands for these receptors. The controversial pharmacological data 

may rely on the intrinsic properties of each GPCR, as well as, on the differences among 

cell-types and functional outcomes. Experimental issues such as the poor solubility of 

these lipids, or the possible presence of other lipids in the cell media, can also be causing 

some of these functional discrepancies. Therefore, so far no endogenous ligand has been 

confirmed for GPR3, GPR6 or GPR12, which are still classified as Class A orphan 

receptors.  

Exogenous Ligands 

The identification of small molecules targeting GPR3, GPR6 and GPR12 is 

crucial for the understanding of the physiological role of these receptors. Despite the 

screening efforts done by academic researchers and pharmaceutical companies, limited 

hit compounds have been discovered so far. Natural products such as CBD or tyrosol, or 

chemotypes of synthetic origin such as triazolopyrimidines or pyrazines are among the 

compounds currently known. Table 1 provides an overview of all the molecules covered 

in this section. 

Diphenyleneiodoniumchloride. Diphenyleneiodoniumchloride (DPI, Figure 4), a 

known inhibitor of NADPH oxidase (NOX) 36, was identified as the first small molecule 

acting as an agonist of GPR3 33. This ligand was discovered from a screening of over 

40000 compounds, showing the best agonist dose-dependent activity with EC50 values in 
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the low micromolar range. DPI was shown to promote GPR3 activation through different 

signaling pathways such as intracellular cAMP accumulation, Ca2+ mobilization, 

membrane recruitment of -arrestin2, and receptor desensitization. Interestingly, DPI did 

not display activity GPR6 and GPR12.  

 

Figure 4. Structure of the GPR3 Agonist DPI. 

 

[1,2,4]triazolo[1,5-]pyrimidine scaffold. The [1,2,4]triazolo[1,5-]pyrimidine 

scaffold emerged as a promising GPR3 chemotype from a high throughput screen of the 

Lundbeck screening collection 37. The identification of compound 1 (Figure 5) as a 

micromolar inverse agonist of GPR3 inspired the development of a series of 

triazolopyrimidines in order to fine-tune activity and potency. Numerous derivatives 

modifying the central bicyclic core, as well as, both phenyl substituents were synthesized 

and pharmacologically tested. Structure-activity relationships helped to optimize the 

aromatic substitution pattern at the benzyl group and to understand pharmacophoric 

requirements such us the presence of a 5-aryl substituent. Among the novel 

triazolopyrimidine derivatives reported, AF64394 (Figure 5) was the most promising hit 

identified using homogeneous time-resolved fluorescence (HTRF) cAMP assays in 

hGPR3-HEK293 cells. This compound was shown to act as a GPR3 inverse agonist with 
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an IC50 value in the mid-nanomolar range. AF64394 showed weak activity at GPR6 or 

GPR12, but no activity at other class A GPCRs 37. 

 

Figure 5. Structure of the First Triazolopyrimidine Identified as a GPR3 Inverse Agoinst 

Comound 1, and Its Optimized Analog AF64394. 

 

Cannabimimetic compounds. The well-known phytocannabinoid cannabidiol 

(CBD, Figure 6) has recently been identified as a modulator of GPR3, GPR6 and GPR12. 

This non-psychoactive cannabinoid has been shown to act as an inverse agonist at GPR3 

and GPR6 using β-arrestin2 recruitment assays 7. The same authors later reported that 

CBD also displays Gαs-mediated inverse agonism at GPR12 using cAMP accumulation 

assays 8. However, CBD does not exhibit high potency at these orphan receptors 

presenting micromolar IC50s. CBD-related compounds such as cannabidivarin (CBDV, 

Figure 6) and cannabidiol-2´,6´-dimethyl ether (CBDD, Figure 6) were also tested at 

GPR6/12 showing lower activity than CBD 8,9. From the limited GPR6/12 reported SAR, 

we can infer that the free hydroxyl groups and the pentyl alkyl chain are crucial for 

CBD´s activity at these receptors. 
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The pharmacology of CBD is complex given its many reported potential therapeutic 

uses 38–40; its low to moderate activity at GPR3, GPR6 and GPR12 may contribute to 

CBD’s properties under certain pathological conditions. 

 

Figure 6. Structure of CBD and Its Related Analogs CBDV and CBDD. 

 

It is also important to underscore that related phytocannabinoids, 9-

tetrahydrocannabinol, cannabinol, and cannabigerol among them, were also evaluated at 

these receptors, but they did not exhibit activity at the concentrations tested in cAMP 

accumulation or β-arrestin2 recruitment assays 7,8. Additionally, synthetic cannabinoid 

ligands such as HU-210, CP55,940 and WIN55,212-2 were assessed at GPR12 8. These 

compounds were able to inhibit cAMP accumulation, but only at high micromolar 
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concentrations. While WIN55212-2 and SR144528 reported to be a biased GPR6 -

arrestin2 inverse agonists 9 (Figure 6). 

Recently, endocannabinoid-like N-acyl dopamine was suggested to be the 

endogenous inverse agonists for GPR6 in the β -arrestin2 signaling 41. 

Pyrazine derivatives. Patents from Envoy Therapeutics, Inc. and Takeda 

Pharmaceutical Company have claimed the use of a wide range of pyrazine analogs as 

GPR6 modulators 42–46. These inventions claim their use as inverse agonists of GPR6 in 

the treatment of neurological pathologies such as Parkinson’s disease (PD), Huntington’s 

disease (HD) and other dyskinesias. The first patent in which this scaffold was identified 

for the modulation of GPR6 was published in 2014 by Envoy Therapeutics, Inc 43. This 

patent presents over six hundred bicyclic pyrazine derivatives. Among the most potent 

GPR6 modulators reported were the quinoxaline 415, the pyrido[3,4-b]pyrazine 494, and 

the pyrazino[2,3-d]pyridazine 633 (Figure 7, the number assigned to each compound 

relates to the example number reported in the patent). According to cAMP accumulation 

assays in hGPR6-CHO cells, these three compounds are GPR6 inverse agonists and 

display IC50 values in the low nanomolar range. Compound 415 was further tested in vivo 

in a PD rodent model of haloperidol-induced catalepsy. Remarkably, catalepsy was 

significantly reduced in a dose-dependent manner after intraperitoneal treatment with 

415. Structural modifications on the central pyrazine core and its substituents led to the 

subsequent four patents reported by Takeda Pharmaceutical Company 42,44–46. However, 

efforts on tetrahydropyrazines 45 led to a decrease in potency and efficacy at GPR6 

showing IC50 value in the micromolar range as compound 47 (Figure 7). On the other 
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hand, non-bicyclic compounds 44 as 33 and heteroaromatic carboxamides 46 as 5 were 

also investigated and showed IC50 values in the nanomolar activity.  

 

Figure 7. Structure of the Selected Pyridazine Analogs That Modulate GPR6. 

 

All of these patents provide evidence for the potential of the pyrazine scaffold in 

the development of GPR6 ligands. Nonetheless, selectivity among GPCRs and their 

activity at other transduction pathways needs to be further investigated. 

Imidazolidinethiones and imidazodithiazoles. In 2001 Arena Pharmaceuticals, 

Inc. patented imidazolidinethione and imidazodithiazole derivatives as GPR6 inverse 

agonists indicating their potential use in the treatment of obesity 47. In an initial screening 

using GTPS and cAMP assays, compounds ARE111 and ARE112 (Figure 8) were 

identified as hit molecules with IC50 values in the micromolar range. Synthetic fine-

tuning of these hits led to the discovery of the GPR6 inverse agonists ARE133 and 

ARE136 (figure 8), which display nanomolar activity. Compound ARE112 was also 
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tested in vivo demonstrating capacity to reduce body weight and food intake in a rat 

model 47. 

 

Figure 8. Structures of Imidazolidinethiones ARE111 and ARE133, and 

Imidazodithiazoles ARE112 and ARE136. 

 

Tyrosol. The phenylethanoid antioxidant tyrosol (Figure 9) was identified as a 

GPR12 ligand by Lin and co-workers 48. In this study, fifteen natural products, extracted 

after isolation of endophytic Streptomyces sp. from a root of Cistanche deserticola, were 

evaluated using cAMP assays in hGPR12-CHO cells. Tyrosol was the only compound 

that promoted a GPR12-mediated increase on intracellular cAMP levels at a 

concentration of 100nM. These findings indicate that tyrosol may be considered a GPR12 

ligand and a potential scaffold for the development of more potent GPR12 modulators 48. 

 

Figure 9. Structure of the GPR12 Modulator Tyrosol. 

 

https://en.wikipedia.org/wiki/Phenylethanoid
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Table 1 summarizes the reported activity of the GPR3, GPR6, and/or GPR12 modulators 

published thus far. 

 

Table 1. Summary of GPR3/6/12 Ligands and Their Functionality. 

Ligands 
Functionality 

Functional Readout References 
GPR3 GPR6 GPR12 

DPI Agonist* NA NA 

cAMP accumulation 
33 β-arrestin2 recruitment 

Ca2+ mobilization 

AF64394 
Inverse 

agonist** 

Inverse 

agonist* 

Inverse 

agonist* 
cAMP accumulation 37 

CBD 

Inverse 

agonist* 

Inverse 

agonist* 
NR β-arrestin2 recruitment 7 

NR NR 
Inverse 

agonist* 
cAMP accumulation 8 

415 NR 
Inverse 

agonist** 
NR cAMP accumulation 43 

494 NR 
Inverse 

agonist** 
NR cAMP accumulation 43 

633 NR 
Inverse 

agonist** 
NR cAMP accumulation 43 

47 NR 
Inverse 

agonist* 
NR cAMP accumulation 45 

33 NR 
Inverse 

agonist* 
NR cAMP accumulation 44 

5 NR 
Inverse 

agonist* 
NR cAMP accumulation 46 

ARE111 NR 
Inverse 

agonist* 
NR 

cAMP accumulation 47 
GTP binding 

ARE112 NR 
Inverse 

agonist* 
NR 

cAMP accumulation 47 
GTP binding 

ARE133 NR 
Inverse 

agonist** 
NR 

cAMP accumulation 47 
GTP binding 

ARE136 NR 
Inverse 

agonist** 
NR 

cAMP accumulation 47 
GTP binding 

Tyrosol NR NR Agonist** cAMP accumulation 48 

Note. NA: No activity found at the concentrations tested; NR: Non-reported; *Potency in the micromolar 

range; **Potency in the nanomolar range. 
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Biological Relevance 

The physiological roles of GPR3, GPR6 and GPR12 have not been fully 

elucidated. However, the increasing research published in the last decade has widely 

demonstrated the relevance of GPR3, GPR6 and/or GPR12 in a variety of neurological 

disorders. As previously mentioned, these orphan receptors are highly expressed in 

particular regions of the brain. This expression pattern is often abnormally regulated 

under certain physiopathological conditions. Even if their therapeutic potential remains to 

be fully understood, it is likely that GPR3, GPR6 and GPR12 represent promising targets 

for the management of the pathological processes described below. Table 2 summarizes 

the physiopathological implications of each receptor. 

Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a progressive and chronic brain disorder that 

accounts for over 60% of the cases of dementia and is the sixth leading cause of death in 

the United States.3 This neurodegenerative disease is initially characterized by short-term 

memory loss and progressive impairment of most cognitive functions 49. The etiology of 

this pathology is associated with the loss of neurons and synapses due to the formation of 

amyloid plaques and neurofibrillary tangles. These plaques are caused by the 

accumulation of proteinaceous aggregates composed of amyloid-β (Aβ) peptides (mainly 

Aβ1−42 but also Aβ1−40 peptides), whereas the neurofibrillary tangles are caused by 

hyperphosphorylation of the microtubule-associated protein Tau 50,51. 

 

3 https://www.alz.org/facts/ 
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Table 2. Summarized Table of the Physiopathological Role of GPR3, GPR6, and GPR12. 

 

Target Physiopathological role Implication References 

GPR3 

Alzheimer’s Disease Inhibition of amyloid pathology 52 

Multiple Sclerosis Potential biomarker 83 

Neurite Outgrowth 
Promotion of neurite outgrowth and cerebellar 

development 
93 

Neuropathic pain 
Regulation of neuropathic pain and morphine-

induced antinociception 
100 

Cell survival 
Induction of neuronal survival and 

antiapoptotic properties 
24,93 

Stress 
GPR3 deletion triggers anxiety-like and 

depression-like behavior 
32 

Metabolic Disorders 
Impairment of thermogenic response of iBAT 

and late-onset obesity 
109 

Oocyte Maturation Regulation of meiosis 121 

GPR6 

Alzheimer’s Disease 
Involvement in the neuroprotective effect of 

C1q protein 
54 

Parkinson’s Disease GPR6 deletion impacts motor symptoms 70 

Huntington’s Disease GPR6 is downregulated in HD brain 75 

Schizophrenia Impairment of striatum P-DARPP-32 70 

Instrumental learning Regulation of instrumental performance 98,99 

Cell survival Antiapoptotic properties 12 
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Table 2. Cont. 

Target Physiopathological role Implication References 

GPR12 

Neurite Outgrowth Promotion of neurite outgrowth 24,93 

Pain Sensitivity to heat-related pain 101 

Cell survival Antiapoptotic properties 95,102,103 

Cognitive functions Regulation of long-term memory 105 

Metabolic Disorders Appetite control in murine obesity models 112 

Oocyte Maturation Regulation of meiosis (only in rodents) 20 
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In 2009, Thathiah and coworkers identified a link between GPR3 and AD using a 

high-throughput functional genomics screen 52. This receptor was found to modulate one 

of the aforementioned pathological hallmarks of AD: Aβ peptide generation. In vitro and 

in vivo studies in AD models demonstrated that GPR3 overexpression triggers an increase 

in Aβ production, while depletion of this receptor prevents Aβ aggregation. Both Aβ1−40 

and Aβ1−42 levels increased in a dose dependent manner with GPR3 expression. 

Moreover, the expression of GPR3 is elevated in the postmortem brain of sporadic AD 

patients and this upregulation correlates with the progression of the disease 52,53. 

Subsequent findings from the same research group provided further validation of 

the role of GPR3 in AD 25,53. An array of functional experiments proved that GPR3 

regulates Aβ generation via -arrestin2 via a G protein-independent mechanism 25. 

Mutation of the serine amino acids in the C-terminus of GPR3, residues associated with 

-arrestin2 recruitment after phosphorylation, resulted in a reduction of Aβ1−40 and Aβ1−42 

peptide release, thus confirming that the GPR3 -arrestin2 pathway is essential for Aβ 

production. This association was also observed in -arrestin2 knockout mice since GPR3 

only increased Aβ production in the presence of β-arrestin2 in the wild-type (WT)  

mice 25. 

Pursuing a translational approach, the effect of GPR3 was examined in four 

different AD transgenic mice models 53. An exploration of the role of this receptor in 

amyloid pathology, as well as, in behavioural studies was undertaken. In the four mice 

models, GPR3 deletion reduced amyloid plaque burden and deposition as observed in the 

cortex and hippocampus of these animals. Furthermore, behavioural tests assessing 
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neuromotor coordination, learning and memory capacities, showed that GPR3 genetic 

ablation alleviates cognitive deficits in AD transgenic mice. Overall, all these results 

suggest that this orphan receptor is a potential target to be explored in the challenging 

task of combating AD.  

GPR6 was also reported to have a role in the development of AD via the C1q 

complex 54. The C1q complex is a protein complex that is part of the classical 

complement pathway 55 present in the innate immune system. C1q was found to be 

associated with AD as it is upregulated in AD models 56–58. Furthermore, C1q is involved 

in preventing the neurotoxic effect of fibrillar amyloid-ß (fAß) in vitro 59, and it has 

neuroprotective abilities in early stages of AD models 54,60. 

The neuroprotective properties of C1q are induced by several mechanisms 61. One 

of them is modulating GPR6 gene expression. In fAß-injured neurons, the 

neuroprotective effect of C1q is accompanied by an increased expression of GPR6.    In 

contrast, the neuroprotective capacity of C1q is diminished when GPR6 is silenced. The 

same increase in GPR6 expression was exhibited in vivo in the hippocampus of 2−4 

months old AD transgenic mice 54. The contribution of GPR6 in this process may arise 

from the elevated levels of intracellular cAMP production triggered by its increased 

expression 10,17. These high levels of cAMP may increase the activation of the central 

transcription factor pCREB and its subsequent neurotrophic effect 62,63. 

Additionally, it is worth mentioning that the biotechnology company Galapagos 

N. V. patented a method for identifying inhibitors of A production by measuring their 

potential to modulate GPR3, GPR6 and/or GPR12 64. 
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Much work remains to be done in the elucidation of the role of these receptors in 

the pathology of AD. However, we can clearly underscore GPR3 as a potential 

therapeutic target for the treatment of this neurodegenerative disorder. Pharmacological 

modulation of this receptor using a G protein independent, -arrestin2 biased inverse 

agonist may provide a significant reduction in the amyloid plaques that characterize this 

disease. 

Parkinson’s Disease 

 Parkinson’s disease (PD) is a neurodegenerative disorder that impacts the motor 

system causing distinctive symptoms such as tremors, akinesia, bradykinesia, and 

rigidity. PD is pathologically characterized by degeneration of dopaminergic neurons in 

the substantia nigra pars compacta (SNpc) and Lewy bodies aggregation 65,66. This cell 

degeneration impairs the striatonigral and the striatopallidal medium spiny neurons 

(MSNs), causing dysfunctions in motor coordination 67. 

The role of GPR6 in PD arises from its high expression in the striatum, especially 

in striatopallidal neurons 23,68,69. Oeckl and collaborators studied the neurochemical and 

behavioral effects of GPR6 ablation in mice 70. GPR6-/- mice showed a decrease of striatal 

cAMP. In addition, mice lacking GPR6 showed an increase of dopamine concentration in 

the striatal tissue, while extracellular dopamine levels were not detected to vary. Motor 

function effects were also observed in these animals. GPR6-/- mice showed higher 

locomotor activity in the open field with and without haloperidol treatment, a dopamine 

D2 antagonist that decreases locomotor activity.  



 

26 

Moreover, these authors explored the role of GPR6 in a hemiparkinsonism 6-

OHDA (6-hydroxydopamine) mice model. In the absence of GPR6, 6-OHDA mice 

display a decrease in abnormal involuntary movements suggesting the potential of this 

receptor in dyskinesia 70. Dyskinesia is one of the undesirable outcomes of current 

dopamine PD therapies 71; therefore, a GPR6 modulator may offer an anti-dyskinesia 

alternative to dopamine replacement therapy.  

In a recent report, the same research group investigated the role of GPR6 in a PD 

rodent model generated by the dopaminergic neurotoxin MPTP (1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine) 72. GPR6 ablation in these PD mice induced a more 

prominent reduction in dopamine and 4-hydroxy-3-methoxyphenylacetic acid (HVA). 

Furthermore, an increase in dopamine turnover was detected in these mice. A 

significantly higher reduction of the number of tyrosine hydroxylase (TH)-positive 

neurons in the SNpc was also observed in GPR6-/- mice when compared with their WT 

counterparts. These findings indicate that GPR6 enhances the dopaminergic 

neurodegeneration induced by MPTP at a striatal level. Taken together the results 

reported by Oeckl and coworkers suggest that pharmacological modulation of GPR6 

might represent a novel approach for the treatment of PD. 

As previously mentioned (exogenous ligands section), patents from Envoy 

Therapeutics, Inc. and Takeda Pharmaceutical Company 42–45 also claimed the use of 

GPR6 inverse agonists in the treatment of PD. They showed that pyrazine derivatives are 

able to reduce haloperidol-induced catalepsy in a rodent PD model. 
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Even if this data provides solid indications about PD, different models should be 

used to further demonstrate the relationship between GPR6 and PD and to understand the 

potential modulation of GPR6 as a molecular target for the treatment of PD.  

Huntington’s Disease 

 Huntington’s disease (HD) is a hereditary disorder that causes a gradual loss of 

neurons in the basal ganglia (BG), especially in the striatum. Its symptoms are 

characterized by mood swings, jerky uncontrollable movements, and obsessive-

compulsive behavior 73. 

The neurological dysfunction that HD patients suffer affects the classical 

pathways of the BG. The striatopallidal pathway MSNs is impaired by this pathology 

leading to incessantly involuntary motions 74. 

Two independent research groups provided evidence of the relation between 

GPR6 and the HD pathology 75,76. Analysing 44 human HD brains, Hodges and 

coworkers observed a significant decrease in GPR6 expression compared to unaffected 

controls 75. Similarly, in a recent study of striatal transcriptional alterations in HD, the 

authors detected that the expression of GPR6 eRNA (enhancer RNA) is deregulated in 

R6/1 HD mouse striatum 76. They further demonstrated that GPR6 expression is reduced 

in the striatum of R6/1 and Q140 HD mice models. 

Although more research is clearly required, this data suggests that GPR6 may 

have a role in HD pathology. Therefore, modulation of GPR6 could be a useful 

therapeutic intervention in the treatment of this disease. 
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Schizophrenia 

 Schizophrenia is a long-term psychiatric illness characterized by dysregulation of 

neurotransmitters such as dopamine, glutamate, serotonin, and GABA in specific brain 

regions. Its common symptoms include hallucinations, delusions, disorganized thinking 

and lack of motivation 77. 

One of the proteins that has been embroiled in schizophrenia pathophysiology is 

the dopamine and cAMP-regulated phosphoprotein DARPP-32 and its phosphorylated 

version P-DARPP-32. DARPP-32 and P-DARPP-32 are present in the striatum, 

especially in MSNs, where they are involved in neo-striatum signaling that affects 

locomotor behavior 78. 

Interestingly, in GPR6-/- mice, Oeckl and coworkers observed a two-fold increase 

in striatum P-DARPP-32 with no alterations in DARPP-32 expression 70. A decrease in 

striatal cAMP levels was also detected in these experiments. Therefore, these results 

suggest that cAMP-independent mechanisms influence DARPP-32 phosphorylation in 

mice lacking GPR6.  

This correlation between GPR6 deletion and P-DARPP-32 only provides the first 

evidence of the possible implication of this receptor in the treatment of schizophrenia. 

However, further studies need to identify the effect of GPR6 deficiency on schizophrenia 

models to provide a clear explanation of its relation with DARPP-32 phosphorylation. 

Multiple Sclerosis 

 Multiple sclerosis (MS) is an inflammatory and degenerative chronic disorder that 

affects the central nervous system. Even though the cause is not yet clear, its underlying 
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mechanism is characterized by progressive damage to the myelin sheath (demyelination), 

impairing the conduction of signals between the impacted nerves. This pathology 

translates into numerous symptoms such as loss of muscle coordination, weakness, 

numbness, and problems with speech, vision, and bladder control. 

Despite the current advances in the field, available drugs are only partially 

effective, and many patients experience relapses in progressive forms of the disease 79,80. 

Therefore, there is a clear need for individual molecular biomarkers to better monitor 

disease evolution and predict therapy response 81,82. In this context, Hecker and 

coworkers explored possible disease progression markers in the blood of MS patients 83. 

They studied an array of 110 genes as potential predictive biomarkers using data sets 

including 148 subjects. Among these analyses, only GPR3 and IL17RC, a cytokine 

receptor which binds interleukin 17A 84, were validated as potential blood markers of 

disease progression. Interestingly, the expression of GPR3 was significantly reduced in 

patients with poor disease progression (more relapses and/or disability increase) in all 

data sets. Therefore, GPR3 revealed to have a high prognostic value for MS long-term 

progression 83,85. Similar results were recently observed in another study performed with 

a group of 87 Egyptian MS patients 86. However, in a study of whole blood samples of 20 

relapsing–remitting MS patients, investigators could not confirm a significant reduction 

in GPR3 expression 87.  

Therefore, further studies are required to validate the potential of GPR3 as a 

candidate biomarker for MS progression. Additional functional studies along with an 
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evaluation of how GPR3 depletion affects MS symptoms in animal models may help 

verify a specific role for GPR3 in this pathology. 

Neurite Outgrowth 

 Neurite outgrowth is one of the essential processes that take place during 

embryonic development and regeneration of the mammalian nervous system. This 

process is characterized by the formation of new projections and neurite elongation 

during neuronal migration and differentiation 88. 

Multiple publications demonstrated that cAMP regulates neurite outgrowth 89–91. 

This finding attracted attention towards the GPR3/6/12 cluster of receptors due to their 

high constitutive activity and their high abundance in the CNS 1,2,12. Tanaka and 

collaborators were the first group that provided evidence of the relation between these 

receptors and neurite outgrowth 24. In primary cultures of rat cerebellar granule neurons 

(CGNs), transfection of GPR3, GPR6 and GPR12 was shown to promote a significant 

enhancement of neurite outgrowth. GPR12 exhibited the highest increment among the 

three receptors, exerting its effect by a Gαs and cAMP-dependent protein kinase (PKA) 

dependent pathway.  

Interestingly, GPR3 was shown to be highly expressed in developing rat CGNs, 

particularly in the internal granule layer. Knocking down endogenous GPR3 in the CGN 

resulted in a substantial decrease in neurite outgrowth. Cotransfection of either GPR3 or 

GPR12 was shown to counteract this reduction 24. 

Further reports from this group focused on investigating the role of GPR3 in CGN 

92–94. These studies showed that this orphan receptor can modulate proliferation and 
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differentiation of cerebellar granule precursors in postnatal development of rodent 

cerebellum 92. Further mechanistic insights showed that during development, GPR3 

activates the ERK (extracellular signal-regulated protein kinase) and Akt (protein kinase 

B) signaling pathways. Through these mechanisms, GPR3 is able to protect neurons from 

apoptosis 93. 

Additional studies demonstrated that in rodent CGN GPR3 can induce 

upregulation of PKA. Using time-lapse analyses, it was shown that GPR3 is dynamically 

moved along the neurite tip contributing to local PKA activation in CGN development 94. 

Therefore, these results suggest the involvement of GPR3 in crucial neuronal functions, 

including differentiation and maturation.  

A different research group investigated the role of GPR12 overexpression in rat 

pheochromocytoma PC12 cells 95. They observed that GPR12 promotes neurite 

outgrowth by inducing differentiation of PC12 into neuron-like cells (increased cell body 

diameter and neurite length). This effect was accompanied by a significant increment in 

the expression of multiple neurite outgrowth-related markers (Bcl-xL, Bcl-2, and 

synaptophysin), and increased ERK1/2 phosphorylation 95. 

These reports provide the basis for further investigation of the potential 

modulation of these orphan receptors in mediating neurite outgrowth and cerebellar 

development. Targeting these GPCRs may provide a beneficial approach for the 

treatment of several neurological afflictions or injuries.  
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Instrumental Conditioning 

 Human behavior is continuously adjusted by learning and operating processes. 

The fundamental principles of behaviorism are related to Pavlovian and instrumental 

conditioning. Pavlovian conditioning is based on pairing a biological stimulus with a 

previously neutral action. Instrumental conditioning implies that in the process of 

learning there is an association between behaviors and specific events such as rewards or 

punishments 96.  

As mentioned above, GPR6 is highly expressed in striatopallidal neurons 23,68,69. 

Given the importance of striatal involvement in instrumental conditioning 97, Lobo and 

coworkers decided to explore the role of GPR6 in learning processes 23. In a reward 

instrumental conditioning assay, WT and GPR6-/- food-deprived mice were trained to bar 

press for sweet pellets. GPR6-/- mice displayed a lower latency time to press the bar than 

their WT littermates. Likewise, after more extensive training, GPR6-/- mice reached a 

higher rate of asymptotic performance. In contrast, using an appetitive Pavlovian 

conditioning procedure, GPR6 WT and GPR6-/- mice showed comparable results. This 

data indicates that GPR6 has no effect on Pavlovian conditioning, but it is an important 

striatopallidal regulator on instrumental conditioning.  

Furthermore, by analyzing single nucleotide polymorphisms (SNPs) Frank and 

collaborators identified GPR6 as a genetic marker of BG 98,99. In this study, GPR6 was 

shown to influence reinforcement learning rate on instrumental learning models.  

Overall, GPR6 seems to play a role in instrumental performance in mammals. 

Mechanism, function and possible therapeutic intervention remain to be studied.  
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Other Neurological Implications 

In addition to the neurodegenerative disorders and neural functions detailed thus 

far, these orphan receptors have been also implicated in additional brain-related processes 

such as neuropathic pain, modulation of the early phases of cocaine reinforcement, or cell 

proliferation. 

Pain. Pain mitigation and screening for new molecular targets for antinociception 

has been a priority among researchers for decades. Both GPR3 and GPR12 have been 

suggested to play a role in pain modulation.   

Ruiz-Medina and coworkers identified a relation between GPR3 and neuropathic 

pain 100. GPR3 was shown to be related to the development and expression of neuropathic 

pain after sciatic nerve ligature. GPR3-/- mice that suffered a sciatic nerve injury 

exhibited an increase in sensitivity toward thermal noxious and non-noxious stimuli in 

both the plantar and cold-plate tests. Additionally, through tail immersion tests in GPR3 

WT and GPR3-/- mice, they demonstrated that this orphan receptor is implicated in the 

analgesia induced by morphine.  This suggested that GPR3 is a novel component of a 

pro-opioid receptor system. These results underscore GPR3 as a potential candidate for 

the treatment of pain.  

GPR12 has been associated with this pathological condition as well. The company 

Paradigm Therapeutics Limited patented the use of GPR12 modulators for the 

manipulation of the neuronal and limbic systems and pain treatment 101. In this patent, 

GPR12-/- mice were found to be more sensitive to heat-induced pain in the tail flick and 

hot plate tests than WT mice. 
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These two reports open future avenues for investigating GPR3 and GPR12 in the 

development of neuropathic pain processes. 

Cell proliferation and survival. Diverse studies have demonstrated the 

participation of GPR3, GPR6 and GPR12 in the control of cell survival and proliferation.  

As previously described, Tanaka and collaborators showed that in CGNs these 

three orphan GPCRs can promote neuronal survival and display antiapoptotic effects 93. 

Only GPR3 revealed neuronal antiapoptotic capabilities under a variety of apoptotic 

stimuli such as hypoxia or reactive oxygen species. As demonstrated in rat CGNs cultures 

GPR3 mediates this antiapoptotic effect via PKA, ERK, and Akt signaling pathways. 

These results suggest that the modulation of GPR3 may represent a potential 

neuroprotective strategy against brain ischemia 

Ignatov and coworkers also contributed to this topic studying the implication of 

GPR6 in apoptotic cell death 12. They showed that under serum deprivation or H2O2 

apoptosis-inducing stimuli, the presence of S1P causes higher cell viability in GPR6-

CHO cells compared to vector-transfected cells. They proposed that GPR6 causes this 

antiapoptotic effect through the activation of sphingosine kinase and mitogen-activated 

protein kinase (MAPK).  

Regarding GPR12, antiapoptotic properties have also been reported under stress 

conditions. GPR12 heterologous expression was shown to promote cell proliferation in 

GPR12-HEK293 cells under serum deprivation 102. Moreover, the antiapoptotic protein 

B-cell lymphoma/leukemia-2 (Bcl-2) was shown to be upregulated in GPR12-PC12, 

GPR12-CHO and GPR12-HEK293 cells 95,102,103. Furthermore, endogenously expressed 
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hippocampal GPR12 showed the ability to increase cell proliferation in the presence of 

SPC 11. All these results suggest that GPR12 may participate in the regulation of cell 

proliferation.  

Additional investigations are clearly needed to understand the role of GPR3, 

GPR6 and GPR12 in cell survival and proliferation in specific cells and tissues. The 

modulation of these receptors may impact neurological or oncological processes related 

to abnormal cell regulation.  

Additional neural roles of GPR3 and GPR12. Because of their high expression 

in specific brain regions, GPR3 and GPR12 have attracted the attention of academic 

researchers and pharmaceutical companies working on related neurological fields.  

The role of GPR3 was studied in emotional disorders by Valverde and coworkers 

32. This receptor is highly expressed in hippocampus, habenula, cortex, and amygdala, 

regions tightly involved in behavioral paradigms. They found that GPR3-/- mice exhibit 

anxiety-like behavior in the open-field and the elevated plus maze. In forced swim and 

tail suspension tests, GPR3 ablation in mice generated an increase in immobility time 

indicating depression-related behaviors. Furthermore, increased aggressiveness was 

detected in GPR3-/- mice in the resident-intruder test. These results indicate that GPR3 

ablation affects stress and mood responses. The authors suggest that one reason behind 

these behavioral results is that variation in monoamine neurotransmitter levels in 

different brain regions may accompany this deletion 32. 

The same research group later reported that GPR3 may regulate behaviors 

associated with the early phases of cocaine reinforcemen 104. GPR3-/- mice showed 
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cocaine-elicited hyperlocomotor responses, enhancement in the rewarding effects in the 

conditioned place preference (CPP) paradigm and increased reinforcing responses in the 

self-administration models, compared to WT littermates. This work suggests a possible 

contribution of GPR3 to drug addiction 104. 

The high expression of GPR12 in the limbic system, brain region that controls 

physiological functions such as memory, emotion or behavior, triggered the exploration 

of this orphan receptor in such functions. A patent from Helicon Therapeutics claims that 

GPR12 has a role in regulating long-term memory 105. Suppression of hippocampal or 

amygdala GPR12 in mice caused a significant increase in contextual long-term memory 

formation, but no differences in short-term memory. Based on these results, they propose 

that inhibition of GPR12 may be a useful therapeutic approach for the treatment of long-

term memory defects.  

On the other hand, Frank and coworkers showed no explicit correlation between 

GPR12 and emotional related behaviors. GPR12-/- and WT mice exhibited comparable 

results in tests for anxiety-related, depression-like, and locomotor activities106.  

The relevance of these orphan receptors in emotional, behavioral or anxiety 

responses offers novel opportunities for investigating the neurological implication of 

these receptors. In addition, a role for GPR3 in cocaine addiction has been suggested, 

opening the door for further investigation in drug addiction. 

Functions Outside the Brain 

Besides their clear impact in the CNS, their expression in peripheral tissue along 

with possible upregulation under certain pathological conditions has led researchers to 
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explore the biological role of GPR3, GPR6 and GPR12 in other diseases such as obesity, 

dyslipidemia, and ovary aging. 

Metabolic disorders. Obesity is one of the major global healthcare burdens 

worldwide.  Consequently, numerous approaches are currently under evaluation in the 

search of potential treatments. The cannabinoid receptor CB1 appeared to be a potential 

target for this disease decades ago 107. The phylogenetic relation of GPR3, GPR6 and 

GPR12 with the cannabinoids attracted researchers to explore the role of these orphan 

receptors in metabolic disorders. Thus far, only one study has shown a relation between 

GPR3 and late-onset obesity, whereas diverse reports have examined how GPR12 

interplays in these pathologies 106,108,109. A patent also claimed the use of GPR6 inverse 

agonists in the treatment of obesity 47. 

Kunos and coworkers identified a link between GPR3 weight gain and 

thermogenesis in old mice 109. In these studies, mice lacking GPR3 and maintained on 

standard chow diet showed an obese phenotype after 5 months of life. In fact, 1-year-old 

GPR3-/- subjects displayed higher adiposity indexes and body weight in addition to 

reduced energy expenditure and lower body temperature. Further evaluation of these 

metabolic profiles led them to identify a dysfunction in  interscapular brown adipose 

tissue (iBAT) along with lower expression of UCP1 (uncoupling protein 1), tightly 

involved in BAT heat generation 109. These findings suggest that GPR3 deficiency in 

mice impaired their ability to generate heat by non-shivering thermogenesis. In 

agreement, previous studies had already associated late-onset obesity with decreased 

thermogenesis due to a programmed loss of function of iBAT 110,111.  Therefore, these 
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results indicate that GPR3 has a significant function in the thermogenic response of iBAT 

and may represent a new therapeutic target in age-related metabolic disorders. 

Interestingly, and despite the lack of further metabolic studies, a patent from 

Arena Pharmaceuticals, Inc. claimed the use of GPR6 inverse agonists for the treatment 

of clinical obesity or overweight disorders in mammals 47. In their studies, the previously 

mentioned compound ARE112 (Figure 8) was able to reduce body weight and food 

intake after intraperitoneal treatment in rats maintained on standard chow diet. 

On the other hand, a patent from AstraZeneca claimed the potential use of GPR12 

modulators as appetite control agents in murine obesity models 112. A few years later, 

researchers from the same company published the first article clearly associating GPR12 

with metabolism 108. They studied food intake, respiratory metabolism, body 

composition, locomotor activity, and body temperature in mice deficient of GPR12. In 

these experiments, GPR12-/- mice showed higher body weight, body fat mass, and were 

dyslipidemic when compared with their WT littermates. The obesity observed in these 

mice was related to lower energy expenditure since other parameters, such as food intake 

or physical activity, remained unaltered. These findings suggest that GPR12 may have a 

role in energy homeostasis, consequently affecting lipid metabolism. It is worth 

mentioning that these studies were conducted in 3 to 12 weeks-old mice, therefore, these 

results are not related to aging as in the case of GPR3. 

Later studies from the same group of researchers were not able to confirm the 

relevance of this receptor in the metabolism of GPR12-/- mice 106. No significant changes 

were observed in body weight of GPR12 deficient mice fed with chow or high-fat diets. 
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Little differences were found in other metabolic parameters. Therefore, more research is 

clearly needed to understand the role of GPR12 in obesity and related processes.  

In addition, the Japanese company Teijin Pharma Limited patented a method for 

screening molecules targeting GPR12 in order to identify Nesfatin-1-like substances for 

food intake regulation 35. Nesfatin-1 is a neuropeptide, mainly produced in the 

hypothalamus, which is involved in the control of energy homeostasis related with food 

regulation and water intake 34,113,114. The inventors of this patent identified GPR12 as a 

Nesfatin-1 receptor 35, and therefore based their screening method on these findings. 

In summary, several studies have suggested a relationship between GPR3/6/12 

and metabolic syndromes. However, further exploration of these orphan receptors in the 

regulation of energy homeostasis are needed to fully understand their roles in obesity, 

dyslipidemia and related pathologies.  

Oocyte maturation. Mammalian oocytes arise and enter meiosis during 

embryonic development but arrest at prophase I until reproductive maturity 115. During 

the menstrual cycle, the oocyte completes growth achieving meiotic competence in 

response to a pre-ovulatory surge of luteinizing hormone (LH) from the pituitary gland 

that stimulates meiotic resumption to the metaphase II stage 116. It is well recognized that 

maintenance of meiotic arrest depends on high levels of intracellular cAMP in the oocyte 

117,118, however, the underlying mechanisms are not fully understood.  

Mehlmann and co-workers discovered that the constitutively active receptor, 

GPR3, is directly related to these high levels of cAMP, and therefore it is crucial for the 

regulation of meiosis 119–121. In these studies, oocytes from GPR3-/- mice were unable to 
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maintain meiotic arrest. Instead, they underwent spontaneous resumption of meiosis in 

the absence of an LH surge. Antral follicles from GPR3 WT mice showed prophase-

arrested oocytes whereas antral follicles from GPR3-/- ovaries presented oocytes with 

metaphase II chromosomes and a polar body. In addition, an injection of GPR3 RNA into 

the oocytes from mice lacking GPR3 was able to prevent resumption of meiosis 121. 

 Expressions of GPR3, GPR6 and GPR12 have been investigated in the ovary, 

oocytes and follicles of different species. In the mouse oocyte, not only GPR3 20,121, but 

also GPR12 20 were found, however, only GPR3 proved to be essential to maintain 

meiosis arrest. On the other hand, in the rat oocyte, only GPR12 expression was detected 

20.This study provides evidence that GPR12 is required to preserve the elevated cAMP 

levels that prevent meiosis resumption  in rat oocytes 20. Porcine oocytes show analogous 

results, displaying high GPR3 expression at different stages during porcine oocyte 

maturation 122. Findings from another group, reported the cloning of GPRx, a receptor 

closely related to GPR12, in frog (Xenopus laevis and Xenopus tropicalisc) oocytes and 

zebrafish (Danio rerio) oocytes 123,124. Most importantly, studies in human oocytes 

revealed that RNA encoding GPR3, but not GPR6 or GPR12, is expressed 21. In 

summary, according to expression patterns, GPR3 is the most relevant target for the 

oocyte maturation process. 

Further investigations pointed towards the therapeutic potential of GPR3 in 

fertility disorders. Ledent and collaborators observed that aging mice lacking GPR3 

exhibit a significant fertility decrease 125. GPR3-/- mice showed a progressive decrease in 

litter size with advancing maternal age. In addition, these female mice displayed lower 
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developmental capacity of embryos, an elevated number of fragmented oocytes, and 

more signs of reproductive aging. Therefore, GPR3-deficient mice may serve as a 

premature ovarian failure animal model.  

Two other reports examined the role of GPR3 in premature ovarian failure in 

American 126 and Chinese women 127, respectively. Kovanci and co-workers examined 

whether GPR3 mutations were present in a group of 82 American Caucasian women. 

Similarly, Zhou and collaborators explored the coding region of GPR3 in 100 Chinese 

patients. In neither study could direct genetic evidence be found to confirm GPR3’s 

relation to premature ovarian failure 126,127. Whether GPR3 function and/or expression is 

upregulated in the ovary of these patients remains to be elucidated.  

In summary, over the last decade, diverse investigations have supported the role 

of GPR3 in the maintenance of meiotic arrest in oocytes. While GPR6 was not detected 

in oocytes, GPR12 showed meiotic relevance, but only in rats. Therefore, efforts should 

be focused on additional studies in human ovaries to further validate the therapeutic value 

of GPR3 in fertility disorders. 

Summary and Future Perspectives 

Despite their cloning nearly 30 years ago, it has been only in the last decade that 

research on the therapeutic values of GPR3, GPR6 and GPR12 has begun. Numerous 

academic research groups and pharmaceutical companies are currently focusing their 

efforts on a better understanding of the therapeutic role of these receptors.  
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These three orphan receptors are part of the MECA cluster of Class A GPCRs. 

Because of this phylogenetic relation, GPR3, GPR6 and GPR12 share a high percentage 

of homology with the cannabinoid and the lysophospholipid receptors.  

GPR3, GPR6 and GPR12 are highly constitutively active GPCRs. In a variety of cell 

lines, they trigger increases in intracellular cAMP that are comparable in amplitude to 

activated receptors. In fact, this ability to extensively activate adenylyl cyclase defines 

their physiological relevance in particular processes.  

Despite efforts to identify putative endogenous ligands for GPR3, GPR6 and 

GPR12, a pharmacological experimental consensus has not yet been reached.  This, in 

turn, is delaying the deorphanization of these receptors 13. Differential GPCR expression 

among cell lines, G protein-coupling promiscuity, biased agonism or functional outcome 

heterogeneity might be causing these pharmacological discrepancies.  

Novel druggable small molecules are emerging as modulators of these three 

receptors, nevertheless, potent and selective ligands remained to be discovered. We 

provide an analysis here of the assorted range of chemotypes reported so far. These 

insights may help facilitate the elucidation of pharmacophoric structural features and 

contribute to future rational design of new molecules able to selectively bind GPR3, 

GPR6 and/or GPR12.  

The pathophysiological relevance of these orphan receptors stems mainly from 

their high expression in the CNS. In certain brain disorders, the expression of these 

receptors is upregulated, and their pharmaceutical intervention may offer a promising 

therapeutic strategy. As summarized in this review, numerous studies suggest the 
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participation of GPR3, GPR6 and GPR12 in a wide range of neurological conditions. 

Neurodegenerative diseases such as AD, PD, HD or MS, and neural processes such as 

neurite outgrowth or instrumental conditioning have been proven to be impacted in 

different ways by genetic ablation in vitro or in vivo of GPR3, GPR6 and/or GPR12.  

It is interesting to highlight that besides their structural similarities, different 

expression patterns and particular structural differences define their independent genetic 

implications in each particular disease. Differences among species need also to be 

considered when evaluating the potential of these GPCRs. For instance, as previously 

mentioned, differential expression of GPR3 and /or GPR12 has been detected in human, 

mouse and rat oocytes 20,21. 

 Because of their expression in peripheral tissues, GPR3 and GPR12 may be 

potential targets for metabolic and ovary-related pathological conditions. However, much 

work needs to be conducted to investigate their role under other pathophysiological 

processes at both central and peripheral levels. 

Pharmacological intervention at these receptors represents a promising strategy 

for the treatment of aforementioned disorders. Even if the lack of accessible 

pharmacological tools is hampering their appropriate characterization, the knowledge 

gained so far clearly suggests that modulation of GPR3, GPR6 and/or GPR12 will be 

beneficial in particular diseases. For example, the outstanding research carried out on the 

elucidation of the role of GPR3 in the amyloid pathology indicates that selective 

blockage of the GPR3 G protein independent -arrestin2 signaling pathway will reduce 

beta amyloid plaque formation 25. In contrast, pharmaceutically targeting GPR3 in 
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fertilization processes may require activation of this receptor, ideally through a 

peripherally restricted mechanism 121.  

Overall, this work aims to emphasize the therapeutic potential of GPR3, GPR6 

and GPR12 through a comprehensive first summary of the state of the art in this field. 
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Abstract 

GPR6 is an orphan G protein-coupled receptor that has been associated with the 

cannabinoid family because of its recognition of a subset of cannabinoid ligands. The 

high abundance of GPR6 in the central nervous system, along with high constitutive 

activity and a link to several neurodegenerative diseases make GPR6 a promising 

biological target. In fact, diverse research groups have demonstrated that GPR6 

represents a possible target for the treatment of neurodegenerative disorders such as 

Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease. Several patents have 

claimed the use of a wide range of pyrazine derivatives as GPR6 inverse agonists for the 

treatment of Parkinson’s disease symptoms and other dyskinesia syndromes. However, 

file:///C:/Users/israaisawi/Desktop/dropbox/Dissertatioin-with-Nour/Chapter1-review/%0a%20%20%20%20/journal/molecules/special_issues/computational_drug_discovery_design%0a
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the full pharmacological importance of GPR6 has not yet been fully explored due to the 

lack of high potency, readily available ligands targeting GPR6. The long-term goal of the 

present study is to develop such ligands. In this paper, we describe our initial steps 

towards this goal. A human GPR6 homology model was constructed using a suite of 

computational techniques. This model permitted the identification of unique GPR6 

structural features and the exploration of the GPR6 binding crevice. A subset of patented 

pyrazine analogs were docked in the resultant GPR6 inactive state model to validate the 

model, rationalize the structure-activity relationships from the reported patents and 

identify the key residues in the binding crevice for ligand recognition. We will take this 

structural knowledge into the next phase of GPR6 project, in which scaffold hopping will 

be used to design new GPR6 ligands. 

Keywords: GPR6; homology model; molecular modeling; G-protein-coupled receptor; 

molecular dynamics; molecular docking 

 

Figure 10. Graphical Abstract. 
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Introduction 

G-protein-coupled receptors (GPCRs) are one of the biggest therapeutic targets, 

as they comprise around 30% of all current drug targets 128. GPCRs are involved in a 

myriad of physiological processes and ailments, including neurodegenerative disorders 

129. GPR6 is a 362 amino acid, rhodopsin-like Class A GPCR orphan receptor, that was 

cloned in 1995 2,130. Phylogenetically, GPR6 belongs to the MECA 

(Melanocortin/Endothelial differentiation/Cannabinoid/Adenosine) cluster 4,131. Both 

sphingosine-1- phosphate (S1P) and sphingosylphosphorylcholines (SPC) have been 

suggested to be GPR6 endogenous ligands 10,12. However, due to contradictory reports, 

the International Union of Basic and Clinical Pharmacology (IUPHAR) still considers 

GPR6 to be an orphan receptor 132. Very recently endocannabinoid-like N-acylamides 

such as N-arachidonoyl dopamine, N-oleoyl dopamine and N-palmitoyl dopamine have 

been shown to exert inverse agonism at GPR6 in the micromolar range 41. Some 

phytocannabinoids such as cannabidiol 7, and cannabinoid antagonists including 

SR144528 9, and aminoalkylindole cannabinoid agonist WIN55212-2 9,133 have shown 

activity on GPR6. 

GPR6 is a Gαs-coupled receptor that its highly expressed in human striatum and 

hypothalamus 134. It exhibits high constitutive activation of adenylyl cyclase, producing 

cyclic AMP (cAMP) levels that rival the cAMP levels produced by many fully activated 

Gαs-coupled receptors with their corresponding agonists 2,10,22. 

GPR6 has been suggested as a possible target for the treatment of Parkinson’s 

disease 70,72. Experimental evidence shows that depletion of GPR6 causes both dopamine 
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increase and cAMP decrease in the striatal tissues which are accompanied by improved 

movement 70. Knocking out GPR6 in a Parkinson’s disease mice model results in a 

decrease of the involuntary movements that characterize this disease. Diminishing the 

constitutive signaling of GPR6 is currently being pursued by the pharmaceutical industry 

as a therapeutic approach for the management of Parkinson’s disease 42–46. In fact, several 

patents claim the use of pyrazine derivatives as GPR6 inverse agonists for treating 

Parkinson’s disease symptoms and other dyskinesia syndromes 42–46. Some of these 

analogs showed a nanomolar activity in cAMP accumulation assays in hGPR6-CHO 

cells. Using a Haloperidol induced Parkinson’s disease rodent model, some ligands 

showed the capability of reversing catalepsy in a dose-dependent manner. GPR6 is 

involved in other neurological disorders such as Huntington’s 75,76 and Alzheimer’s 

Disease 54. Moreover, instrumental learning has been shown to be impaired in GPR6 

knockout mice models 23. In 2001, Arena Pharmaceuticals. Inc, filed a patent application 

regarding the use of imidazolidinethiones and imidazodithiazoles derivatives as GPR6 

inverse agonists for treating clinical obesity 47. 

In contrast to the growing therapeutic interest, little is known about this orphan 

receptor. The scarcity of identified ligands along with the lack of GPR6 structural 

information, is delaying therapeutic exploitation. No GPR6 X-ray crystal, cryo-electron 

microscopy, or nuclear magnetic resonance (NMR) structural studies have been 

published. Therefore, we have developed a detailed structural study of GPR6, including 

the construction of the first complete set of GPR6 molecular models. These models will 

provide not only the structure of orthosteric binding site of GPR6 but also the membrane 
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bilayer environment of GPR6. This computational model was used to reveal GPR6 

structural features; to explore the binding crevice; to rationalize the structure-activity 

relationships from the reported patents; to identify the critical residues in the binding 

crevice for ligand recognition; and, to guide future drug design. 

Results and Discussion 

GPR6 Inactive-State Model Development 

 The hGPR6 homology model was constructed based upon the X-ray crystal 

structure of the Sphingosine-1-phosphate receptor 1 (S1P1) at a 2.8 Å resolution [PDB 

identifier: 3V2Y] 135. S1P1 shares 33% sequence homology (similarity) with GPR6 

sequence 134. Both share essential features such as (1) the absence of helix kinking 

proline residues in TMH2 (2.58 or 2.59) and TMH5 (5.50), (2) the presence of an acidic 

residue E1.49 before the highly conserved N1.50 in TMH1 and (3) the presence of an 

internal disulfide bridge in the EC2 loop (see Supporting Information, Figure 23 for 

Human sequence alignments of S1P1 and GPR6 receptors). Further details regarding 

template selection are discussed in the Methods Section 3.2. After mutating the S1P1 

sequence to the GPR6 sequence, we identified the presence of additional helix bending 

residues in GPR6 that were not present in S1P1. These occur in TMH1 (T1.44), TMH6 

(T6.43) and TMH7 (P7.41) (see residues in red in Helix Net below). The Conformational 

Memories (CM) technique was used to explore the impact of each of these residues on 

the geometry of these TMHs. CM provides a set of low-free energy conformations by 

using multiple Monte Carlo/simulated annealing random walks employing the 
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CHARMM (Chemistry at HARvard Molecular Mechanics) force field as described in the 

Methods Section 3.3 136,137. 

TMH1. In TMH1 of GPR6, there is a threonine that is not present in the S1P1 

sequence (see Supporting Information, Figure 23). Threonine can bend alpha-helices 

when its χ1 dihedral is in a g- conformation. Typically, this is seen when a TMH 

threonine faces the lipid bilayer 138,139. This is due to their ability to induce an intrahelical 

hydrogen bond between the side-chain oxygen atom of the threonine and the i-3 or i-4 

carbonyl oxygen of the helix backbone. In GPR6, this residue, T1.44, faces lipid and is 

embedded in an SGT motif. G1.43 can add more flexibility to the region increasing helix 

bending (Figure 11) 140–142.  

CM was used to investigate the “hinge region” created by the helix bending 

residue and the four residues that precede it (T1.44 to C1.40). After superimposing the 

112 generated conformers on V1.45 to T1.60, the intracellular amino acids of TMH1 

preceding the explored hinge region, most helices were bent away from the binding 

crevice or toward TMH2 or TMH7. This proves the ability of the SGT motif to bend 

TMH1. However, there were output helices that would fit in the TMH bundle. The helix 

conformer selected for incorporation into the GPR6 model was chosen because it forms 

good Van der Waals interactions with the juxtaposed TMH2 and TMH7 avoiding gaps 

between them. For helix geometry details, see Table 3. 
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Figure 11. Helix Net Representation of the Human GPR6 Sequence. 

The Most Highly Conserved Residue in Each Helix is Colored Blue. A Key Disulfide 

Bridge Between the Extracellular Loop 2 (EC-2) is Indicated by a Double-Headed 

Arrow. Black Arrowheads Indicate Specific Residue Numbers in the GPR6 Sequence 

(Absolute and Ballesteros–Weinstein Numbering). The Additional Helix Bending 

Residues in TMH1, TMH6 and TMH7 are That Were Colored Red. 

 

Table 3. ProKink Analysis 149 Results for the Chosen TMH Conformers for Inclusion in 

GPR6 Model. 

 

 

Helix 

Hinge 

Residue 

Bend Angle 

(deg) 

Wobble Angle 

(deg) 
Face Shift (deg) 

TMH1 T1.44 13.0 172.4 3.0 

TMH6 T6.43 9.9 113.0 5.8 

TMH7 P7.41 12.7 −20.1 31.9 
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TMH6. A very striking feature was identified in GPR6 TMH6 sequence. This 

helix contains an unusually large number of helix bending residues. There are five 

glycine residues (G6.33, G6.35, G6.42, G6.45 and G6.58), a threonine at T6.43, as well 

as the conserved proline at P6.50. Many of these residues are not shared with the S1P1 

sequence (see Supporting Information, Figure 23). These include glycine at positions 

6.45, and 6.42 and threonine at position 6.43 that is facing lipid. The region containing 

these unique residues (L6.41 to G6.45), immediately preceding the conserved SWXP 

motif (CWXP in most Class A GPCRs), was explored using CM. TMH6 undergoes a 

conformational transition from an inactive (R) to a G-protein activated state (R*) 

conformation as part of the GPCR signaling mechanism. This gives exploration of 

accessible conformations of TMH6 in this region, added importance. This will be 

described in further detail in Section 2.1.6. 

The resultant CM calculated helices were superimposed at their extracellular ends 

with the backbone residues from A6.46 to V6.57 in the template. The conformers that 

were generated by CM that had the χ1 of T6.43 in g- were more kicked away from the 

bundle compared to the conformers with the T6.43 χ1 in g+. The latter set was used to 

select the conformer that was used in the inactive state bundle. Conformer choice was 

predicated on its ability to preserve the R3.50-T6.30 ionic lock interaction that 

characterizes the GPR6 inactive state. In addition, the selected low-free energy conformer 

fits in the bundle avoiding Van der Waals overlaps with the nearby residues from the 

other helices. See Table 3 for helix geometry details. 
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TMH7. The highly conserved NPXXY motif in TMH7 is present in both S1P1 

and GPR6. However, GPR6 has an additional proline at position P7.41 that is not present 

in S1P1 (see Supporting Information, Figure 23). As proline residues are known to 

introduce a kink between the segments preceding and following the proline residue 143–

145, the presence of P7.41 may bend the top of TMH7 which can affect the overall shape 

of the binding pocket. To explore its effect on helix shape, P7.41 and four residues prior 

to it (A7.37 to P7.41) backbone dihedrals were varied using CM. The values used for 

range variations according to the Protein Data Bank were: −120° < ϕ < 40°, −70° < ψ < 

0° and −160° < ω < 160° 146. The 112 conformers generated were superimposed from 

P7.41 to R7.56, the intracellular amino acids of TMH7 preceding the explored hinge 

region with the varied proline. CM calculations suggest that the extracellular end of 

TMH7 could be tilted inwards, occluding the binding site. However, the selected TMH7 

conformer does not invade the binding crevice or generate major steric overlap with other 

helices of the GPR6 bundle. See Table 3 for helix geometry details. 

N-Terminus. The N-terminus (N-term) of GPR6 is composed of 70 amino acids, 

which is long compared to other Class A GPCRs. Cannabinoid receptor type 1 (CB1) is 

the only GPCR that has a longer N-term than GPR6 in the MECA cluster 4,131. It has 112 

residues in N-term. Prime Homology modeling implemented in the Schrödinger package 

was used to model the last 25 residues of the GPR6 N-term that are adjacent to TMH1. 

According to crystal structures of similar lipid sensing proteins as S1P1 and LPA1, the 

N-term may contain a helical segment 135,147. The following structural features were taken 

into consideration when modeling and selecting the GPR6 N-term. These include a 



 

54 

helical N-term region between G(52)–S(61), because its sequence presents a periodicity 

between polar and nonpolar residues, which suggest an alpha helical segment, and 

contains NGS motif in there (NXS/T is an N-glycosylation site) 148 that should be 

exposed to extracellular milieu, the ability to fit with the other EC loops forming 

hydrophobic patches with them, and the ability to block access of ligands from the 

extracellular milieu 149, while diminishing water access to the binding site. 

EC2. Important structural features were taken into account in modeling GPR6 

loops using MODELLER 8.2 (copyright © 1989–2017 Andrej Sali, San Francisco, CA, 

USA). In GPR6, the EC2 displays the CX6CX4P motif that is present in other receptors, 

indicating that a limited distance should be introduced between C(209) and C(216) to 

form a conserved internal disulfide bridge in the MECA cluster (Figure 11) 135,147. As in 

the crystal structures of S1P1 and LPA1, the third and the fourth residues after the last 

cysteine in the disulfide bridge points down, invading the binding crevice. These two 

residues are V(219) and R(220) in GPR6. The latter shown to have a critical role in the 

binding crevice as a main Hydrogen Bond Donor (HBD) as will be shown in Section 

2.2.3. 

Ionic lock and toggle switch. GPCRs can signal through a G-protein dependent 

signaling pathway and/or a G-protein independent signaling pathway via β-arrestin 150,151. 

G-protein dependent signaling requires an opening form at the intracellular end of the 

receptor for the G-protein to complex. While the G-protein independent signaling 

pathway via β-arrestin requires TMH7 movement to expose the extreme end of the C-

terminus for the β-arrestin to couple with it 152. GPR6 has been shown to signal via G-
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protein and to have high constitutive activity 134. Activation via G-protein occurs upon 

changes in intrahelical interactions between TMH3 and TMH6 153. Specifically, the 

receptor activates when TMH3 undergoes a counter-clockwise rotation, while TMH6 

straightens at P6.50 moving its intracellular end away from TMH3, breaking a key salt 

bridge known as the “ionic lock” (R3.50-T6.30) at the intracellular end of the helix 

bundle. In GPR6, the “ionic lock” is a good Hydrogen bond formed between R3.50 and 

T6.30. When this “lock” is formed, the receptor is in its inactive state (R) with no 

opening on the intracellular side of the TMH bundle (Figure 12). When the “lock” is 

broken, the IC ends of TMHs 3 and 6 move apart by undergoing helix conformational 

change to produce the G-protein activated state (R*) [45]. The transition from the R to R* 

states is usually triggered by agonist entry into the ligand binding pocket which causes 

the binding pocket “Toggle Switch” to change conformation 154. In GPR6, this toggle 

switch is formed by F3.36 and W6.48 (Figure 12). In the inactive state, the chi1(χ1) 

dihedral angle of W6.48 is in a g+ conformation. W6.48 is held in a g+ chi1 by another 

residue, F3.36 (χ1 in trans). During activation, ligand binding causes the F3.36 χ1 

dihedral angle to change from trans to g+. This releases W6.48 to undergo its χ1 change 

from g+ to trans. As W6.48 is part of the TMH6 hinge motif, CWXP (SWXP in GPR6), 

changes in W6.48 can induce a straightening of TMH6. In GPR6, the toggle switch may 

include a third residue, F5.47, that has an aromatic stacking interaction with W6.48. This 

residue in the R state is in a g+ χ1 rotameric state that changes to a trans χ1 as GPR6 is 

activated. 



 

56 

Recently, GPR6 has been shown to also signal through a G-protein independent, 

β-arrestin signaling pathway. GPR6 displays high constitutive activity in β-arrestin2 

recruitment assays in CHO cells co-expressing GPR6-PK1 and EA-β-arrestin2 7,9. The IC 

conformational changes due to the β-arrestin activation mechanism are not fully 

elucidated and studied as G-protein activation among GPCRs. It has been suggested that 

conformational changes occur in TMH7-Hx8 domains accompanying β-arrestin signaling 

155,156, with no changes in the conformational status of TMH3/TMH6, keeping the ionic 

lock intact. 

 

Figure 12. Toggle Switch Residues (F3.36-W6.48-F5.47) are Shown in Green and Ionic 

Lock Residues (R3.50-T6.30) are Shown in Magenta. Lipid View of GPR6 from TMH5-

TMH6 Portal (Portion of TMH6 Made Transparent for Better View).  
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Inactive state model minimization. The resultant homology model has been 

optimized using OPLS3e all atom force field (applying an 8.0-Å extended nonbonded 

cutoff, a 20.0-Å electrostatic cutoff, and a 4.0-Å hydrogen bond cutoff) as described 

previously in the Reggio lab protocol 15. The minimized, inactive state GPR6 bundle 

preserves the following main class A GPCR interhelical contacts: (1) the hydrogen bond 

networks in TMH1-2-7 (N1.50-D2.50-N7.49), in TMH1-7 (E1.49-X7.47), and, in 

TMH4-2-3 (W4.50-S2.45-S3.42); (2) aromatic stacking between TMH3-6-5 toggle 

switch residues (F3.36-W6.48-F5.47); and, (3) the good hydrogen bond between TMH3-

6 residues (R3.50-T6.30) as the ionic lock. 

Figure 13 shows a comparison of the S1P1 crystal structure 135 (Figure 13A) and 

the GPR6 inactive state model developed here (Figure 13B) from an extracellular view. 

The main differences seen in TMHs are shown here. The EC portion of TMH1 in GPR6 

is pulling away from the binding crevice as a result of the presence of SGT motif. 

Particularly, T1.44 facing lipid causes that bend as mentioned in Section 2.1.1. The top of 

TMH6 is similar in both receptors, while GPR6 IC is more kicked toward TMH5, 

preserving the ionic lock interaction. The top of TMH7 in GPR6 bends more toward the 

binding crevice due to the effect of P7.41 that is not present in S1P1. The N-term 

contains a helical portion in both S1P1 and GPR6. As in other lipid receptors, the N-term 

and EC loops cover the top of the bundle shielding it from the extracellular milieu. 

In the next sections, the GPR6 model developed here will be used to explore the 

binding crevice, to rationalize the structure-activity relationships from the reported 

patents, and, to identify critical residues in the binding crevice using docking studies. 
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Figure 13. A Comparison of (A) the S1P1 Inactive State Crystal Structure and (B) the 

GPR6 Inactive State Model. The View Here is from the Extracellular Side of Each 

Bundle. 

 

Molecular dynamics. Molecular dynamics (MD) simulation of the developed 

GPR6 inactive state model was performed to validate the stability of the model. GPR6 

was embedded in a fully hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) lipid bilayer and simulated for 100 ns. The Orientation of Proteins in Membranes 

(OPM) was used as a reference for orienting GPR6 157. In the Method Section 3.6, full 

setup details of MD simulations are provided. As seen in Figure 14, the root mean square 

deviation (RMSD) of the backbone TMHs region is averaged around 2, demonstrating a 

stabilized bundle through the 100 ns simulation time. 
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Figure 14. Plot of TMH Region Root Mean Square Deviation (RMSD) Versus 

Simulation Time for the GPR6 Inactive State Model. 

 

Docking Study and SAR 

Structure-activity relationship (SAR) analysis for pyrazine analogs. As 

previously mentioned, very few chemotypes have been identified for GPR6 thus far. 

Envoy Therapeutics, Inc. and Takeda Pharmaceutical Company developed a large series 

of pyrazine derivatives as novel GPR6 inverse agonists 42–46. They claimed the use of 

these analogs in treating Parkinson’s disease and other dyskinesia syndromes. Five 

different patents with more than 1000 compounds were reported. Most of them were 

tested using cAMP accumulation assays in hGPR6-CHO cells. In all patents, IC50 

generated using LANCE® HTRF (homogenous time-resolved fluorescence) Ultra cAMP 

assay kit with no error bars provided. These series provide structural information that 

may aid an understanding of important residues in the binding site of GPR6. Our analysis 

and SAR rationalization for these patented GPR6 modulators is given below. 
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To rationalize the SAR, the structure will be divided into three main cores as 

depicted in Figure 15. The main structural modifications in the different patents were 

performed on Core A using moieties of different nature. Initial efforts were directed 

towards the aromatic bicyclic core A bearing heterobicycles such as quinoxalines, 

pyridopyrazines or pyrazinopyridazines 42,43. Many of these compounds exhibited activity 

in the low nanomolar range. In a second effort, tetrahydropyridopyrazines were explored 

at Core A showing a decrease in activity to the high micromolar range 45. Afterwards, a 

simple heterocycle core A was attempted obtaining nanomolar activity with pyrazine 

derivatives 44. In the last patent, a variety of heteroaromatic carboxamides were also 

investigated 46. 

 

Figure 15. Structure Activity Relationship (SAR) Analysis of Pyrazine Analogs. The 

Scheme Represents Selected Examples Covered by the Patents. 
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An extensive substitution pattern was explored at R1 among all patents. For the 

bicyclic core, diverse substituents in the 5-, 6- or 7- position were tolerated. However, di-

substitution showed decreased activity, especially if position 8 was substituted. On the 

other hand, compounds with no substituents were tolerated well in terms of activity, as 

long as there was a nitrogen at position 6. Regarding the pyrazine scaffold, mono- or di- 

substitution at R’ and R’’ were accepted. For heteroaromatic carboxamides derivatives, 

substitution with a rich electron density moiety such as a sulfonyl or cyano group at the 

meta or para position to the carboxamide was found to be a requirement to maintain high 

activity. 

Core B was explored extensively in the first patent 43 through more than 600 

derivatives, which sets out the basis of the structures that were then used in the 

subsequent patents 42,44–46. The main modifications that were explored are the following: 

(1) C6 Cycloalkyl or C6 heterocycloalkyl as piperidinyl-, piperazinyl-, or 

morpholino were explored as linkers. 

(2) Methylene, oxygen, carbonyl, and flouromethylene were tolerated at the Z 

position. 

(3) Aromaticity is required at R2, with a phenyl ring preferred over heterocyclic 

rings or bicyclic rings. Electron-withdrawing substituents such as fluoro-, 

chloro- or electron-donating group substituents as methoxy on the aromatic 

ring are required for higher potency. 
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For core C, only small substituents such as cyclopropyl-, isopropyl- and 

difluoroisopropyl- amines conferred good activity, while bulky substituents led to a 

decrease in the activity. 

Analysis of the reported SAR from the patents referenced above revealed the key 

structural features associated with high activity at GPR6. This allowed selecting a subset 

of the inverse agonist analogs to be docked in the resultant GPR6 inactive state model, as 

inverse agonists have higher affinity for the inactive state. Docking studies will be used 

to validate the model and identify the key residues in the binding crevice for ligand 

recognition. 

Conformational analysis of selected GPR6 inverse agonists. In docking 

studies, the global minimum energy conformer is typically docked first. Higher energy 

conformers are considered if the global minimum does not fit the binding site. This 

procedure necessitates a previous conformational analysis of subject ligands. Therefore, a 

systematic conformational analysis for each of the diverse patented inverse agonists was 

performed using the Spartan 08 molecular modeling program (Wavefunction, Inc., Irvine, 

CA, USA). Each rotatable bond is rotated either 360° in 120° or 180° increments. The 

equilibrium geometry for each conformer was calculated by ab initio Hartree-Fock 

calculations in vacuum at the 6-31G* level. The lowest energy conformer was then used 

as the initial structure for docking studies. 

Docking studies. A selection of representative compounds from the patents was 

selected to explore the main structural features in our docking studies (Figure 16). At 

least one from each patent that differs in Core A was chosen to investigate the difference 
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in activities obtained between this series at a molecular level. Those compounds were 

docked in our inactive state receptor model manually and using the Macromodel Glide 

algorithm implemented in Schrödinger module 158. Minimizations of all the complexes 

were performed in Prime (Schrödinger 2019-3: Prime, Schrödinger, LLC, New York, 

NY, USA, 2019) using the implicit membrane model, as described in the Methods 

Section 3.9. 

 

Figure 16. GPR6 Modulators-Pyrazine Analogs Used for Docking Studies. The Numbers 

Next to the Alphabetic Letter for Each Compound Come from Envoy Therapeutics, Inc. 

and Takeda Pharmaceutical Company Patents. 

 

Docking studies showed that these inverse agonists can span the GPR6 orthosteric 
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region, R(220), an EC-2 loop residue. We used this residue as the primary interaction site 

for studied ligands. The pyrazine analogs can form two main sets of aromatic stacking 

interactions at the aforementioned TMHs. In the TMH3-6 region, they can hold the 

rotameric toggle switch, a main switch in the binding pocket that maintains the bundle in 
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the inactive state, by aromatic stacking with F3.36, W6.48 or F6.51. Other aromatic 

interactions in the TMH1-2-7 region involve residues W1.35, H2.60, F2.61 and/or Y7.36. 

Figure 17 shows analog A-415 (IC50 = 64 nM) in complex with GPR6 R. A-415 

belongs to the aromatic heterobicycle derivatives of core A. The primary interaction is a 

hydrogen bond formed between the exposed N in the cyano group (the most 

electronegative site of A-415, see Supporting Information Figure 24) and EC-2 loop 

residue, R(200) (both NE and NH2) (see Supporting Information Table 4 for interaction 

measurements). This hydrogen bond helps position the quinoxaline ring between TMH3-

6. The quinoxaline ring forms a T-stack with F3.36 and a tilted-T interaction with the 6-

membered ring of W6.48. The interhelical aromatic stacking between TMH3-6-5 toggle 

switch residues (F3.36-W6.48-F5.47) was preserved and stabilized with inverse agonist 

interaction. On the other side of the receptor, the aromatic ring in core B, the 

difluorophenyl of A-415 forms a T-stack with H2.60 and a tilted-T interaction with 

Y7.36. The 6-membered ring of W1.35 forms an aromatic tilted-T interaction with the 

difluorophenyl as well. The conformational energy expense for A-415 is 1.6 kcal/mol. 

The total pairwise interaction energy for A-415 at this binding site in GPR6 is −51.71 

kcal/mol and the Glide score is −10.10 kcal/mol (see Supporting Information Table 5). 

The major contributions to these interactions come from the hydrogen bonding with 

R(220), aromatic stacking with W1.35, F3.36, W6.48, and Y7.36 and van der Waals 

interactions with L(60), L2.57, A2.53, Q(132), L3.32, V3.33, T7.43, F6.51, and L7.39. 

This docking study shows how aromatic bicyclic derivatives such as quinoxaline analogs, 



 

65 

with electron rich substitution at position 6 can fit in GPR6 R, interacting with crucial 

interaction sites and keeping the bundle in its inactive state. 

 

Figure 17. A-415/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Figure 18 illustrates analog B-582 (IC50 = 64 nM) in complex with GPR6 R. B-

582 belongs to the same patent as A-415 43, however B-582 shows a bioisosteric 

replacement of a quinoxaline with a pyrido-pyrazine and bears a bulkier substituent at 

position 5, a morpholino-methanone group. The carbonyl of the morpholino-methanone 

forms a hydrogen bond with R(220) (see Supporting Information Table 4 for interaction 

measurements). The pyrido ring in pyrido-pyrazine forms a T-stack with both F3.36 and 

F6.51. While H2.60 forms a T-shaped stacking with the difluorophenyl. The docked 

conformational cost for B-582 is 2.5 kcal/mol with total interaction energy of −51.67 

kcal/mol with GPR6 R and Glide score of −8.72 kcal/mol (see Supporting Information 
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Table 6). The hydrogen bonding with R(220), the aromatic stacking with H2.60, F3.36, 

and W6.48 and van der Waals interactions with V(219), L2.57, L3.32, V3.33, W6.48, 

C6.55, L7.39, and T7.43 make a substantial contribution to the total interaction energy. 

This derivative demonstrates that bulky substituents with exposed rich electron density at 

position 5 of the bicyclic system are well tolerated by the receptor. 

 

Figure 18. B-582/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Figure 19 illustrates a tetrahydroquinoxaline analog C-2 (IC50 = 71,500 nM) in 

complex with GPR6 R. In these derivatives the activity decreased to the micromolar 

range as a result of losing the aromaticity in the second ring, compared to the previous 

analogs. Only one hydrogen bond is formed with R(220), as the other hydrogen bond is 

hindered by the saturated ring hydrogens (see Supporting Information Table 4 for 

interaction measurements). This fused ring is not able to form an aromatic stacking with 

neither F3.36, nor W6.48, the toggle switch residues. It only formed edge-to-face 
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aromatic stacking with F6.51. The lone pair of the methoxy in the 2-methoxyethanone is 

pointing to the π cloud core of F3.36, which is a repulsive interaction and further 

destabilizes the system. The difluorophenyl was still able to form a T-stack with W1.35 

and another T-stack with H2.60. The total interaction energy and the conformational cost 

for such complex are −47.17, and 2.6 kcal/mol, respectively and Glide score of −7.80 

kcal/mol (see Supporting Information Table 7). The major contribution to this energy is 

the van der Waals interaction with A2.53, L2.57, V3.29, L3.32, V3.33, F3.36, W6.48 and 

L7.39, and T7.43. As well, hydrogen bonding to R(220) and aromatic stacking to W1.35, 

H2.60 and F6.51 contribute to the interaction. The diminished total interaction energy 

and the lack of aromatic stacking of C-2 with toggle switch residues cause the reduced 

ability of C-2 to act as an inverse agonist, what is in agreement with the reported 

biological testing. 

 

Figure 19. C-2/GPR6 R Complex. The View from the Lipid Bilayer with the EC Portions 

of TMH6-7 Removed for Clarity. 
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Figure 20 shows derivative D-33 (EC50 = 14 nM) -GPR6 R complex. D-33 

belongs to the monocyclic derivatives of core A. The cyano in D-33 forms a hydrogen 

bond with both NE and NH2 of R(220) (see Supporting Information Table 4 for 

interaction measurements). Even with one ring system as core A, the pyrazine is oriented 

so that it forms aromatic stacking with W6.48 and F6.51. Both W1.35 and H2.60 form T-

shaped aromatic stacking with difluorophenyl of D-33. The total interaction energy of D-

33 at this docking site in GPR6 is −50.36 kcal/mol with conformational cost of 1.9 

kcal/mol and Glide score of −8.71 kcal/mol (see Supporting Information Table 8).  

 

Figure 20. D-33/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Hydrogen bonding interactions with R(220) and aromatic stacking with W1.35, 

H2.60, W6.48 and F6.51, make major contributions to the overall interaction energy. 

Numerous van der Waals interactions with L2.57, Q(132), L3.32, V3.29, V3.33, F3.36, 
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T7.36, and L7.39 also contribute. This docking study correlates with the biological 

activity reported, showing the ability of monocyclic derivatives to be good GPR6 inverse 

agonists, with electron rich substitution at position 5, these can satisfy R(220) and the 

pyrazine stabilizes toggle switch residues. 

Docking of the heteroaromatic carboxamide derivative E-5 (EC50 = 40 nM) in 

GPR6 R is illustrated in Figure 21. E-5 sits slightly differently in the binding crevice 

compared to the other derivatives due to its structure. Still, this molecule preserves the 

ability to interact with the crucial receptor sites. In that orientation, the carbonyls in the 

methylsulfone can form strong hydrogen bonds with R(220) (see Supporting Information 

Table 4 for interaction measurements). In this docking study, we can show the 

importance of electron rich substitution at meta or para positions to the heteroaromatic 

carboxamide, since in that position the electrons are more accessible to a hydrogen bond 

with R(220). The phenyl in methylsulfonyl-phenyl forms a T-stack with F6.51. While 

methoxypyridine forms edge-to-face stacking with the 6-membered ring of W6.48. On 

the other hand, both H2.60 and F2.61 form T-stacks with the difluorophenyl. The 

conformational cost, the total interaction energy and Glide score for E-5 at this docking 

site in GPR6 R is 2.4, −59.22, and −10.38 kcal/mol, respectively (see Supporting 

Information Table 9). The hydrogen bonding interaction with R(220) makes major 

contributions to the overall interaction. Aromatic stacking interactions with H2.60, F2.61, 

W6.48, and F6.51 and van der Waals interactions with hydrophobic L2.57, Q(132), 

V3.29, V3.33, L3.32, L7.39, A7.42, and T7.43 contribute to the overall interaction. This 
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docking study demonstrates that heteroaromatic carboxamide derivatives are good GPR6 

inverse agonists, which correlate with the biological activity reported. 

 

Figure 21. E-5/GPR6 R Complex. The View from the Lipid Bilayer with the EC Portions 

of TMH6-7 Removed for Clarity. 

 

The ligand/GPR6 complexes described here can not only rationalize how these 

molecules bind to GPR6 but also explain structural trends observed in the patents’ SAR. 

For instance, how bulkier substituents at core C exhibit a decrease in activity. This can be 

exemplified with analogs A-415 (IC50 = 64nM) and F-414 (IC50 = 390nM). Both analogs 

belong to the aromatic bicyclic core A family. The difference between them lies in core 

C, where A-415 bears a small substituent such as cyclopropylamine, and F-414 bears a 

bulky one as the aminopyridine. The pyridine ring forces the ligand to sit higher in the 

binding site, hindering deeper penetration into the crevice to stabilize the toggle switch. 
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Or otherwise pyridine will have edge to edge electrostatic clashes with W6.48 and the 

lone pairs of pyridine will be clashing with TMH2 residues. 

Our docking studies are also consistent with other remarkable structural features 

reported in the patented series of compounds. The position of the nitrogen or the electron 

rich substitutions in the aromatic bicyclic core A family play an important role in this 

family of compounds. As it can be seen in Figure 22 examples, G-133 (IC50 = 32 nM) 

with the nitrogen at position 6 leads to a good GPR6 inverse agonist. While in H-33 (IC50 

= 2160 nM), when the compound loses the nitrogen at position 6, the activity dropped to 

the micromolar range. Electron rich substitutions at position 8 are not well tolerated, as it 

can be seen in I-247 (IC50 = 1490 nM) analog.  

 

Figure 22. Other GPR6 Modulators-Pyrazine Analogs. The Numbers Next to the 

Alphabetic Letter for Each Compound Come from Envoy Therapeutics, Inc. and Takeda 

Pharmaceutical Company Patents. 

 

Docking studies of these compounds with their interaction measurements and 

energies can be seen in the supporting information. In these studies, G-133 (IC50 = 32 

nM) the derivative with the nitrogen at position 6 is capable of forming a hydrogen bond 

with R(220) and a stable aromatic interaction with toggle switch residues (Figure 
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26/Table 10). While H-33 (IC50 = 2160 nM), is not able to form a hydrogen bond 

interaction with R(220) (Figure 27/Table 11). In I-247 (IC50 = 1490 nM), the cyano 

substituent at position 8, provided steric clashes that push the ligand away from forming 

aromatic interactions with toggle switch residues F3.36 and W6.48, in addition it loses 

the ability to hydrogen bond with R(220) (Figure 28/Table 12), decreasing its ability to 

act as a good cAMP inverse agonist. 

The 2,4-aromatic substitutions at core B (R2) (Figure 15) are preferred over other 

substitution patterns. This might be due to the fact that they position one edge of the 

aromatic hydrogens for better interaction at either H2.60 or Y7.36, without the steric 

hindrance of bulkier substituents as seen in earlier docking studies (Figures 17–21). Even 

though, other substitution patterns are also well accepted such as 2,5, exemplified in 

comparison between analogs J-572 (IC50 = 21 nM), K-447 (IC50 = 35 nM) and G-133 

(IC50 = 32 nM) in Figure 22. As it can be seen in Figure 26, the dichlorophenyl of G-133 

(IC50 = 32 nM) was able to form aromatic stacking with Y7.36. While according to the 

patents, no substitutions, even mono substitution lead to a significant activity decrease as 

exemplified by analogs L-562 (IC50 > 100,000 nM) and M-570 (IC50 > 100,000 nM) in 

Figure 22. These changes were explored only in the first patent 43,then most 2,4 and to 

lesser extent 2,5 substitutions were used for the others 42,44–46. 

As shown from the present study, GPR6 R can accommodate horizontally 

oriented inverse agonists to fulfill three main interacting regions for holding the receptor 

in its inactive state. Fulfilling the positively charged amino acid R(220) from EC2 with a 

hydrogen bond interaction with an accessible HBA in the inverse agonist ligands. 



 

73 

Blocking the toggle switch from moving by aromatic stacking with at least two of F3.36, 

W6.48 or F6.51. Occupying the aromatic region between TMH1,2 and 7 with aromatic 

interaction with one or more of W1.35, H2.60, F2.61 and Y7.36, respectively. The 

hydrophobic residues L2.57, L3.32, and L7.39, that surround the binding crevice at 

positions shown to be a typical interaction site with ligands in many GPCRs 159–161, 

provided the major van der Waals interactions for the studied molecules in this model. 

Our docking results can consistently explain at a molecular level the main highlights 

observed in the analyzed SAR from the patents. 

Proposed Mutagenesis for Future Perspectives 

In the next phase of this study, we will use site-directed mutagenesis studies to 

test our homology model and ligand docking studies. The first task will be radiolabeling a 

high affinity GPR6 ligand. The GPR6 patent literature contains a selection of nanomolar 

efficacy ligands that could be synthesized and evaluated as radioligands. Once a 

radioligand is available, there are three regions of contact between the pyrazine analogs 

and the receptor that will be probed first. 

Site 1: TMH3 and EC-2 Loop. In the TMH3/EC-2 loop region, docking studies 

suggest that EC-2 loop residue, R220 is a direct interaction site for pyrazine analogs and 

provides the highest interaction energy with these analogs. We will generate R220E/M/A 

mutants to test the importance of this residue. A R220E mutation would show the role of 

basic vs. acidic residue at this position. Because E220 would be unable to form an 

interaction with the pyrazine analogs, we expect that this mutation will result in a 

significant increase in Ki. A R220M mutation removes the potential for ionic or hydrogen 
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bonding but preserves bulk at this position and would create a Van der Waals interaction 

with many of the ligands. We would still expect an increase in Ki with this mutation, but 

a smaller increase than the R220E mutation. Finally, an R220A mutation would reduce 

bulk and provide no ability to form a hydrogen bond. This should also lead to a large 

increase in Ki. 

Site 2: Toggle Switch Region (TMH3/6). Core A of the pyrazine analogs forms 

aromatic stacking interactions with F3.36, F6.51, and W6.48. In Class A GPCRs, W6.48 

is the binding pocket residue that flexes the proline kink in TMH6 produced by P6.50, 

changing the shape of TMH6, when W6.48 moves from a χ1 of g+ to trans. It is likely 

that F3.36 is the other part of the GPR6 Toggle Switch, keeping W6.48 in a g+ χ1 in the 

inactive state. To test if F3.36/W6.48 is the GPR6 toggle switch 154, we will perform 

F3.36L/A, W6.48L/A mutations. We expect that mutations to smaller residues (L or A) 

will increase constitutive signaling of GPR6 as well as increase the Ki for the pyrazine 

analogs. F6.51 forms a stacking interaction with the pyrazine analogs docked here too. 

We expect that the F6.51A mutation will increase the Ki more than F6.51L mutation for 

these analogs. 

Site 3: TMH1-2-7. Residue 2.60 is found to be a binding site residue in many 

Class A GPCRs, such as GPR55 160,161. This residue is a histidine in GPR6. In our 

docking studies, H2.60 is involved in an aromatic stacking interaction with core B of the 

pyrazine analogs. Similarly, W1.35 and Y7.36 also can form aromatic stacking with core 

B. To test this, the following mutants will be evaluated: H2.60V/A, W1.35V/A and 

Y7.36V/A. The H2.60V, W1.35V and Y7.36V mutations remove aromaticity, but retain 
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some bulk, while H2.60A, W1.35A and Y7.36A remove both aromaticity and bulk. We 

expect that the valine mutants will have higher Ki’s and the A mutants will show even 

larger increases in Ki. 

These mutation studies would help to test our hypotheses and refine our GPR6 

model. As well, it will increase our structural knowledge for the next phase of the GPR6 

project, in which scaffold hopping will be used to design new GPR6 ligands. 

Materials and Methods 

Amino Acid Numbering System 

 The Ballesteros–Weinstein numbering system for GPCR residues is used in this 

paper. This system is based on assigning the label, 0.50, to the most highly conserved 

amino acid in Class A GPCRs for each TMH 162. This is preceded by the TMH number. 

In this system, for example, the most highly conserved residue in TMH1 is 1.50. In 

GPR6, this is N1.50. The residue before this in GPR6 would be labeled E1.49, and the 

one placed immediately after this would be labeled A1.51. Each TMH number can also 

contain the absolute sequence number in parentheses. Loop residues and N- and C-

termini residues are designated with their absolute sequence number in parentheses only, 

such as the important E2 loop residue, R(220). 

Receptor Model Development 

 A homology model of hGPR6 was constructed based upon the X-ray crystal 

structure of the Sphingosine-1-phosphate receptor 1 (S1P1) [PDB identifier: 3V2Y] 135, 

another class A GPCR. S1P1 was used as a template due to its 33% sequence homology 

(similarity) with GPR6 and because both share essential features such as (1) the absence 
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of helix kinking proline residues in TMH2 (2.58 or 2.59) and TMH5 (5.50); (2) both 

possess an acidic residue E1.49 before the highly conserved N1.50 in TMH1 (most Class 

A GPCRs have a G1.49 here); and (3) the presence of an internal disulfide bridge in the 

EC2 loop. Neither the Lysophosphatidic acid receptor 1 (LPA1) [PDB identifier: 4Z35] 

[36] or CB1 [PDB ID: 5TGZ and 5U09] 163,164, the other closely related crystallized 

GPCRs, were used because the LPA1 shares less essential structural features than S1P1 

and the CB1 structures suffer from crystal packing problems 165. Before mutating, the 

sequence of GPR6 was aligned first with the sequences of other class A GPCRs such as 

Rhodopsin (Rho), CB1, CB2, δ-opioid receptor (DOR), β2-AR, LPA1 and S1P1 

receptors using the highly conserved residues/motifs as alignment guides (N1.50, D2.50, 

R3.50, W4.50, Y5.58, CWXP in TMH6, and NPXXY in TMH7) (blue residues in Figure 

11). Based on this alignment, the S1P1 model was mutated to GPR6 sequence. Some 

important sequence differences between S1P1 and GPR6 in TMHs 1,6 and 7 were 

identified and needed to be explored (red residues in Figure 11). These all involved the 

presence of additional helix bending residues (S/T, G, P): T1.44 in a SGT motif in 

TMH1, T6.43 in a GT motif that is near the CWXP motif in TMH6 and the presence of 

proline at position 7.41 at the top of TMH7 138,139,144. To explore the effect of these helix 

bending residues on helix shape, the Conformational Memories (CM) technique was  

used 136,137. 

Conformational Memories Technique for Calculating TMH Conformations 

 Key sequence divergences between the template and GPR6 were explored using 

Conformational Memories 136,137. Conformational Memories is a simulated 
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annealing/Monte Carlo (MC) conformational analysis method that can be used to explore 

the sequence dictated range of conformations available at biological temperatures (310 

K) for a TMH. This technique has been previously validated in the development of 

GPCR models 166. In this method, the conformational consequences of helix bending 

residues were extensively and effectively explored in two separate phases. In the 

exploratory phase, the starting temperature for the simulated annealing (SA) was 3000 K, 

with cooling to 310 K in 18 temperature steps. At each temperature, 50,000 MC steps 

were applied. With each step, two dihedral angles and one bond angle were varied in the 

range of ±180° for dihedrals and of ±8° for bond angles. Conformers were accepted or 

rejected using the Metropolis criterion 167. In the biased sampling phase, CM explores 

only regions that were highly populated in the first phase. The starting temperature was 

749.4 K, with cooling in nine temperature steps to 310 K. At each temperature, 50,000 

MC steps were applied, and the Metropolis criterion was used to accept or reject 

conformers. All calculations were performed using a distance-dependent dielectric and 

the PARAM22 force field 168–170 without CHARM corrections 171. 

Modeling Loops and N- and C-Termini Conformations 

 The following residues were generated and added to the GPR6 model; the N- 

terminus (L(44) to L(69),) the intra- and extra-cellular loops (IC1: A(102) to T(105), IC2: 

A(173) to T(181), IC3: H(255) to A(273), EC1: L(134) to S(137), EC2: G(206) to 

A(223), EC3: S(303) to P(307) and the initial portion of the C-terminus, called HX8 

(Q(334) to C(347)). MODELLER 8.2 (copyright © 1989–2017 Andrej Sali) was used to 

refine loop conformations 172–174. Prime Homology Modeling implemented in the 
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Schrödinger package (Schrödinger 2019-3: Prime, Schrödinger, LLC, New York, NY, 

USA, 2019) was used to add the N- terminus 175. The following structural features 

noticed from other lipid sensing receptors were taken into consideration when modeling 

and selecting loops. These include: an N-terminus that covers the EC region, helping to 

block the access of ligand from the extracellular space above and shielding the binding 

site from water 135,147,149; a limited distance introduced between C(209) and C(216) in the 

EC2 loop to form a highly conserved disulfide bridge and specific residues in the EC2 

loop that point down into the binding crevice 135,147. The final loops were energy 

minimized to a gradient of 0.05 kJ/mol Å with 2500 maximum iterations using the 

generalized Born/surface area (GB/SA) continuum solvation model for water and the 

OPLS3e 176–179 field in Macromodel 10.7.014 (Schrödinger Release 2017-4: 

MacroModel, Schrödinger, LLC, New York, NY, USA, 2017), while the TMH region 

was frozen. HX8, a short amphipathic helical section of the C-terminus that lies parallel 

to the cell membrane, was minimized using the same protocol described above for the 

loops, while all other atoms in the receptor were frozen. 

Receptor Minimization 

 The resultant model was energy minimized using the protocol previously reported 

by our lab 15. The minimization protocol used the OPLS3e 176–179 all-atom force field in 

Macromodel (Schrödinger 2017-4: MacroModel, Schrödinger, LLC, New York, NY, 

USA, 2017). An extended Van der Waals cutoff (8.0 Å, updated every 10 steps), a 20.0 Å 

electrostatic cutoff, and a 4.0 Å hydrogen bond cutoff were used in each stage of the 

calculation. 
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Molecular Dynamics (MD) 

 The GPR6 model was oriented with respect to the membrane using the template, 

3V2Y, from the Orientation of Proteins in Membranes database 157 and placed in a 

hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer using the 

CHARMM-GUI server 180,181. The resulting system contained 156 POPC molecules, 

13,857 water molecules, and an ionic strength of 0.15 M NaCl. The resulting simulation 

cell contained 67,191 atoms and was 80.2 Å × 80.2 Å × 113.1 Å. All molecular dynamics 

runs employed the all atom additive CHARMM36m force field for proteins 182, and 

CHARMM36 for lipid and ions 168. The system was energy minimized and relaxed using 

multistep schedule as described previously 181. Subsequent to this relaxation, 100 ns of 

MD was performed. MD simulation was performed with the GPU version of AMBER 18 

183,184 in the semi-isotropic NPT ensemble using a Langevin thermostat (T = 310 K, using 

a friction coefficient of 1 ps−1) and a Monte Carlo barostat (P = 1 bar) as implemented in 

AMBER 18. Long range electrostatics were treated using PME (particle mesh ewald) and 

the Van der Waal force switching method was applied starting at 10 Å with a cutoff of 12 

Å. High-frequency bonds to hydrogen were constrained using the SHAKE method, 

allowing the use of a 2-fs integration time step. Finally, a sodium ion was positioned in 

the putative sodium ion binding site. This site includes the polar residues, N1.50, D2.50, 

S3.39, N7.49, and Y7.53, and directly coordinates a sodium ion to stabilize the inactive 

state of the receptor 185–188. The RMSD plot for the TMH bundle versus time was ere used 

to analyze the stability of the bundle in the bilayer. 
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Conformer Analysis of Pyrazine Analogs 

 Complete conformational analyses of the selected analogs were performed using 

ab initio Hartree−Fock calculations at the 6-31G* level, within the Spartan molecular 

modeling program (Wave function, Inc., Irvine, CA). Hartree Fock 6- 31G* 3-fold or 2-

fold rotation conformer searches were performed for all the rotatable bonds (For 

compounds A-415, B-582, C-2, D-33, G-133, H-33, and I-247 these were: C2-N1′, N1′-

C2′, C3-N1′’, C4‘’/N4′’-C7′’/O7′’, and C7′’/O7′’-C8′’ bonds, with the addition of C5-

C1′’’, and C1′’’-N2′’’ bonds in compound B-582; C7-C1′’’, C1′’’-C2′’’and C2′’’-O3′’’ 

bonds in compound C-2, C6-C1′’’; and C1′’’-O2′’’ bonds in compound D-33. For 

compound E-5 these were: C2-N1′, N1′-C2′, C2′-C3′, C3-N1′’, C4‘’-O7′’, O7′’-C8′’, and 

C6-S1′’’ bonds). In each conformer search, local energy minima were identified by 

rotation of a subject torsion angle through 360° in 120° increments (3-fold search) or in 

180° increments (2-fold search), followed by HF 6-31G* energy minimization of each 

rotamer generated (see Supporting Information, Figure 25). 

To calculate the difference in energy between the global minimum energy 

conformer of each compound and its final docked conformation, the global minimum 

conformer as determined by Hartree Fock 6-31 G* was first relaxed in the OPLS3e 

forcefield to a gradient of 0.01 kcal/((mol) (Å2)). The OPLS3e based single point energy 

of each ligand’s docked conformation, extracted from each of the minimized 

ligand/receptor complexes was calculated. Then, the energy difference for each 

compound was calculated by subtracting the potential energy of the global minimum 

conformer from the docked conformer (see Supporting Information for the 
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conformational cost for each compound). Each calculation was performed in 

Macromodel with a Generalized Born Solvent Accessibility Model, or GBSA, for water 

and a constant dielectric of 1. 

Electrostatic Potential Map Calculation 

 The electrostatic potential density surface of the global minimum conformation of 

the ligands was calculated using Spartan’08 (Wave function, Inc., Irvine, CA, USA). The 

electrostatic potential energy was calculated using the Hartree−Fock method at the 6-

31G* energy level of theory and was mapped on the 0.002 isodensity surface of each 

ligand. The electron-rich regions are colored red and the electron-poor regions are 

colored blue (see Supporting Information, Figure 24). 

Docking of Ligands 

 The global minimum conformer of A-415, B-582, C-2, D-33, E-5, G-133, H-33, 

and I-247 was used as input for manual docking into the receptor model. These analogs 

were docked using interactive graphics in the binding site of the GPR6 R model. The 

receptor/ligand complex was then minimized in Prime (Schrödinger 2019-3: Prime, 

Schrödinger, LLC, New York, NY, USA, 2019) using the OPLS3e all atom force field 

with the implicit slab membrane model 176, Variable-Dielectric Solvation Generalized 

Born Model (VSGB) for water 189, and a constant dielectric of 80 for outside the inner 

slab. The Orientation of Proteins in Membranes, or OPM, was used to provide membrane 

information to orient the receptor/ligand complexes during the minimization and set the 

depth of the membrane slab at 31.8 Å 157. Cartesian constraints were applied to the TMH 

backbones with the coefficient of the harmonic constraint potential set to 1 kcal mol−1 
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Å−2 and a flat bottom well of 0.5 Å. Glide score of the final minimized receptor/ligand 

complexes were calculated using standard precision (Glide SP) with a box size of 20 Å3 

encompassing the binding crevice, score in place docking method, dielectric constant set 

at 2, halogens treated as acceptors and aromatic hydrogens treated as donors 158. 

Calculation of Ligand/Receptor Interaction Energy 

 Assessment of Pairwise Interaction and Total Interaction Energies between each 

bound ligand and residue in the GPR6 R complex were calculated using Macromodel 9.3 

(Schrödinger 2019-3: MacroModel, Schrödinger, LLC, New York, NY, USA, 2019), as 

described previously 190. Specifically, after defining the atoms of the ligand as one group 

(group 1) and the atoms corresponding to a residue that lines the binding site in the final 

ligand-GPR6 R complex as another group (group 2), Macromodel was used to output the 

pairwise interaction energy (Coulombic and van der Waals) for a given pair between the 

ligand and each residue within a 5 Å radius. The energies were calculated with an 

extended cutoff (non-bonded: 8.0 Å, electrostatic: 20.0 Å, hydrogen bonding: 4.0 Å) and 

a distance dependent dielectric of 2. 

Conclusion and Future Perspectives 

GPR6 has emerged as a promising therapeutic target for the treatment of 

neurological diseases such as Parkinson´s disease and other dyskinesia syndromes. 

However, the lack of availability of ligands identified so far is delaying the exploitation 

and understanding of this orphan GPCR. In an effort to deepen our understanding of the 

GPR6 structure, we have constructed an inactive state model to rationalize the key 

molecular features for the activity of reported inverse agonists. 
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An analysis of patented molecules and subsequent docking studies of selected 

compounds in our model led us to identify a putative orthosteric binding pocket for these 

ligands. Our docking experiments suggest that crucial interaction sites for these inverse 

agonists involve R(220), from the EC2 loop, toggle switch residues F3.36, W6.48, F6.51 

and the aromatic residues in the TMH1-2-7 region: W1.35, H2.60, F2.61 and/or Y7.36. 

The elucidation of the crucial interacting sites for these inverse agonists can open 

new avenues for the optimization of these ligands. In addition, mutagenesis and 

consequent receptor refinement will be performed in the near future to test our 

hypothesis. 

Supporting Materials 

 

Figure 23. Human Sequence Alignments of S1P1 and GPR6 Receptors. IC: Intracellular 

Loop, EC: Extracellular Loop. Color Code: Yellow and Green: Highly Conserved 

Residues, Red: Prolines, Pink: Cysteines in an Internal Disulfide Bridge, Grey: 

Transmembrane Residues. 
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Figure 24. Molecular Electrostatic Potential Maps of the Global Minimum 

Conformations of Docked Ligands. The Electrostatic Potential Scale (in kJ/mol) is 

Provided as a Color Scale. This Scale is from Blue (Most Electropositive) to Red (Most 

Electronegative). The Numbers Next to the Alphabetic Letter for Each Compound Come 

from Envoy Therapeutics, Inc. and Takeda Pharmaceutical Company Patents. 
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Figure 25. Atom Numbering Description of GPR6 Modulators - Pyrazine Analogs Used 

for Conformational Analysis. Conformer Searches Were Performed for All Red Rotatable 

Bonds. 
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Table 4. Distance and Angle Measurements for Interactions Found in Ligand/GPR6 R Complexes. 

Interaction 

Type 
Residue/Atom Measurements 

Ligands 

A-415 B-582 C-2 D-33 E-5 G-133 H-33 I-247 

Aromatic 

Stacking 
W1.35(75) 

Distance (Å) 5.19 - 6.43 5.74 - - - 5.59 

Angle (deg) 60 - 52 56 - - - 76 

Aromatic 

Stacking 
H2.60(128) 

Distance (Å) 6.88 5.78 5.41 5.71 5.40 - - 5.55 

Angle (deg) 77 47 87 85 76 - - 57 

Aromatic 

Stacking 
F2.61(129) 

Distance (Å) - - - - 6.46 - - - 

Angle (deg) - - - - 78 - - - 

Aromatic 

Stacking 
F3.36(152) 

Distance (Å) 5.77 5.77 - - - 5.50 5.38 - 

Angle (deg) 78 65 - - - 84 87 - 

Hydrogen Bond R(220) 

NE−X Distance (Å) 3.13 2.91 - 3.14 2.86 - - - 

NE−H− −X Angle (deg) 149 145 - 148 175 - - - 

NH1−X Distance (Å) - - - - - 3.11 - - 

NH1−H− −X Angle (deg) - - - - - 144 - - 

NH2−X Distance (Å) 3.00 2.78 2.91 3.04 2.70 3.00 - - 

NH2−H− −X Angle (deg) 153 147 147 151 166 147 - - 

Aromatic 

Stacking 
W6.48(292) 

Distance (Å) 4.93 - - 5.90 5.43 5.32 5.34 - 

Angle (deg) 44 - - 35 79 58 61 - 

Aromatic 

Stacking 
F6.51(295) 

Distance (Å) - 5.42 5.59 5.29 5.85 5.34 5.27 6.10 

Angle (deg) - 78 54 72 72 86 85 76 

Aromatic 

Stacking 
Y7.36(312) 

Distance (Å) 5.96 - - - - 5.21 - - 

Angle (deg) 60 - - - - 50 - - 

Note. X: represent ligand’s heteroatom that forms the hydrogen bond interaction with R220.  
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Table 5. Compound A-415/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.06 -7.01 -7.07 

R(220) -6.22 -0.06 -6.28 

L7.39(315) 0.05 -4.75 -4.7 

L2.57(125) 0.22 -3.87 -3.65 

T7.43(319) -0.22 -3.05 -3.27 

W6.48(292) -0.02 -2.39 -2.42 

V3.33(149) -0.13 -2.18 -2.31 

L(60) -0.1 -2.09 -2.19 

Q(132) 0.18 -2.35 -2.17 

F6.51(295) -0.17 -1.84 -2.01 

Y7.36(312) -0.48 -1.44 -1.92 

W1.35(75) 0.16 -1.92 -1.77 

A2.53(121) 0.13 -1.83 -1.7 

F3.36(152) 0.09 -1.78 -1.69 

A7.42(318) 0.00 -1.66 -1.66 

L(56) -0.04 -1.42 -1.46 

V(135) -0.08 -1.11 -1.19 

G2.54(122) -0.06 -0.81 -0.87 

S7.46(322) 0.03 -0.81 -0.78 

L1.39(79) 0.02 -0.75 -0.73 

H2.60(128) -0.09 -0.5 -0.59 

V3.29(145) -0.01 -0.51 -0.51 

D2.50(118) -0.24 -0.19 -0.43 

F2.61(129) -0.05 -0.35 -0.41 

T3.28(144) -0.01 -0.28 -0.3 

L7.40(316) -0.04 -0.23 -0.26 

S(57) 0.01 -0.26 -0.25 

S3.35(151) 0.06 -0.3 -0.24 

L5.43(230) -0.06 -0.16 -0.22 
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Table 5. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

I1.46(86) 0.02 -0.21 -0.19 

Interaction Energy   -53.21 

Conformational Energy   1.6 

Total Energy   -51.71 

Glide Score   -10.10 

 

 

Table 6. Compound B-582/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

R(220) -8.85 -2.66 -11.51 

L7.39(315) 0.06 -6.25 -6.19 

L3.32(148) -0.08 -5.57 -5.64 

W6.48(292) -0.02 -2.72 -2.75 

V3.33(149) -0.12 -2.40 -2.52 

C6.55(299) -0.60 -1.72 -2.32 

V(219) 0.36 -2.67 -2.31 

F3.36(152) -0.17 -2.14 -2.30 

T7.43(319) -0.24 -1.97 -2.21 

F6.51(295) 0.21 -2.40 -2.20 

H2.60(128) -0.44 -1.38 -1.82 

L2.57(125) 0.00 -1.58 -1.58 

Y7.36(312) -0.21 -1.17 -1.38 

V(135) 0.00 -1.26 -1.27 

L(56) 0.06 -1.18 -1.12 

V3.29(145) 0.01 -1.12 -1.11 

A7.42(318) 0.05 -1.09 -1.05 

S(57) -0.04 -0.93 -0.97 

T7.35(311) -0.07 -0.68 -0.75 
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Table 6. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

A2.53(121) 0.08 -0.65 -0.57 

S(53) 0.12 -0.65 -0.54 

W1.35(75) 0.00 -0.42 -0.42 

S(217) -0.03 -0.36 -0.39 

T3.28(144) 0.03 -0.36 -0.33 

V(218) 0.11 -0.39 -0.28 

L5.43(230) -0.01 -0.19 -0.20 

V5.40(227) -0.01 -0.10 -0.12 

G2.54(122) -0.01 -0.10 -0.11 

L(54) 0.01 -0.11 -0.10 

S7.46(322) 0.01 -0.09 -0.08 

S3.35(151) 0.06 -0.12 -0.06 

Interaction Energy   -54.17 

Conformational Energy   2.5 

Total Energy   -51.67 

Glide Score   -8.72 

 

 
Table 7. Compound C-2/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.33 -5.96 -6.28 

R(220) -5.98 -0.01 -5.99 

F6.51(295) 0.21 -4.45 -4.24 

L7.39(315) -0.02 -3.9 -3.92 

L2.57(125) 0.02 -3.76 -3.73 

W6.48(292) 0.2 -3.46 -3.26 

F3.36(152) 0.27 -3.27 -3.00 

H2.60(128) -0.57 -1.92 -2.49 
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Table 7. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

T7.43(319) -0.18 -1.91 -2.1 

V3.29(145) 0.07 -2.00 -1.93 

V3.33(149) 0.10 -1.92 -1.82 

A2.53(121) 0.03 -1.62 -1.59 

T3.28(144) -0.11 -1.00 -1.11 

V(135) -0.04 -1.02 -1.06 

C6.55(299) 0.00 -1.04 -1.04 

A6.52(296) 0.06 -1.05 -0.99 

L5.43(230) -0.04 -0.82 -0.86 

W1.35(75) 0.01 -0.8 -0.80 

A7.42(318) -0.01 -0.67 -0.69 

F5.47(234) 0.06 -0.72 -0.67 

S3.35(151) 0.07 -0.5 -0.44 

Y7.36(312) -0.49 -1.16 -0.64 

S3.25(141) -0.01 -0.29 -0.3 

S5.44(231) -0.01 -0.25 -0.25 

G2.54(122) 0.02 -0.22 -0.2 

Q(132) 0.03 -0.22 -0.2 

S7.46(322) 0.02 -0.11 -0.09 

L(60) 0.02 -0.09 -0.08 

Interaction Energy   -49.77 

Conformational Energy   2.6 

Total Energy   -47.17 

Glide score   -7.69 
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Table 8. Compound D-33/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

R(220) -6.54 -0.84 -7.38 

L3.32(148) -0.23 -5.35 -5.59 

L7.39(315) -0.1 -4.92 -5.01 

W6.48(292) -0.11 -4.45 -4.56 

F3.36(152) -0.2 -4.22 -4.41 

L2.57(125) 0.01 -3.43 -3.42 

V3.33(149) -0.09 -2.91 -3.00 

F6.51(295) -0.25 -2.63 -2.88 

T7.43(319) -0.35 -1.97 -2.32 

Q(132) -0.06 -1.77 -1.84 

W1.35(75) -0.14 -1.58 -1.72 

H2.60(128) -0.23 -1.48 -1.71 

V3.29(145) -0.01 -1.41 -1.42 

Y7.36(312) 0.44 -1.67 -1.23 

A2.53(121) 0.09 -1.31 -1.22 

L(60) -0.02 -0.96 -0.99 

V(135) -0.05 -0.78 -0.83 

S3.35(151) 0.13 -0.75 -0.62 

A7.42(318) -0.04 -0.44 -0.47 

L7.40(316) -0.08 -0.34 -0.42 

T3.28(144) 0.05 -0.43 -0.38 

L5.43(230) -0.07 -0.26 -0.33 

P5.47(234) -0.03 -0.19 -0.21 

G2.54(122) -0.01 -0.16 -0.17 

S7.46(322) 0.03 -0.13 -0.1 

A6.52(296) 0.05 -0.09 -0.03 

S3.39(155) 0.06 -0.05 0.01 

Interaction Energy   -52.26 

Conformational Energy   1.9 

Total Energy   -50.36 

Glide Score   -8.71 
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Table 9. Compound E-5/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

R(220) -11.14 -0.15 -11.3 

L3.32(148) -0.59 -5.77 -6.36 

L7.39(315) -0.12 -6.06 -6.18 

L2.57(125) -0.15 -4.04 -4.19 

V3.29(145) 0.33 -4.03 -3.71 

H2.60(128) -0.08 -2.97 -3.04 

F6.51(295) -0.22 -2.48 -2.7 

F2.61(129) -0.18 -2.39 -2.57 

W6.48(292) -0.06 -2.47 -2.53 

V3.33(149) 0.16 -2.68 -2.52 

Y7.36(312) 0.07 -2.55 -2.48 

Q(132) -0.4 -1.47 -1.87 

A7.42(318) -0.28 -1.52 -1.8 

T7.43(319) -0.07 -1.61 -1.68 

V(135) -0.04 -1.27 -1.31 

F3.36(152) 0.11 -1.35 -1.24 

W1.35(75) -0.01 -1.14 -1.15 

A2.53(121) 0.16 -1.11 -0.95 

T3.28(144) 0.05 -0.97 -0.91 

V(219) -0.20 -0.5 -0.7 

L1.39(79) 0.01 -0.46 -0.45 

L(60) 0.05 -0.49 -0.43 

C6.55(299) 0.35 -0.62 -0.27 

L7.40(316) -0.05 -0.21 -0.26 

S3.35(151) 0.19 -0.41 -0.22 

L5.43(230) -0.05 -0.14 -0.18 

G3.30(146) 0.01 -0.15 -0.14 

S7.46(322) 0.09 -0.23 -0.13 

G2.56(124) 0.01 -0.14 -0.13 

L(56) 0.01 -0.09 -0.08 



 

93 

Table 9. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L(222) 0.00 -0.06 -0.06 

P(221) 0.03 -0.09 -0.06 

Interaction Energy   -61.62 

Conformational Energy   2.4 

Total Energy   -59.22 

Glide Score   -10.38 

 

 

Figure 26. G-133/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 
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Figure 27. H-33/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

 

 

Figure 28. I-247/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 
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Table 10. Compound G-133/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) 0.05 -8.00 -7.95 

L7.39(315) -0.46 -7.14 -7.60 

F3.36(152) 0.15 -3.45 -3.30 

L2.57(125) 0.19 -3.43 -3.24 

R(220) -2.65 -0.31 -2.96 

Y7.36(312) -0.01 -2.85 -2.86 

W6.48(292) -0.07 -2.73 -2.80 

V3.33(149) 0.03 -2.63 -2.60 

W1.35(75) -0.20 -2.13 -2.33 

A7.42(318) -0.03 -2.15 -2.18 

T7.43(319) -0.77 -1.37 -2.14 

L1.39(79) -0.01 -2.09 -2.10 

F6.51(295) -0.07 -1.58 -1.64 

L(60) 0.02 -1.47 -1.45 

L7.40(316) 0.08 -1.40 -1.32 

S3.35(151) -0.20 -0.79 -0.99 

A2.53(121) 0.11 -0.88 -0.78 

D2.50(118) -0.30 -0.44 -0.74 

V3.29(145) 0.06 -0.64 -0.57 

V(135) -0.03 -0.52 -0.55 

S7.46(322) -0.04 -0.40 -0.45 

F2.61(129) 0.02 -0.37 -0.35 

Q(132) 0.16 -0.40 -0.24 

G2.54(122) -0.04 -0.20 -0.24 

A2.49(117) -0.07 -0.15 -0.23 

N7.45(321) 0.02 -0.18 -0.16 

A3.37(153) 0.00 -0.09 -0.09 

S3.39(155) 0.07 -0.13 -0.06 

P(64) 0.01 -0.06 -0.05 

Interaction Energy   -51.92 

Conformational Energy   1.4 

Total Energy   -50.52 

Glide Score   -9.40 
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Table 11. Compound H-33/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L7.39(315) -0.43 -7.49 -7.92 

L3.32(148) 0.03 -7.22 -7.19 

F3.36(152) 0.08 -3.48 -3.40 

W6.48(292) -0.12 -2.79 -2.91 

L2.57(125) 0.12 -2.96 -2.84 

W1.35(75) -0.24 -2.45 -2.69 

V3.33(149) 0.03 -2.61 -2.58 

Y7.36(312) 0.14 -2.67 -2.53 

A7.42(318) -0.04 -2.05 -2.09 

T7.43(319) -0.75 -1.32 -2.08 

F6.51(295) -0.09 -1.37 -1.46 

L7.40(316) 0.10 -1.52 -1.42 

L1.39(79) 0.00 -1.33 -1.34 

S3.35(151) -0.18 -0.80 -0.99 

H2.60(128) -0.14 -0.85 -0.98 

L(60) -0.01 -0.96 -0.97 

R(220) 0.65 -1.60 -0.95 

A2.53(121) 0.07 -0.96 -0.89 

D2.50(118) -0.20 -0.36 -0.56 

V3.29(145) 0.05 -0.57 -0.52 

V(135) -0.02 -0.32 -0.34 

S7.46(322) -0.01 -0.26 -0.27 

A2.49(117) -0.06 -0.14 -0.20 

T3.28(144) 0.01 -0.19 -0.18 

G2.54(122) -0.03 -0.14 -0.17 

N7.45(321) 0.01 -0.15 -0.14 

A3.37(153) 0.00 -0.09 -0.09 

S3.39(155) 0.06 -0.13 -0.07 

P(64) 0.01 -0.06 -0.04 

Interaction Energy   -47.82 

Conformational Energy   2.2 

Total Energy   -45.52 

Glide Score   -9.90 
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Table 12. Compound I-247/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) 0.16 -5.99 -5.83 

L7.39(315) -0.03 -4.46 -4.49 

R(220) -0.67 -3.64 -4.31 

V3.29(145) 0.06 -3.89 -3.83 

H2.60(128) -0.19 -3.21 -3.40 

F6.51(295) -0.19 -2.89 -3.08 

Y7.36(312) -0.73 -1.91 -2.65 

V3.33(149) 0.02 -2.57 -2.55 

L2.57(125) 0.42 -2.65 -2.24 

Q(132) -0.43 -1.48 -1.90 

F3.36(152) -0.22 -1.65 -1.87 

V(135) 0.10 -1.94 -1.84 

L(60) -0.02 -1.81 -1.83 

W1.35(75) 0.00 -1.67 -1.67 

F2.61(129) -0.04 -1.38 -1.42 

T3.28(144) 0.08 -0.80 -0.71 

A7.42(318) 0.00 -0.71 -0.70 

W6.48(292) 0.07 -0.57 -0.50 

T7.43(319) -0.09 -0.38 -0.47 

P(221) 0.13 -0.50 -0.38 

L(56) 0.04 -0.40 -0.37 

L1.39(79) 0.00 -0.31 -0.31 

S3.25(141) -0.05 -0.26 -0.31 

S(57) -0.01 -0.25 -0.26 

V(219) -0.01 -0.20 -0.21 

A2.53(121) -0.01 -0.18 -0.20 

Interaction Energy   -47.35 

Conformational Energy   1.7 

Total Energy   -45.65 

Glide Score   -8.16 
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CHAPTER III 

 

DESIGN AND DEVELOPMENT OF NOVEL GPR6 MODULATORS 

 

The following results are not yet published. They are part of a future manuscript 

still in preparation.  

 

Abstract 

Multiple findings suggest that GPR6 is a potential therapeutic target for 

Parkinson’s disease and other dyskinesia syndromes. GPR6 inverse agonists are needed 

to block GPR6 constitutive activity to have such therapeutic potential. Multiple patents 

from Envoy Therapeutics, Inc. and Takeda Pharmaceutical Company reported a large 

series of pyrazine analogs as GPR6 inverse agonists that can have such therapeutic effect. 

A subset of pyrazine analogs was used here as a starting point for the design of 

novel GPR6 inverse agonists using a fragment-based scaffold hopping approach. In this 

process, we took into consideration the importance of retaining crucial interactions that 

keep the receptor in its inactive state, while generating additional interactions with the 

receptor. The candidate ligands were identified according to visual inspection, a ranking 

of docking scores, synthesizability, and promiscuity moiety filters. Optimal ADME 

properties were also considered for the hit selection process. The best candidates were 

synthesized following an efficient synthetic route that will enable derivatization in order 

to generate a rational structure activity relationship with new scaffolds. Cell-based assays 



 

99 

for cyclic AMP (cAMP) production, and beta-arrestin-2 (βArr-2) recruitment will be used 

to evaluate the synthesized compounds. 

Introduction 

The orphan G protein coupled receptor 6 (GPR6) is a constitutively active, Gαs 

protein coupled receptor that increases intracellular formation of cyclic adenosine-3’,5’-

monophosphate (cAMP) 134. GPR6 is highly expressed in the striatopallidial region of the 

basal ganglia. As demonstrated by different research groups, GPR6 represents a possible 

target for the treatment of different pathological conditions such as Parkinson’s disease 

70,72, Alzheimer´s disease 54, and Huntington’s Disease 75,76. 

Multiple studies show the depletion of GPR6 in the striatum causes both a striatal 

cAMP decrease and a dopamine increase 70,72.  In GPR6-/- mice, this was combined with 

an increase in motor activity, while in GPR6-/- Parkinson’s disease mice model, a 

decrease in the abnormal uncontrollable movement was noticed. These results suggest 

that GPR6 may serve as a therapeutic target for the treatment of Parkinson’s disease. 

Multiple patents from Envoy Therapeutics, Inc. and Takeda Pharmaceutical Company 

showed a large series of pyrazine analogs as GPR6 inverse agonists 42–46. GPR6 inverse 

agonists are needed to block GPR6 constitutive activity to have a therapeutic effect in 

treating Parkinson’s disease and other dyskinesia syndromes. 

Previous analysis of the structure-activity relationship (SAR) of GPR6 inverse 

agonists, the pyrazine analogs and its docking studies, helped in identifying main 

functional groups of the ligands and key residues in the binding crevice for ligand 

recognition 191. Through docking studies, the pyrazine analogs suggested TMH1-2-3-6-7 
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as the putative orthosteric binding site in GPR6. According to our studies, a ligand needs 

to bear the following features to show inverse agonism toward GPR6 G-protein: (1) 

hydrogen bond acceptor (HBA) group that is suitable to hydrogen bond with R(220) in 

EC2 loop, (2) aromatic core that can sit between TMH3-6 to form aromatic stacking with 

toggle switch residues F3.36, W6.48 or F6.51, (3) and another aromatic core to form 

aromatic stacking with one or more of W1.35, H2.60, F2.61 and/or Y7.36 residues 

between TMH1-2-7 region. 

According to the structural knowledge gathered from our previous model 

construction and docking studies, a pyrazine analog was used as a starting point for the 

design of novel GPR6 inverse agonists using a Core Hopping approach (integrated into 

the Maestro software). Docking studies of the candidate ligands, and the synthesis are 

reported herein. 

Results and Discussion 

Drug Design Through a Scaffold Hopping Approach 

Schneider et al. Scaffold-hopping concept was first invented by Schneider et al. in 

1999 192. The scaffold-hopping method engages with replacing the core elements of an 

active molecule to generate new chemotypes, that retain similar activity, instead of 

changing the whole molecule 193. Over the years, scaffold-hopping has been a trending 

way to generate new design ideas and showed effectiveness in improving desired 

properties, such as selectivity, efficacy, pharmacokinetic properties, increase structural 

diversity, or even simplify synthetic routes.  
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In our research, the Core Hopping approach integrated into the Maestro software 

(Core Hopping, Schrödinger, LLC, New York, NY, 2018) was used. Core hopping was 

conducted starting from an active quinaxoline analog of GPR6 inverse agonists, 

compound 415. First, the compound is divided into different cores, core A, B, and C 

(Figure 30). Core A was selected to be explored in this study, since as indicated in our 

previous docking studies 191, it bears crucial interactions with the GPR6 inactive state 

model. It interacts with R(220), a primary interaction site in GPR6, as well it is the core 

that is responsible for stabilizing the toggle switch from breaking by forming aromatic 

stacking with F3.36, W6.48 or F6.51. Cores B and C were previously explored in the 

SAR series reported in the aforementioned patents  42–46. 

To replace core A from 415, three approaches of the scaffold hopping method 

implemented in the Maestro package were used: isosteric matching (shape-based), 

ligand-based (attachment-based), and receptor-based core hopping (Figure 29). The 

isosteric matching method can be used to identify similar cores that overlap in volume, 

charge, and pharmacophoric features. The Ligand-based method can be used to find cores 

that fit between specific attachment points while the rest of the ligand remains 

unchanged. As well, defining an H-bond donor or acceptor atoms at particular positions 

of the molecule is applicable with this method. The same principles that were used with 

the ligand-based method, are used with the receptor-based method. However, in the 

receptor-based method, the candidate cores are selected from the perspective of the active 

site of the receptor with taking into account Schrödinger Glide docking analysis to 

evaluate the ligand’s interactions with the receptor. By using these methodologies, we 
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aim to increase structural diversity while preserving the features that characterize the 

GPR6 activity of 415.  

 

Figure 29. Scaffold Hopping Methods. 

 

About 15,000 candidate ligands were identified through the aforementioned 

methods (Figure 30). The selection of the cores was guided by their ability to fit in the 

receptor, core A overlap, side-chain root-mean-square deviation (RMSD) scores and they 

are not duplicating other cores from the patents. Also, the lack of structural alerts or 

promiscuous moieties (the so-called Pan Assay Interference Compounds or PAINS), the 

pharmacokinetic profile (calculated as indicated in the methods section), docking studies, 

and the synthesizability of the proposed molecules were taken into account to select the 

appropriate candidates. 
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Figure 30. Flowchart of Candidate Ligands Designing and Selection. 
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The main selected candidate cores are reported in Figure 31 Bioisosteric 

replacement of the quinoxaline will be pursue with naphthalene (CH13), 

pyrazolopyridine (CH25), or indole (CH39) moieties. 

Other obtained cores are summarized in Appendix A. They are feasible and have 

good docking results to pick from if it’s needed. Moreover, the pharmacological results 

of the selected analogs would guide the better selection for further ligands as well as 

optimization of current lead compounds. 

 

Figure 31. Cores Been Designed Through Core Hopping of Core A. 

 

Due to the reagent’s availability, small isosteric modifications on cores B and C 

were also accomplished. Such modifications are present in many of the other active 

patent examples. Figure 32 shows the ligands that have been docked and have been 

attempted to be synthesized.  
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Figure 32. Selected Candidate Compounds. 

 

Docking Studies 

Docking studies using our developed GPR6 inactive model 191 were performed to 

identify the best candidates using both manual docking and the Macromodel Glide 

docking algorithm implemented in the Schrödinger module.  

Scaffold hopping fragment replacement of core A provided a range of cores that 

sit vertically in reference to core B, as in CH13a-b and CH25, compared to horizontally 

as in CH39 (Figure 32). The two main interactions that core A provides, the hydrogen 

bond with R(220) in the EC2 loop and the aromatic stacking with toggle switch residues, 

are preserved with the selected modulators.  

Figures 33 and 34 show docks of CH13a and CH13b in GPR6 R, respectively. 

These docking studies indicate that the carbonyl oxygen in the para acetyl derivative in 

CH13b are accessible to form a good hydrogen bond with R(220), while the ortho acetyl 

as in CH13a does not bear the appropriate geometry to generate such interaction (see 

Supporting Information Table 14 for interaction measurements). The naphthalene in both 

analogs is able to form aromatic stacking with the toggle switch residues; F3.36, W6.48, 

and F6.51. Due to the steric clashes of the ortho acetyl methyl with nearby residues, 

CH13a sits a little higher than CH13b in the binding pocket, making the difluorophenyl 
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of CH13a form an aromatic stacking with H2.60, while in CH13b, it forms the aromatic 

stacking with W1.35. Due to the inability of CH13a to form a hydrogen bond with 

R(220), a key interaction site for GPR6 inverse agonists, we expect that CH13a would be 

less active than CH13b in inhibiting cAMP accumulation of GPR6.  

The conformational cost, the total interaction energy, and Glide score for CH13a 

at this docking site in GPR6 R is 1.2, -31.7, and -7.35 kcal/mol, respectively (see 

Supporting Information Table 15). While for CH13b, these values are 1.8, -43.46, and -

9.19 kcal/mol, respectively (see Supporting Information Table 16). Owning to the loss of 

the isopropylamine in these derivatives, we expect CH13b to have a lesser activity than 

the patent compound, which will also test the importance of core C in GPR6 inverse 

agonists.  

 

Figure 33. CH13a /GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 



 

107 

 

Figure 34. CH13b/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Other derivatives of CH13b such as CH13c-e (Figure 35) were synthesized. The 

main difference between these analogs and CH13b is present in core B (Figure 32,35). 

First, the heterocycloalkyl linker in CH13c-e is a piperazinyl instead of CH13b 

piperidinyl. Second, the connector between the heterocycloalkyl linker and R3 is a 

carbonyl in CH13c-e, while it is an ether oxygen in CH13b. The main difference 

between CH13c-e analogs is at R3, where CH13c has a difluorophenyl, CH13d is 

deprived of the electron withdrawing groups (EWG), and CH13e loses both the 

aromaticity and EWGs, settling for a cyclohexane. 
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Figure 35. Other Derivatives of CH13b, Compounds CH13c-e. 

 

From our understanding of the GPR6 binding crevice and our docking studies, we 

expect a reduction in the activity for CH13e compared to CH13c-d, as CH13e will not 

be able to form aromatic stacking with the aromatic residues in the TMH1-2-7 region. 

According to the patents 42,43, EWG substitutions in core B improves activity, while our 

docking studies cannot explain why. We synthesized these modulators to test their 

solubility properties, and their activity on our GPR6 cell line to try and reveal this 

dilemma.  

Figure 36 shows CH13c docked in GPR6 R similarly to CH13b. The R(220) is 

forming a good hydrogen bond with the carbonyl oxygen of the acetyl group (see 

Supporting Information Table 14 for interaction measurements). Toggle switch residues 

are stabilized with aromatic stacking with the naphthalene ring. Furthermore, the 

aromatic core between TMH1-2-7 is forming aromatic stacking with the difluorophenyl 

ring. The total interaction energy of CH13c at this docking site in GPR6 is -45.21 

kcal/mol with the conformational cost of 2.5 kcal/mol and Glide score of -8.83 (see 

Supporting Information Table 17). 

N

N R3

O

O

CH13c: R3= 2,4-difluorophenyl

CH13d: R3= phenyl

CH13e: R3= cyclohexane
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Figure 36. CH13c /GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Figure 37 illustrates docking of CH25 in GPR6 R. The quinoxaline core of 415 is 

replaced with pyrazolopyridine in this analog. Similar to the 13 derivatives, core A of 

CH25 is sitting more vertically than horizontally in reference to core B. The carbonyl 

oxygen forms a hydrogen bond with R(220) in EC2 (see Supporting Information Table 

14 for interaction measurements). The pyrazole ring in pyrazolopyridine forms aromatic 

stacking with F6.51, while the pyridine ring forms aromatic stacking with W6.48. On the 

other side of the ligand, the difluorophenyl is forming aromatic stacking with H2.60. This 

docking study shows how CH25 can be a good GPR6 inverse agonist, as the 

pyrazolopyridine ring stabilizes the toggle switch and the accessible electronegative 

group in ethanone forms a good interaction R(220). As well, the position of the 

cyclopropylamine is standing in the way of F3.36 and is restricting it from flipping to the 
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active rotamer. The conformational energy expense and total interaction energy of CH25 

with GPR6 R are 1.8 and -52.67 kcal/mol, respectively, with a Glide score of -10.12 

kcal/mol (see Supporting Information Table 18). According to our modelling studies, 

analog CH25 will be better than CH13b and CH13c, as demonstrated in the total 

interaction energy. 

 

Figure 37. CH25/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Docking of the indole derivative CH39 in GPR6 R is shown in Figure 38. The 

CH39 derivative has core A sitting horizontally in reference to core B, in a similar way to 

415 and the other heterobicycle derivatives in patents. The carbonyl of the ethanone 

group forms a strong hydrogen bond with R(220) and the indole forms aromatic stacking 

with the toggle switch residues F3.36, W6.48 and F6.51. Moreover, the difluorophenyl 

ring forms aromatic stacking with both W1.35, and Y7.36. The total interaction energy of 
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CH39 at this docking site in GPR6 is −48.2 kcal/mol with the conformational cost of 1.6 

kcal/mol and a Glide score of −9.24 kcal/mol (see Supporting Information Table 19). 

This analog is most similar to compound 415, the patent derivative. We expect CH39 to 

display good inhibition activity on the GPR6 cAMP assay.   

 

Figure 38. CH39/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

ADMET Prediction 

Approximately 40% of all drug failures are due to a poor ADMET (Absorption, 

Distribution, Metabolism, Discretion and Toxicity) profile 194. Therefore, in Silico 

ADMET calculations were performed using QikProp program (integrated in Maestro) as 

a filtering criterion in the selection process (see methods section). Table 13 shows some 

of the pharmaceutically relevant predicted properties for the candidate compounds as 
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aqueous solubility, brain/blood and gut/blood permeability, blockage of hERG potassium 

channels, oral absorption, and overall CNS activity. 

 All candidate compounds are in the accepted range of 95% of drugs, with 

exceptions regarding the predicted aqueous solubility. However, this should be 

acceptable, as the GPR6 binding pocket is covered by the N terminus and the EC loops 

similar to other crystalized lipid sensing receptors 135,147. Therefore, ligands need a 

partition through the lipid bilayer to get through a portal between helices to get into the 

binding site. This implies that having low aqueous solubility is an acceptable property in 

this scenario, which can be seen as well with the patent compound A-415 (Table 13). 

  



 

 

1
1
3
 

Table 13. QikProp Properties of the Selected Candidate Compounds and Patent Compounds. 

 

 
Designed 

Compound 

 

QP log Sa 

 

QP log BBb 

 

QP P Cacoc 

 

QP log HERGd 

Percent Human 

Oral Absorptione 

Predicted CNS 

Activityf 

Designed 

derivatives 

CH13a -6.286 0.204 4209 -5.913 100 + 

CH13b -6.554* 0.118 3556 -5.937 100 + 

CH13c -5.062 -0.127 1753 -5.403 100 +/- 

CH13d -4.674 -0.315 1720 -5.802 100 +/- 

CH13e -4.581 -0.267 1307 -3.909* 100 +/- 

CH25 -6.387 -0.396 1457 -5.743 100 +/- 

CH39 -7.364* -0.412 1711 -6.033 100 +/- 

From the 

patent 

A-415 43 -8.559* -0.450 1613 -6.306 100 +/- 

E-5 46 -6.235 -0.835 775 -6.409 91 +/- 

E-6 46 -6.345 -0.724 955 -6.424 94 - 

Note.  
a Predicted aqueous solubility; S in mol/L [-6.5 to 0.5] 
b Predicted log of the brain/blood partition coefficient [-3.0/1.2] 
c Predicted Caco-2 cell permeability in nm/s (intestinal drug permeability) [<25 is poor, >500 is excellent] 
d Predicted IC50 value for blockage of HERG K+ Channel (concern below -5.0) 
e Percentage of human oral absorption in GI [<25% is poor]; [range of 95% of drugs] 

* Indicates a violation of the 95% range  
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Synthesis 

Synthesis of the following compounds was performed in Nadine Jagerovic lab, at 

the Instituto de Química Médica(Consejo Superior de Investigaciones Científicas, 

Madrid, Spain) where I did a short research stay. 

Synthesis of CH13 derivatives. As illustrated in Figure 39, CH13 derivatives 

were synthesized according to two steps synthetic route: a Friedel-Crafts acylation 

followed by a Buchwald-Hartwig amination. Acylation of the commercially available 1-

chloronaphthalene (1) with acetyl chloride under standard reaction conditions as 

previously described 195 provided both ortho (2) and para (3) corresponding acetyl chloro-

naphthalene. After purifying 2 and 3 through normal phase silica column 

chromatography, palladium-catalyzed N-aryl amination 196 was conducted on the acetyl 

chloro-naphthalene with the corresponded secondary cyclic amines derivatives to obtain 

compounds 4-8. 

 

Figure 39. Synthesis of CH13 Derivatives 4-8. Reaction Conditions: (i) Acetyl Chloride, 

AlCl3, DCM, N2 Atm, 40 ºC 1h; (ii) 4-(2,4-Difluorophenoxy)piperidine or Corresponding 

Piperazine, KOtBu, [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-

ylidene]chloro[3-phenylallyl]palladium(II), DME, 75 ℃, N2 Atm, 80 ºC 6h. 
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Synthetic efforts to obtain the other candidate ligands CH25 and CH39 derivatives 

are currently ongoing.  

Synthesis of patent compounds. In order to have appropriate control compounds 

to compare GPR6 activity with the newly designed molecules, we synthesized selected 

GPR6 inverse agonists from the patented derivatives. 

Synthesis of E-5 and E-6 derivatives. Both 15=E-5 (EC50 = 40 nM) and 16=E-

6) (EC50 = 50 nM) belongs to the heteroaromatic carboxamide derivative patent 46. As 

illustrated in Figure 40, 15-16 derivatives were synthesized according to a general 

procedure from the patent. Firstly, substitution of the commercially available aromatic 

halide 1-fluoro-4-(methylsulfonyl)-2-nitrobenzene (9) with the nitrogen nucleophile (10) 

in the presence of N,N-diisopropylethylamine (DIPEA) as a base provided 4-(2,4-

difluorophenoxy)-1-(4-(methylsulfonyl)-2-nitrophenyl)piperidine (11). Then the 

reduction of the nitro group in (11) with zinc metal and ammonium chloride provided the 

corresponding 2-[4-(2,4-difluorophenoxy)piperidin-1-yl]-5-(methylsulfonyl)aniline (12). 

Finally, 15-16 derivatives were produced by N-acylation of (12) by its corresponded 

carboxylic acids of 2-methoxynicotinic acid (13) or 2-methoxybenzoic acid (14) with 

using Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) as a 

coupling reagent. The docking study of 15 is shown in Chapter II, Figure 21.  

https://en.wikipedia.org/wiki/Ammonium_chloride
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Figure 40. Synthesis of Patent Compounds E-5/6. Reaction Conditions: (i) 4-(2,4-

difluorophenoxy)piperidine, DCM, DIPEA Dropwise 1 h; 10 Min of Stirring at rt. (ii) 

NH4Cl in ACN/MeOH. Zn. Rt 20h; (iii) HATU, DIPEA in DMF. 2 h, 20 ºC; 18 h, 50 ºC. 

 

As depicted in Appendix B, other compounds from the patents were also attempted 

unsuccessfully. 

Pharmacological evaluation of the suggested novel GPR6 modulators. The 

described analogs will be tested in both cAMP accumulation and -arrestin-2 recruitment 

assays. In view of the high expense of the GPR6 cell line, basal ganglia cells from 

C57BL/6 male mice were used due to the high expression of GPR6 in these tissues. 

cAMP ELISA (enzyme-linked immunosorbent assay) kit was used to determine the 

GPR6 mediated cAMP levels. However, the results using the basal ganglia tissue were 

inconsistent, so we did not report it.  
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In another effort, the pharmaceutical companies that generated the patents for GPR6 

inverse agonists have been contacted for GPR6 cell lines. Cerevance a CNS-focused 

biotech that runs the GPR6 program now, were generous to recently provide us with a 

GPR6 cell line that will be used to run the cAMP accumulation assays in the future using 

the synthesized patent compounds (E-5/6) as a control. -arrestin-2 recruitment assays 

will be conducted using the PathHunterTM Chinese hamster ovary (CHO)-K1 -arrestin2 

human GPR6 eXpress kits from DiscoverX (Fremont, CA), in order to assess potential 

functional selectivity.  

Materials and Methods 

Amino Acid Numbering System 

 The Ballesteros–Weinstein numbering system for GPCR residues is used in this 

paper. This system is based on assigning the label, 0.50, to the most highly conserved 

amino acid in Class A GPCRs for each TMH 162. This is preceded by the TMH number. 

In this system, for example, the most highly conserved residue in TMH1 is 1.50. In 

GPR6, this is N1.50. The residue before this in GPR6 would be labeled E1.49, and the 

one placed immediately after this would be labeled A1.51. Each TMH number can also 

contain the absolute sequence number in parentheses. Loop residues and N- and C-

termini residues are designated with their absolute sequence number in parenthesis only, 

such as the important E2 loop residue, R(220). 

 Scaffold hopping. Fragment based core hopping has been used to replace critical 

cores from 415 in order to generate novel derivatives with improved properties while 

preserving key interactions (detailed in the results section). For this purpose, scaffold 
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hopping fragment replacement approaches were implemented using Core Hopping 2.3, 

integrated into the Maestro software (Schrödinger, LLC, NY 2018). Three different core 

hopping methods have been used herein: isosteric matching (shape-based), ligand-based 

(attachment-based), and receptor-based core hopping. 

 The potential new cores were screened from a fragment database integrated into 

Maestro. Different database filtering criteria can be identified to limit the incoming 

structures to the ones that fulfilling these criteria. Filtering can be according to the 

number of heavy atoms, nitrogen and oxygen atoms, hydrogen bond acceptor/donor, and 

chiral center per molecule. Moreover, the characteristics of core/linker attachment atoms 

from element type, formal charge, and number can be specified too. 

ADMET and PAINS Filters 

 In Silico ADMET Calculations, a set of 34 physicochemical descriptors was 

computed using QikProp version 6.1 integrated in Maestro (Schrödinger, LLC, New 

York, USA). The QikProp descriptors are shown in Table 13. The 3D conformations used 

in the calculation of QikProp descriptors were generated using the global minima 

outputted from the conformational analysis. In order to discard molecules bearing 

potential promiscuous moieties, the molecules were tested using a PAINS filter using the 

SwissADME online server 197. 

Conformer Analysis 

 Complete conformational analysis of the selected analogs was performed using ab 

initio Hartree−Fock calculations at the 6-31G* level, within the Spartan molecular 

modeling program (Wave function, Inc., Irvine, CA). Hartree Fock 6-31G* 3-fold or 2-
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fold rotation conformer searches were performed for all the rotatable bonds (For 

compounds CH13a-e these were: C4-N1’’, and C4‘’/N4’’- O7’’/C7’’ bonds, with the 

addition of  C3-C1’’’ and O7’’-C8’’ bonds in compound CH13a; C1-C1’’’ and 

O7’’/C7’’-C8’’ bonds in compound CH13b and CH13c. For compound CH25 the 

rotatable bonds were C3-N1’, N1’-C2’, C4-N1’’, C4‘’- O7’’, O7’’-C8’’ and N7-C1’’’ 

bonds. For compound CH39 the rotatable bonds were C2-N1’, N1’-C2’, C3-N1’’, C4‘’- 

O7’’, O7’’-C8’’ and C6-C1’’’ bonds). In each conformer search, local energy minima 

were identified by rotation of a subject torsion angle through 360° in 120° increments (3-

fold search) or in 180° increments (2-fold search), followed by HF 6-31G* energy 

minimization of each rotamer generated (see Supporting Information, Figure 41).  

To calculate the difference in energy between the global minimum energy conformer of 

each compound and its final docked conformation, the global minimum conformer as 

determined by Hartree Fock 6-31 G* was first relaxed in the OPLS3e forcefield to a 

gradient of 0.01 kcal/((mol) (Å2)). The OPLS3e based single point energy of each 

ligand's docked conformation, extracted from each of the minimized ligand/receptor 

complexes was calculated. Then, the energy difference for each compound was 

calculated by subtracting the potential energy of the global minimum conformer from the 

docked conformer (see Supporting Information for the conformational cost for each 

compound). Each calculation was performed in Macromodel with a Generalized Born 

Solvent Accessibility Model, or GBSA, for water and a constant dielectric of 1. 
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Docking Studies 

 The global minimum conformer or conformers near the global minima of CH13a-

e, CH25, CH39 were used as input for manual docking into the receptor model. These 

analogs were docked using interactive graphics in the binding site of the GPR6 R model. 

The receptor/ligand complex was then minimized in Prime (Schrödinger 2019-3: Prime, 

Schrödinger, LLC, New York, NY, USA, 2019) using the OPLS3e all atom force field 

with the implicit slab membrane model 176, Variable-Dielectric Solvation Generalized 

Born Model (VSGB) for water 189, and a constant dielectric of 80 for outside the inner 

slab. The Orientation of Proteins in Membranes, or OPM, was used to provide membrane 

information to orient the receptor/ligand complexes during the minimization and set the 

depth of the membrane slab at 31.8 Å 157. Cartesian constraints were applied to the TMH 

backbones with the coefficient of the harmonic constraint potential set to 1 kcal mol-1 Å-2 

and a flat bottom well of 0.5 Å. Glide score of the final minimized receptor/ligand 

complexes were calculated using standard precision (Glide SP) with a box size of 20 

Å3 encompassing the binding crevice, score in place docking method, dielectric constant 

set at 2, halogens treated as acceptors and aromatic hydrogens treated as donors 158. 

Calculation of Ligand/Receptor Interaction Energy 

 Assessment of Pairwise Interaction and Total Interaction Energies between each 

bound ligand and residue in the GPR6 R complex were calculated using Macromodel 9.3 

(Schrödinger 2019-3: MacroModel, Schrödinger, LLC, New York, NY, USA, 2019), as 

described previously 190. Specifically, after defining the atoms of the ligand as one group 

(group 1) and the atoms corresponding to a residue that lines the binding site in the final 
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ligand-GPR6 R complex as another group (group 2), Macromodel was used to output the 

pairwise interaction energy (Coulombic and van der Waals) for a given pair between the 

ligand and each residue within a 5Å radius. The energies were calculated with an 

extended cutoff (non-bonded: 8.0Å, electrostatic: 20.0Å, hydrogen bonding: 4.0Å) and a 

distance dependent dielectric of 2. 

Synthesis 

General methods and materials. Reagents and solvents were purchased from 

Sigma-Aldrich Co., Manchester Organics, abcr GmbH and Lab-Scan and were used 

without further purification or drying. Silica gel 60 F254 (0.2 mm) thin layer plates were 

purchased from Merck GmbH. Microwave assisted organic synthesis was performed 

using the microwave reactor Biotage Initiator. Products were purified using flash column 

chromatography (Merck Silica gel 60, 230-400 mesh) or medium pressure 

chromatography using Biotage Isolera One with pre-packed silica gel columns (Biotage 

SNAP cartridges). The compounds were characterized by a combination of NMR 

experiments, HPLC-MS, high-resolution mass spectrometry (HRMS) and elemental 

analysis. Analytical HPLC-MS analysis was performed on a Waters 2695 HPLC system 

equipped with a photodiode array 2996 coupled to Micromass ZQ 2000 mass 

spectrometer (ESI-MS), using a reverse-phase column SunFireTM (C-18, 4.6 x 50 mm, 

3.5 μm) in a 10 min gradient A: CH3CN/0.1% formic acid, B: H2O/0.1% formic acid 

visualizing at λ = 254 nm. Flow rate was 1 mL/min.  The purity of compounds 4-8 and 

15-16 were determined by LC coupled to high resolution mass spectrometry (HRMS). 

The experiments were performed in a LC-MS hybrid quadrupole/time of flight (QTOF) 
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analyzer equipped with an Agilent 1200 LC coupled to an Agilent 6500 Accurate Mass 

(1-2 ppm mass accuracy) using electrospray ionization in the positive mode (ESI+). 1H, 

13C, HSQC and HMBC-NMR spectra were recorded on a Bruker 300 (300 and 75 MHz), 

or a Varian 500 (500 and 126 MHz) at 25 °. Samples were prepared as solutions in 

deuterated solvent and referenced to internal non-deuterated solvent peak. Chemical 

shifts were expressed in ppm (δ) downfield of tetramethylsilane. Coupling constants are 

given in hertzs (Hz). Melting points were measured on a MP 70 Mettler Toledo 

apparatus.  

1-(1-chloronaphthalen-2-yl)ethan-1-one (2) and 1-(4-chloronaphthalen-1-

yl)ethan-1-one (3). To a solution of acetyl chloride (482.7 mg, 6.15 mmol) in 20 ml of 

dichloromethane under N2 atmosphere was added aluminum chloride (980 mg, 7.74 

mmol). Mixture was stirred for 5 minutes and 1-chloronaphtalene (1000 mg, 6.15 mmol) 

was added dropwise. The mixture was heated and stirred at 40º C for 1 h. Crude reaction 

was poured over a mixture of ice and concentrated hydrochloric acid (12 M). Then was 

extracted with dichloromethane and washed with saturated sodium chloride and brine 

(three times each). Purification was performed by column chromatography on silica gel 

with a mixture hexane:ethyl acetate (15:1) as eluent mixture. 2 and 3 195 were obtained as 

yellow oils. 

General procedure for the synthesis of Acetyl naphthalene derivatives (4-8). 

In a microwave vial, the corresponding piperadine/piperazine derivative compound, 

potassium tert-butoxide and [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-

ylidene]chloro[3-phenylallyl]palladium(II) were added and the vial was purged and filled 
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with N2 three times. Then, 1-(4-chloronaphthalen-1-yl)ethan-1-one or 1-(1-

chloronaphthalen-2-yl)ethan-1-one was added in 3 ml of dimethoxyethane and the 

mixture was heated and stirred at 80ºC for 6 h. When no further conversion was observed 

by chromatography, water was added to the reaction mixture. The product was extracted 

with dichloromethane and washed with brine. The product was purified by normal 

column by biotage, with eluent mixture of hexane and ethyl acetate (from 0 to 100%). 

1-{1-[4-(2,4-difluorophenoxy)piperidin-1-yl]naphthalen-2-yl}ethan-1-one (4). 

Compound 4 was obtained from 1-(1-chloronaphthalen-2-yl)ethan-1-one (90 mg, 0.44 

mmol), 4-(2,4-difluorophenoxy)piperidine (110 mg, 0.51 mmol), KOtBu (60 mg, 0.53 

mmol), and [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-ylidene]chloro[3-

phenylallyl]palladium(II) (2 mg, 0.0031mmol). 1H NMR (500 MHz, Chloroform-d) δ 

8.35 – 8.33 (m, 1H), 7.95 (dd, J = 8.6, 1.8 Hz, 1H), 7.84 – 7.81 (m, 1H), 7.69 – 7.66 (m, 

1H), 7.35 – 7.31 (m, 1H), 7.13 (d, J = 2.5 Hz, 1H), 7.06 – 6.97 (m, 1H), 6.88 (ddd, J = 

11.2, 8.4, 3.0 Hz, 1H), 6.80 (dddd, J = 8.9, 7.8, 3.0, 1.7 Hz, 1H), 4.42 (tt, J = 7.4, 3.7 Hz, 

1H), 3.72 (ddd, J = 11.9, 7.4, 3.7 Hz, 2H), 3.32 – 3.26 (m, 2H), 2.68 (s, 3H), 2.16 – 1.95 

(m, 4H); 13C NMR (126 MHz, CDCL3) δ 198.0, 150.9, 137.5, 132.1, 130.7, 130.1, 126.9, 

126.8, 125.1 (d, J = 13.0 Hz), 124.8, 120.3 (dd, J = 9.6, 3.1 Hz), 119.7, 110.9 (dd, J = 

22.6, 3.9 Hz), 109.5, 105.3 (dd, J = 26.6, 22.7 Hz), 76.1, 46.1, 30.6, 29.9, 26.7. HPLC-

MS: [A, 15→95]tR = 8.68 min (>90%), MS(ES+, m/z) 382.  

1-{4-[4-(2,4-difluorophenoxy)piperidin-1-yl]naphthalen-1-yl}ethan-1-one (5). 

Compound 5 was obtained from 1-(4-chloronaphthalen-1-yl)ethan-1-one (25 mg, 0.12 

mmol), 4-(2,4-difluorophenoxy)piperidine (25 mg, 0.12 mmol), KOtBu (14 mg, 0.12 
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mmol), and [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-ylidene]chloro[3-

phenylallyl]palladium(II) (1 mg, 0.0015 mmol). 1H NMR (400 MHz, Chloroform-d) δ 

8.93 (dd, J = 8.5, 0.7 Hz, 1H), 8.18 (dd, J = 8.4, 0.9 Hz, 1H), 7.96 (d, J = 7.9 Hz, 1H), 

7.59 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.53 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.08 – 7.00 (m, 

2H), 6.89 (ddd, J = 11.2, 8.4, 3.0 Hz, 1H), 6.81 (dddd, J = 10.8, 7.8, 3.0, 1.7 Hz, 1H), 

4.47 – 4.39 (m, 1H), 3.50 – 3.41 (m, 2H), 3.13 – 3.00 (m, 2H), 2.72 (s, 3H), 2.29 – 2.19 

(m, 2H), 2.20 – 2.06 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 200.7, 157.5 (dd, J = 245.7, 

10.7 Hz), 154.7, 154.3 (dd, J = 249.2, 12.1 Hz), 141.7 (dd, J = 11.0, 3.7 Hz), 132.3, 

130.7, 130.0, 128.9, 128.2, 127.0, 125.9, 124.0, 120.4 (d, J = 9.3 Hz), 112.7, 110.9 (dd, J 

= 22.4, 4.0 Hz), 105.3 (dd, J = 26.7, 22.7 Hz), 77.4, 50.3, 31.6, 29.9, 29.7; HPLC-MS: 

[A, 15→95]tR = 9.55 min (>95%), MS(ES+, m/z) 382; HRMS calcd for C23H20F2N2O2: 

381.1540, found 381.1543. 

1-{4-[4-(2,4-difluorobenzoyl)piperazin-1-yl]naphthalen-1-yl}ethan-1-one (6). 

Compound 6 was obtained from 1-(4-chloronaphthalen-1-yl)ethan-1-one (25 mg, 0.11 

mmol), 1-(2,4-difluorobenzoyl)piperazine (27 mg, 0.13 mmol), KOtBu (15 mg, 0.13 

mmol), and [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-ylidene]chloro[3-

phenylallyl]palladium(II) (1 mg, 0.0031 mmol). 1H NMR (400 MHz, DMSO-d6) δ 8.80 

(dd, J = 8.1, 1.9 Hz, 1H), 8.23 (dd, J = 7.7, 2.2 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.65 – 

7.53 (m, 3H), 7.41 (td, J = 9.7, 2.5 Hz, 1H), 7.22 (td, J = 8.5, 2.5 Hz, 1H), 7.17 (d, J = 8.0 

Hz, 1H), 3.97 (s, 2H), 3.55 (t, J = 5.2 Hz, 2H), 3.17 (s, 2H), 3.07 (s, 2H), 2.68 (s, 3H); 

13C NMR (101 MHz, DMSO) δ 200.8, 163.9, 163.2 (dd, J = 248.8, 12.0 Hz), 158.5 (dd, J 

= 248.1, 12.7 Hz), 153.5, 131.8, 131.5, 131.0 (dd, J = 10.2, 5.5 Hz), 130.0, 128.3, 126.8, 



 

125 

126.4, 124.3, ), 121.07 (dd, J = 18.1, 3.9 Hz), 113.9, 105.00 (t, J = 26.1 Hz), 53.0, 52.8, 

47.3, 42.2, 30.1; HPLC-MS: [A, 15→95]tR = 8.95 min (>90%), MS(ES+, m/z) 395; mp : 

102 – 108o C. 

1-[4-(4-benzoylpiperazin-1-yl)naphthalen-1-yl]ethan-1-one (7). Compound 7 

was obtained from 1-(4-chloronaphthalen-1-yl)ethan-1-one (75 mg, 0.37 mmol), 1-

benzoylpiperazine (60 mg, 0.33 mmol), KOtBu (50 mg, 0.44 mmol), and [[1,3-bis(2,6-di-

isopropylphenyl)-4,5-dihydroimidazol-2-ylidene]chloro[3-phenylallyl] palladium(II) (1 

mg, 0.0062 mmol). 1H NMR (300 MHz, Chloroform-d) δ 8.90 (dd, J = 8.8, 1.3 Hz, 1H), 

8.25 – 8.16 (m, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.65 – 7.50 (m, 2H), 7.50 – 7.39 (m, 5H), 

7.03 (d, J = 7.9 Hz, 1H), 3.76 (bs, 4H), 3.17 (bs, 4H), 2.72 (s, 3H); 13C NMR (75 MHz, 

CDCl3) δ 200.8, 170.7, 153.5, 135.7, 132.2, 130.9, 130.3, 130.0, 128.8, 128.7, 128.3, 

127.3, 127.1, 126.2, 123.6, 113.0, 53.1, 48.2, 42.6, 29.8; HPLC-MS: [A, 15→95]tR = 

7.03 min (>90%), MS(ES+, m/z) 359; HRMS calcd for C23H22N2O2: 358.1681, found 

358.1685. 

1-{4-[4-(cyclohexanecarbonyl)piperazin-1-yl]naphthalen-1-yl}ethan-1-one 

(8). Compound 8 was obtained from 1-(4-chloronaphthalen-1-yl)ethan-1-one (75 mg, 

0.37 mmol), 1-(cyclohexanecarbonyl)piperazine (65 mg, 0.33 mmol), KOtBu (50 mg, 

0.44 mmol), and [[1,3-bis(2,6-di-isopropylphenyl)-4,5-dihydroimidazol-2-

ylidene]chloro[3-phenylallyl]palladium(II) (1 mg, 0.0062 mmol). 1H NMR (400 MHz, 

Chloroform-d) δ 8.91 (dd, J = 8.6, 0.7 Hz, 1H), 8.21 (dd, J = 8.4, 0.9 Hz, 1H), 7.95 (d, J 

= 7.9 Hz, 1H), 7.61 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.54 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 

7.01 (d, J = 7.9 Hz, 1H), 4.37 – 3.66 (m, 4H), 3.14 (bs, 4H), 2.72 (s, 3H), 2.54 (tt, J = 
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11.5, 3.3 Hz, 1H), 1.88 – 1.48 (m, 6H), 1.36 – 1.20 (m, 4H); 13C NMR (101 MHz, 

CDCl3) δ 200.8, 175.0, 153.6, 132.2, 130.8, 130.4, 128.8, 128.3, 127.1, 126.2, 123.7, 

112.9, 53.5, 52.8, 45.9, 42.0, 40.7, 29.7, 29.6, 26.0, 26.0; HPLC-MS: [A, 15→95]tR = 

8.09 min (>90%), MS(ES+, m/z) 365; HRMS calcd for C23H22N2O2: 364.2151, found 

364.2147. 

4-(2,4-Difluorophenoxy)-1-[4-(methylsulfonyl)-2-nitrophenyl]piperidine (11). 

To a solution of 1-Fluoro-4-(methylsulfonyl)-2-nitrobencene (80 mg, 0.36 mmol) in 2 

mL of dichloromethane was added dropwise a solution of 4-(2,4-

difluorophenoxy)piperidine hydrochloride (108 mg, 0.43 mmol) and N,N-

Diisopropylethylamine (70 mg, 0.54 mmol) in 1 mL of dichloromethane. The final 

solution was stirred at room temperature 10 minutes. Crude reaction was filtered over 

celite and solvent evaporated under vacuum. Purification was performed by medium 

pressure column chromatography (Biotage Isolera) with an eluent mixture of ethyl 

acetate in hexane (from 20 to 50%). 11 (146.4 mg, 0.35 mmol, 82%) was afforded as a 

yellow solid. 1H NMR (500 MHz, Chloroform-d) δ 8.34 (d, J = 2.3 Hz, 1H), 7.91 (dd, J = 

8.9, 2.3 Hz, 1H), 7.21 (d, J = 8.9 Hz, 1H), 6.99 (td, J = 9.1, 5.4 Hz, 1H), 6.87 (ddd, J = 

11.1, 8.4, 3.0 Hz, 1H), 6.80 (dddd, J = 9.0, 7.8, 3.0, 1.7 Hz, 1H), 4.47 (tt, J = 6.4, 3.5 Hz, 

1H), 3.50 (ddd, J = 12.6, 8.8, 3.4 Hz, 3H), 3.17 (ddd, J = 12.7, 6.2, 3.9 Hz, 3H), 3.06 (s, 

4H), 2.13 – 2.06 (m, 3H), 2.03 – 1.96 (m, 3H); 13C NMR (126 MHz, Chloroform-d) δ 

157.6 (dd, J = 243.7, 10.5 Hz), 154.2 (dd, J = 249.3, 12.2 Hz), 149.3, 141.3 (dd, J = 11.1, 

3.6 Hz), 139.4, 132.1, 130.4, 127.3, 120.4, 120.3 (dd, J = 9.6, 2.9 Hz), 111.0 (dd, J = 
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22.5, 3.9 Hz), 105.3 (dd, J = 26.6, 22.6 Hz), 74.5, 47.5, 44.8, 30.4; HPLC-MS: [A, 

15→95]tR = 9.35 min (>99%), MS(ES+, m/z) 413; mp : 103oC. 

2-[4-(2,4-difluorophenoxy)piperidin-1-yl]-5-(methylsulfonyl)aniline (12). To a 

mixture of 4-(2,4-Difluorophenoxy)-1-(4-(methylsulfonyl)-2-nitrophenyl)piperidine (70 

mg, 0.17 mmol) and ammonium chloride (91 mg, 1.70 mmol) in 2.5 ml of a mixture 

methanol/acetonitrile (1:1) was added Zn portion-wise and the mixture was stirred at 

room temperature for 4 days. Then was filtered and solvent evaporated under vacuum. 

Purification was performed by column chromatography on silica gel with an eluent 

mixture of ethyl acetate in hexane (from 0 to 50%). 12 (30 mg, 0.08 mmol, 46%) was 

afforded as a tan solid. 1H NMR (500 MHz, DMSO-d6) δ 7.34 – 7.24 (m, 2H), 7.19 (t, J = 

1.2 Hz, 1H), 7.06 (d, J = 1.7 Hz, 2H), 7.01 (tdd, J = 9.0, 8.2, 3.1, 1.7 Hz, 1H), 5.25 (s, 

2H), 4.49 (dt, J = 8.2, 3.9 Hz, 1H), 3.15 – 3.04 (m, 5H), 2.80 – 2.72 (m, 2H), 2.11 – 2.04 

(m, 2H), 1.93 – 1.83 (m, 2H); HPLC-MS: [A, 15→95]tR = 8.86 min (>99%), MS(ES+, 

m/z) 383. 

N-(2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-5-(methylsulfonyl)phenyl)-2-

methoxynicotamide (15). To a solution of 2-methoxynicotinic acid (9.6 mg, 0.06 mmol), 

2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-5-(methylsulfonyl)aniline (16 mg, 0.04 mmol) 

and HATU (24 mg, 0.06 mmol) in 0.4 ml of dimethylformamide, was added N,N-

Diisopropylethylamine (10.8 mg, 0.08 mmol). The solution was stirred at room 

temperature for 2 h and then was heated and stirred at 50pC for 24 h. 

Sample was filtered, and solvent was evacuated under vacuum. Purification was 

performed by precompacted cartridge of C18 with an eluent mixture of acetonitrile in 
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water (from 0 to 100%). 15 (2.2 mg, 0.004 mmol, 10%) was obtained as a light brown 

solid. 1H NMR (500 MHz, DMSO-d6) δ 10.48 (s, 1H), 8.92 (d, J = 2.2 Hz, 1H), 8.49 (dd, 

J = 7.6, 2.0 Hz, 1H), 8.45 (dd, J = 4.9, 2.0 Hz, 1H), 7.69 (dd, J = 8.4, 2.2 Hz, 1H), 7.50 

(d, J = 8.4 Hz, 1H), 7.38 – 7.25 (m, 3H), 7.07 – 6.98 (m, 1H), 4.62 – 4.53 (m, 1H), 4.19 

(s, 3H), 3.18 (s, 3H), 3.17 – 3.11 (m, 2H), 2.90 (ddd, J = 12.0, 8.7, 3.1 Hz, 2H), 2.16 – 

2.08 (m, 2H), 1.94 – 1.85 (m, 2H); HPLC-MS: [A, 15→95]tR = 10.02 min (>99%), 

MS(ES+, m/z) 518. 

N-(2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-5-(methylsulfonyl)phenyl)-2-

methoxybenzamide (16). To a solution of 2-methoxybenzoic acid (12 mg, 0.08 mmol), 

2-(4-(2,4-difluorophenoxy)piperidin-1-yl)-5-(methylsulfonyl)aniline (20 mg, 0.05 mmol) 

and HATU (30 mg, 0.08 mmol) in 0.4 ml of dimethylformamide, was added N,N-

Diisopropylethylamine (10.8 mg, 0.08 mmol). The solution was stirred at room 

temperature for 2 h and then was heated and stirred at 50pC for 4 days. Sample was 

filtered and solvent was evacuated under vacuum. Purification was performed by 

precompacted cartridge of C18 with an eluent mixture of acetonitrile in water (from o to 

100%). 16 (7 mg, 0.013 mmol, 26%) was obtained as a brown solid. 1H NMR (400 MHz, 

DMSO-d6) δ 10.50 (s, 1H), 8.95 (d, J = 2.2 Hz, 1H), 8.11 (dd, J = 7.6, 1.9 Hz, 1H), 7.68 

– 7.60 (m, 2H), 7.48 (d, J = 8.5 Hz, 1H), 7.37 – 7.28 (m, 3H), 7.18 (t, J = 7.5 Hz, 1H), 

7.05 – 6.98 (m, 1H), 4.56 (dt, J = 8.1, 3.9 Hz, 1H), 4.11 (s, 3H), 3.18 (s, 3H), 3.16 – 3.08 

(m, 2H), 2.94 – 2.83 (m, 2H), 2.15 – 2.06 (m, 2H), 1.93 – 1.82 (m, 2H); HPLC-MS: [A, 

15→95]tR = 10.06 min (>95%), MS(ES+, m/z) 517. 
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Conclusion 

The orphan receptor GPR6 is reported to play a role in ameliorating specific 

symptoms of Parkinson’s disease and other dyskinesia syndromes. Having a developed 

homology model of the GPR6 inactive state gave insights into the structural features of 

this GPCR and helped in exploring its binding crevice. Previous docking studies of 

reported GPR6 inverse agonists helped in identifying the key residues in the binding 

crevice for ligand recognition. In here, novel GPR6 inverse agonists were designed using 

a fragment-based scaffold hopping approach. The candidate ligands were identified 

according to visual inspection, ranking of docking scores, synthesizability, and 

promiscuity moiety filters. Some of these candidates were synthesized, and others are 

currently ongoing.  All of these candidates with a control reported patent derivative will 

be evaluated by cell-based assays for cAMP production, and β-arrestin-2 recruitment. 

These novel compounds may serve to further understand the structural basis of GPR6 as 

well as develop drugs for anti-dyskinesia treatments. 



 

130 

Supporting Materials 

 

 

Figure 41. Atom Numbering Description of the Selected Candidate Compounds Used for 

Conformational Analysis. Conformer Searches Were Performed for All Red Rotatable 

Bonds. 
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Table 14. Distance and Angle Measurements for Interactions Found in Ligand/GPR6 R Complexes. 

Interaction Type Residue/Atom Measurements 
Ligands 

CH13a CH13b CH13c CH25 CH39 

Aromatic 

Stacking 
W1.35(75) 

Distance (Å) - 5.49 - - 5.79 

Angle (deg) - 55 - - 46 

Aromatic 

Stacking 
H2.60(128) 

Distance (Å) 5.28 - 5.36 5.34 - 

Angle (deg) 70 - 68 83 - 

Aromatic 

Stacking 
F2.61(129) 

Distance (Å) - - 5.00 - - 

Angle (deg) - - 48 - - 

Aromatic 

Stacking 
F3.36(152) 

Distance (Å) 5.41 5.86 5.80 - 5.29 

Angle (deg) 67 78 77 - 76 

Hydrogen Bond R(220) 

NE−X Distance (Å) - - - - - 

NE−H− −X Angle (deg) - - - - - 

NH1−X Distance (Å) - 2.84 2.93 2.81 2.86 

NH1−H− −X Angle (deg) - 156 156 156 146 

NH2−X Distance (Å) - 2.84 2.95 2.84 2.85 

NH2−H− −X Angle (deg) - 156 156 156 146 

Aromatic 

Stacking 
W6.48(292) 

Distance (Å) 5.46 5.23 5.26 4.84 5.95 

Angle (deg) 40 45 48 52 35 

Aromatic 

Stacking 
F6.51(295) 

Distance (Å) 5.08 5.87 5.75 5.04 5.31 

Angle (deg) 90 86 83 87 72 

Aromatic 

Stacking 
Y7.36(312) 

Distance (Å) - - - - 5.13 

Angle (deg) - - - - 79 
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Table 15. Compound CH13a/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.19 -4.01 -4.20 

V3.29(145) 0.08 -3.96 -3.88 

V3.33(149) -0.09 -3.34 -3.42 

L2.57(125) -0.04 -3.08 -3.13 

L7.39(315) 0.07 -3.01 -2.94 

F6.51(295) 0.00 -2.89 -2.89 

R(220) -0.32 -2.22 -2.54 

H2.60(128) 0.09 -2.06 -1.97 

W6.48(292) -0.08 -1.73 -1.81 

F3.36(152) -0.13 -1.21 -1.34 

T3.28(144) 0.17 -1.48 -1.31 

T7.53(311) 0.01 -0.79 -0.78 

Y7.36(312) 0.07 -0.66 -0.59 

V(135) -0.08 -0.48 -0.55 

W1.35(75) -0.01 -0.50 -0.51 

S3.25(141) -0.07 -0.23 -0.31 

F2.61(129) 0.00 -0.30 -0.30 

P(221) -0.05 -0.10 -0.15 

Q(132) -0.01 -0.10 -0.11 

V(219) 0.03 -0.13 -0.10 

T7.43(319) 0.05 -0.12 -0.07 

Interaction Energy   -32.90 

Conformational Energy   1.2 

Total Energy   -31.7 

Glide Score   -7.35 
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Table 16. Compound CH13b/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.16 -6.78 -6.94 

R(220) -7.16 0.57 -6.59 

L2.57(125) -0.46 -4.93 -5.39 

L7.39(315) 0.00 -4.71 -4.72 

F3.36(152) 0.04 -3.07 -3.02 

H2.60(128) 0.02 -2.32 -2.30 

W6.48(292) -0.15 -1.97 -2.12 

F6.51(295) -0.20 -1.89 -2.09 

W1.35(75) -0.19 -1.58 -1.77 

F2.61(129) 0.02 -1.77 -1.75 

V3.33(149) -0.02 -1.59 -1.61 

A7.42(318) -0.05 -1.05 -1.10 

T7.43(319) -0.01 -1.04 -1.05 

Y7.36(312) 0.09 -1.12 -1.03 

L1.39(79) -0.03 -0.90 -0.93 

V3.29(145) -0.02 -0.76 -0.78 

A2.53(121) 0.06 -0.59 -0.53 

V(135) -0.05 -0.47 -0.51 

T3.28(144) 0.04 -0.43 -0.39 

I2.58(126) -0.07 -0.29 -0.36 

Q(132) 0.00 -0.29 -0.29 

Interaction Energy   -45.26 

Conformational Energy   1.8 

Total Energy   -43.46 

Glide Score   -9.19 
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Table 17. Compound CH13c /GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.13 -6.78 -6.91 

R(220) -6.27 -0.35 -6.62 

L7.39(315) -0.38 -6.21 -6.59 

L2.57(125) 0.09 -4.08 -3.99 

W1.35(75) -0.75 -2.37 -3.12 

F3.36(152) 0.16 -3.08 -2.92 

Y7.36(312) -0.16 -2.33 -2.49 

F6.51(295) -0.09 -1.82 -1.91 

W6.48(292) -0.05 -1.59 -1.64 

L1.39(79) 0.05 -1.53 -1.48 

A7.42(318) -0.06 -1.42 -1.48 

H2.60(128) 0.36 -1.84 -1.47 

V3.33(149) -0.07 -1.35 -1.41 

T7.43(319) -0.29 -0.96 -1.25 

Q(132) -0.25 -0.97 -1.22 

V3.29(145) -0.13 -0.77 -0.89 

F2.61(129) 0.19 -0.86 -0.68 

V(135) -0.06 -0.43 -0.49 

A2.53(121) 0.02 -0.50 -0.48 

T3.28(144) 0.01 -0.37 -0.36 

L7.40(316) -0.05 -0.27 -0.31 

Interaction Energy   -47.71 

Conformational Energy   2.5 

Total Energy   -45.21 

Glide Score   -8.83 
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Table 18. Compound CH25/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

R(220) -10.04 0.33 -9.71 

L3.32(148) -0.55 -6.00 -6.55 

V3.33(149) -0.09 -4.64 -4.73 

L7.39(315) 0.03 -4.73 -4.70 

L2.57(125) -0.07 -4.06 -4.13 

F3.36(152) 0.41 -4.28 -3.87 

W6.48(292) 0.02 -3.26 -3.24 

V3.29(145) 0.12 -3.26 -3.14 

F6.51(295) -0.08 -2.18 -2.26 

H2.60(128) -0.25 -1.51 -1.76 

F5.47(234) -0.30 -1.31 -1.61 

T3.28(144) 0.26 -1.18 -0.91 

T7.43(319) -0.02 -0.79 -0.81 

A7.42(318) -0.01 -0.77 -0.79 

W1.35(75) 0.08 -0.86 -0.78 

L5.43(230) -0.19 -0.52 -0.71 

D2.50(118) -0.42 -0.28 -0.70 

S3.25(141) -0.12 -0.51 -0.63 

Y7.36(312) -0.11 -0.50 -0.61 

V(135) -0.07 -0.50 -0.56 

A2.53(121) 0.23 -0.65 -0.42 

S3.35(151) -0.05 -0.36 -0.41 

S7.46(322) 0.01 -0.38 -0.37 

G2.54(122) 0.02 -0.34 -0.32 

S5.44(231) -0.01 -0.19 -0.20 

L1.39(79) -0.01 -0.18 -0.19 

N7.45(321) -0.04 -0.14 -0.18 

T7.35 (311) 0.01 -0.17 -0.17 

Interaction Energy   -54.47 

Conformational Energy   1.6 

Total Energy   -52.87 

Glide Score   -10.12 
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Table 19. Compound CH39/GPR6 R Complex Interaction Energy Decomposition. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L3.32(148) -0.23 -6.67 -6.89 

R(220) -6.82 0.61 -6.21 

L7.39(315) 0.12 -5.81 -5.69 

V3.33(149) -0.10 -3.30 -3.40 

L2.57(125) -0.10 -3.27 -3.37 

W6.48(292) -0.08 -3.12 -3.21 

A7.42(318) 0.10 -3.06 -2.96 

Y7.36(312) -1.55 -1.35 -2.90 

F3.36(152) 0.12 -2.67 -2.55 

F6.51(295) 0.20 -2.34 -2.14 

W1.35(75) 0.08 -2.17 -2.10 

T7.43(319) 0.25 -1.82 -1.56 

F5.47(234) -0.03 -0.79 -0.83 

A2.53(121) 0.21 -0.98 -0.77 

S7.46(322) -0.11 -0.54 -0.65 

L1.39(79) -0.03 -0.58 -0.61 

D2.50(118) -0.30 -0.31 -0.61 

V3.29(145) 0.01 -0.53 -0.52 

N7.45(321) -0.05 -0.42 -0.46 

H2.60(128) 0.13 -0.47 -0.34 

L7.40(316) -0.04 -0.30 -0.34 

S3.35(151) -0.05 -0.28 -0.34 

G2.54(122) 0.04 -0.33 -0.29 

L(60) -0.03 -0.24 -0.27 

F2.61(129) -0.05 -0.16 -0.21 

T3.28(144) 0.01 -0.22 -0.20 

L5.43(230) -0.04 -0.15 -0.19 

A3.37(153) 0.00 -0.13 -0.13 

V(135) 0.00 -0.07 -0.08 

Interaction Energy   -49.80 

Conformational Energy   1.6 

Total Energy   -48.2 

Glide Score   -9.24 
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CHAPTER IV 

 

DOCKING STUDIES OF SR144528 ANALOGS IN GPR6 

 

Introduction 

The orphan receptors GPR3/6/12 belongs to the MECA (Melanocortin/ 

Endothelial differentiation/Cannabinoid/Adenosine) cluster of Class A GPCRs and share 

over 40% of sequence similarity with the cannabinoid receptors, CB1 and CB2 
134. This 

phylogenetic relation prompted the testing of various cannabimimetic compounds on 

GPR3/6/12 receptors. 

As mentioned in Chapter I, endocannabinoid compounds showed no activity at  

GPR6 at micromolar concentrations 9. Recently, the endocannabinoid-like N-acyl 

dopamine, was found able to act as an inverse agonist  at GPR6 with respect to -

arrestin2 signaling 41. In addition, the phytocannabinoid, cannabidiol (CBD)7, the 

synthetic CB1 agonist, WIN55212-2 and the CB2 antagonist, SR144528 were reported to 

be biased GPR6 -arrestin2 9 inverse agonists. 

In the light of the availability of additional SR analogs (Figure 42) designed by 

Patricia Reggio’s lab to study the binding site interactions for SR144528 at CB2 
160. 

Pharmacological evaluation and docking studies of SR analogs with GPR6 are reported 

herein to help in understanding their structure-activity relationship. 
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Results and Discussion 

Effects of SR144528, SR Analog 3 and Analog 6 on GPR6 -arrestin2 Recruitment  

Multiple research groups have reported that GPR6 exhibits constitutive Gαs 

signaling in a wide range of cell lines 134. Zhao-Hui Song reported that GPR6 is able to 

mediate constitutive β-arrestin2 recruitment, as well 7,9. 

According to the Song lab, the CB2 antagonist SR144528 (5-(4-chloro-3-

methylphenyl)-1-[(4-methylphenyl)methyl]-N-[(1S,2S,4R)-1,3,3-

trimethylbicyclo[2.2.1]hept-2-yl]-1H-pyrazole-3-carboxamide) failed to have any effect 

on cAMP accumulation assays, while it showed the ability to inhibit -arrestin2 

recruitment to GPR6 (-arrestin2 recruitment inhibited by 84.5% (76.3-92.8) of basal 

level, with an EC50 (95% CI) value of 0.62 (0.40-0.96) μM) 9. This indicates functional 

selectivity of SR144528 for the -arrestin2 recruitment pathway.  

Patricia Reggio’s lab has designed other SR144528 analogs (Figure 42), to study 

the binding site interaction for this compound and its analogs in CB2 
160. Two of these 

analogs, SR Analog 3 and SR Analog 6 (see Figure 42) were used here to inform the 

structure activity relationships of SR analogs in regulating GPR6 -arrestin2 recruitment. 

The chemical differences between SR144528 and its analogs were as follows: (1), 

SR Analog 3 has a pyrrole ring instead of the pyrazole ring in SR144528. The SR Analog 

6 lacks the 4-methyl and the benzyl methylene from the 4-methylbenzyl moiety of 

SR144528.  
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Figure 42. Chemical Structures of SR144528, SR Analog 3 and SR Analog 6. The 

Dashed Red Circles Indicate Positions at Which There are Differences Between SR 

Analog 3 or SR Analog 6 With SR144528. 

 

The phytocannabinoid CBD was tested as another control (Figure 43), as the 

Zhao-Hui Song lab reported that CBD acts as inverse agonist of the -arrestin2 

recruitment pathway (-arrestin2 recruitment inhibited by 44.9% (38.1-51.6) of basal 

level, with EC50 (95% CI) values of 0.075 (0.030-0.19) μM) 7.  CBD did not affect 

GPR6-mediated cAMP accumulation.  

 

Figure 43. Chemical Structure of CBD. 

 

To determine the GPR6 mediated -arrestin2 recruitment, a PathHunterTM CHO-

K1 -arrestin2 human GPR6 eXpressing kit was used by our collaborator, Christopher 
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Breivogel. The average Relative Luminescence Units (RLU) of -arrestin2 were plotted 

against the log [drug] response (Figure 44). 

 

Figure 44. Dose-Response Curves of SR Analogs and CBD for -arrestin2 Recruitment 

Via GPR6 Receptor. 

 

As seen in Figure 42, SR Analog 6 was the most efficacious and potent inverse 

agonist for -arrestin2 recruitment, with -arrestin2 recruitment inhibition of 56.3% 

(48.9-62.4) of basal level, and IC50 (95% CI) values of 1.00 (0.66-1.5) μM. SR Analog 3 

also exerts inverse agonist activity, with -arrestin2 recruitment reduction of 45.8% 

(54.9-36.6) of basal level, and IC50 (95% CI) values of 0.95 (0.46-1.95) μM.  

SR144528 and CBD showed much less inhibition for GPR6 -arrestin2 

recruitment up to 10 μM as did SR Analogs 3 and 6. The IC50 for SR144528 was reported 
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as insignificant, while the IC50 of CBD is 18.2 (2.82-117.49) μM. Showing different 

values from the ones published by the Zhao-Hui Song lab. 

While the Song lab found that CBD can reduce -arrestin2 recruitment by 44.9% 

(38.1-51.6), with EC50 values of 0.075 (0.030-0.19) μM, Christopher Breivogel’s data 

and Bruce Blough’s data (personal communications in Carolina Cannabinoid 

Collaborative and The International Cannabinoid Research Society conferences) were not 

consistent with the Song data. Also a difference in results of SR144528 between Zhao-

Hui Song lab (-arrestin2 recruitment inhibited by 84.5% (76.3-92.8), with EC50 values 

of 0.62 (0.40-0.96) μM) 9 and Christopher Breivogel’s lab. While both groups agree that 

SR Analog 3 and Analog 6 198 are better than SR144528, whether SR144528 itself is 

good or not is debatable as the two groups show different results.  

Due to the disagreement about CBD activity on GPR6 -arrestin2 recruitment, 

there are groups that can’t get any activity with CBD (Bruce Blough’s lab), or a low 

activity as we have here or relatively good activity in the Song lab 9. Docking of CBD is 

not reported here.  

The results for SR Analog 3 and Analog 6 have been shown to be consistent 

between both groups 198. Docking studies have been conducted for the SR Analog 3 and 

Analog 6 to reveal the reason behind the difference in inverse agonism between these 

analogs and SR144528.  

Rationale Behind the Suggested Docking Pose 

Different conformational changes accompany the G-protein dependent signaling 

pathway 199,200 and G-protein independent signaling pathway via -arrestin 152. G-protein 
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dependent signaling requires an opening at the intracellular end of the receptor bundle. 

199,200 This opening generated from a counter-clockwise rotation of TMH3 and a 

straightening of TMH6 at P6.50 causes the intracellular end of TMH6 to move away 

from the receptor TMH bundle, breaking the ionic lock and making room for the G-

protein to insert its alpha-5 helix into the GPCR opening to form the signaling complex 

(see section Ionic Lock and Toggle Switch in chapter 2). For -arrestin signaling, the 

intracellular ends of TMH7 and HX8 move away from TMH2-6 to expose the extreme 

end of the C-terminus for coupling by -arrestin, while the TMH3-6 ionic lock stays 

intact 152.  

Here we refer to a Molecular Dynamics (MD) simulation of binding the biased β-

arrestin1 agonist ORG27569 to the CB1 receptor 201 to point out the conformational 

changes accompanied by β-arrestin signaling. ORG27569 binds between TMH6 and 

TMH7, very near the EC end of these helices (Figure 45.B). In binding, ORG27569 

pushes the top of TMH7 away from the bundle, which then causes the intracellular 

domain of TMH7 and HX8 to move away. The distinct intracellular conformational 

change is represented by increasing the intrahelical distance between TMH2-7 and 

TMH6-7 (Figure 45.B). 
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Figure 45. Snapshots from ORG27569-CB1 MD Simulation. A. At 33 ns ORG27569 is 

Getting Near the EC Domain of TMH5-6-7. B. At 328 ns ORG27569 Binds Between 

TMH6-7 on the EC Side Causing the IC Domain of TMH7 and HX8 to Move Away. 

 

Based on the reported functional selectivity of SR144528 for the GPR6 β-

arrestin2 recruitment pathway reported by the Song lab 9, and our biological results show 

that SR Analog 3 and SR Analog 6 are more potent and more efficacious as GPR6 β-

arrestin2 inverse agonists. Docking studies for these analogs were performed to explore 

the possible binding sites that would be consistent with their pharmacology. These 

analogs were docked close to the top around the TMH1-2-7 region, trying to stabilize 

TMH7, while not blocking the movement of toggle switch residues (F3.36-F5.47-
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W6.48), which trigger the change in conformation of TMH6 during G-protein activation 

(see section Ionic Lock and Toggle Switch in Chapter II). 

Conformational Analysis 

 A systematic conformational analysis of the SR analogs was performed using the 

Spartan ‘08 molecular modeling program (Wavefunction, Inc., Irvine, CA, USA). The 

equilibrium geometry for each conformer was calculated in vacuum by the ab initio 

Hartree-Fock method with the 6-31G* basis set 160. Conformational searches were 

performed (using 3 to 8-fold rotations) for each rotatable bond and all unique conformers 

were identified. 

Molecular Electrostatic Potential Maps 

Figure 46 illustrates the electrostatic potential maps of the lowest energy 

conformers of SR144528, SR Analog 3 and SR Analog 6. The carbonyl oxygen of the 

amide group is the most electronegative region in these molecules while the hydrogen of 

the amide is the most electropositive region. However, the carbonyl oxygen is much more 

accessible and less restricted by the other parts of the ligand than is the amide hydrogen. 

Therefore, a hydrogen bond with the carbonyl oxygen was used as the main interaction 

for ligand binding. 
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Figure 46. Molecular Electrostatic Potential Maps of the Docked Conformations of 

Compound SR144528, SR Analog 3 and Analog 6. The Electrostatic Potential Scale (in 

kJ/mol) is Color Coded to Regions of Each Ligand. This Scale is From Blue (Most 

Electropositive) to Red (Most Electronegative). 

 

Docking Studies  

Both manual and Glide docking studies were conducted using our published 

GPR6 R model. 191 Docking studies showed that SR Analog 3 and Analog 6 act as GPR6 

β-arrestin2 inverse agonists by adopting a horizontal orientation in the binding site, 

occupying the TMH1-2-3-7 region. The fenchyl ring and amide lay near TMH3, while 

the aromatic rings sit around TMH1-2-7. Such an orientation would stabilize that region 

of GPR6 that undergoes conformational changes upon GPR6 β-arrestin2 signaling. 

The GPR6 binding site is characterized as being lined by hydrophobic residues, 

and only a few hydrophilic amino acids are accessible to the binding crevice. S3.25 is one 

of these hydrophilic residues that is accessible for ligands near the TMH1-2-7 region and 

has been used as a hydrogen bonding interaction site for the SR analogs. Another feature 

of the GPR6 binding crevice is the aromatic core between TMH1, TMH2 and TMH7, 

which is formed by W1.35, H2.60, F2.61 and Y7.36. 
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SR Analog 6 docking study. Figure 47 shows SR Analog 6 in complex with 

GPR6 in the inactive state. The carbonyl oxygen of the amide group in SR Analog 6 

forms a hydrogen bond with the hydroxyl of S3.25 (see Supporting Information Table 20 

for interaction energies and measurements). This hydrogen bond helps to locate SR 

Analog 6 in a horizontal orientation and place its aromatic rings near the aromatic 

residues in the TMH1-2-7 region. As can be seen in Figure 47, the 4-chloro-3-

methylphenyl forms a T-stack with W1.35, and the phenyl ring forms a T-stack with 

Y7.36. This aromatic stacking results in the stabilization of the extracellular part of the 

TMH1-2-7 region. The ligand sits high enough in the binding crevice that it does not 

stabilize the toggle switch residues associated with G protein signaling in their inactive 

state nor prevent them from moving. This docking study demonstrates how SR Analog 6 

is extended from TMH3 to the TMH1-2-7 region, while not affecting the intracellular 

parts of TMH3 and TMH6. The total interaction energy and the conformational cost for 

the ligand/receptor complex is -53.26, and 2.4 kcal/mol, respectively, and the Glide score 

is −8.53 (see Supporting Information Table 21). 
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Figure 47. SR Analog 6/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 

 

Comparing SR analog 6 to SR144528. As it been mentioned earlier, SR Analog 

6 does not have the 4-methyl and the benzyl methylene (elbow) from the 4-methylbenzyl 

moiety of SR144528 (Figure 42) 160. This removal of the elbow and the terminal methyl 

allows the SR Analog 6 to fit in the binding crevice of GPR6 R and stabilize the TMH1-

2-3-7 region (Figure 47).  

In contrast, if SR144528 would sit in a similar position trying to maintain the 

hydrogen bond between SR144528 and S3.25, the 4-methylbenzyl moiety would have 

steric clashes with TMH7 residues. This forces the 4-methylbenzyl moiety to fit in only 

two possible ways to minimize these clashes (These are labelled I and II below).  

 (I) The 4-methylbenzyl could be directed up, pushing Y7.36 and the top of TMH7 

away in order to fit, which results in SR144528 losing the ability to form aromatic 
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stacking with Y7.36, the main interaction needed to stabilize the top of TMH7 (Figure 

47). This will result in decreasing the ability of SR144528 to act as GPR6 β-arestin2 

inverse agonist. This justification would be supported by what has been reported in the 

MD simulation of ORG-27569 in CB1. 201 After ORG-27569 settles near TMH7, it 

causes the top of TMH7 to be pushed away, resulting in activation of the CB1 β-arrestin1 

signaling pathway (Figure 45).  

 (II) Another possibility is to place the bulkiness of 4-methylbenzyl moiety deeper 

in the bundle, which would also lose the aromatic interaction with Y7.36 and push TMH7 

away. Similar to what has been reported with the β2-adrenergic receptor, increasing the 

bulkiness of parts of the ligands that bind near TMH7 induces β-arrestin agonism 155.  

In either docking orientation, the 4-methylbenzyl moiety of SR14452 would have 

steric clashes with TMH7 residues, push TMH7 away, and no aromatic stacking between 

SR144528 and Y7.36 would be established. These orientations decrease the ability of 

SR144528 to act as GPR6 β-arrestin2 inverse agonist compared to SR Analog 6.  

Comparing SR analog 3 to SR144528. Chemically SR144528 and SR Analog 3 

differ from each other with respect to their five-membered rings. SR Analog 3 has a 

pyrrole ring while SR144528 has a pyrazole ring (Figure 42). 160 These different five-

membered rings play a significant role in the conformation of the global minimum 

conformer and the thermally accessible conformers of these molecules.  

For the global minimum conformer of SR144528, the amide is coplanar with the 

pyrazole ring and the carbonyl oxygen is on the opposite face of the N2 atom in the 

pyrazole ring (Figure 48.A), since the carbonyl oxygen prefers to avoid the 
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electronegative cloud of the lone pair of N2. For the SR Analog 3 global minimum 

conformer, the amide is also coplanar with the pyrrole ring. However, the carbonyl 

oxygen is on the same face of the C2 atom in the pyrrole, as there is no lone pair of the 

N2 atom for the carbonyl oxygen to avoid as in SR144528 (Figure 48.B).  

 

Figure 48. Comparison Between SR144528 and SR Analog 3 Conformers, Superimposed 

on 4-chloro-3-methylphenyl. 

 

As the global minimum conformer shape of SR144528 and SR Analog 3 differ, 

the conformational cost of flipping the amide varies between them too. With SR144528, 

the cost of flipping the amide to make the carbonyl oxygen on the same side as N2 of the 
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pyrazole ring (Figure 48.C) is 6.3 kcal/mol from the global minimum as determined by an 

ab initio calculation (HF 6-31G* level of theory). This indicates that conformers with the 

carbonyl oxygen on the opposite face of the N2 atom in pyrazole (Figure 48.A) as the 

global minimum, and are within ~5 kcal/mol of the global minimum are thermally 

accessible at body/biological temperature and as such, have significant Boltzman 

probabilities. While the high conformational cost of flipping the amide makes such 

conformers (Figure 48.C) less populated, therefore these conformers are not thermally 

accessible and were ignored for docking studies. On the other hand, the SR Analog 3 

conformational cost of flipping the amide, so the carbonyl oxygen is on the opposite face 

of the C2 in pyrrole (Figure 48.D), is 1.25 kcal/mol from the global minimum according 

to ab initio calculations (HF 6-31G* level of theory). Making both conformers of SR 

Analog 3 (Figure 48.B/D) thermally accessible. 

The thermally accessible conformers of SR Analog 3 will be used to explain the 

difference in activity between SR Analog 3 and SR144528 in the next section of this 

chapter. 

SR analog 3 docking study. Docking of SR Analog 3 in the GPR6 inactive state 

is illustrated in Figure 49. As SR Analog 3 can populate a conformation with the carbonyl 

oxygen on the same side as the C2 in the pyrrole ring, SR Analog 3 could adopt a similar 

position in the binding crevice as SR Analog 6, without steric clashing with the bundle as 

SR144528 (as described in Comparing SR Analog 6 to SR144528 section). This results in 

a variance in the position of the aromatic rings, putting the 4-methylbenzyl near TMH2 

and the 4-chloro-3-methylphenyl near TMH7. This gives the ability for SR Analog 3 to 
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lay in the binding site where the carbonyl oxygen is available for hydrogen bond 

interactions with S3.25 (see Supporting Information Table 20 for interaction 

measurements). The hydrogen bond is not in the best geometry due to the high cost of 

driving the amide out of plane with the pyrrole ring to achieve a better interaction. The 4-

methylbenzyl and the pyrrole ring form an aromatic stack with H2.60, and the 4-chloro-

3-methylphenyl forms a tilted-T aromatic stack with Y7.36. This docking conformation 

demonstrates that SR Analog 3 can stabilize the TMH1-2-3-7 region and can act as a 

good GPR6 β-arrestin2 inverse agonist, which correlates with its reported biological 

activity. The total interaction energy of the ligand/receptor complex is 49.33 kcal/mol, 

and the conformational energy expense for the SR Analog 3 is 1.4 kcal/mol. The Glide 

score is -7.78 (see Supporting Information Table 22). 

 

Figure 49. SR Analog 3/GPR6 R Complex. The View from the Lipid Bilayer with the EC 

Portions of TMH6-7 Removed for Clarity. 
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SR144528 will not be able to stabilize the bundle if docked similarly as SR 

Analog 3. If we superimpose the low energy conformers of SR144528 on the docked 

conformation of SR Analog 3 using the aromatic rings (Figure 48.A), the carbonyl 

oxygen of SR144528 will be on the opposite side of the binding crevice from S3.25, and 

won’t be able to form a primary hydrogen bond interaction. The high conformational cost 

of flipping the amide within SR144528 makes it very unlikely that SR144528 can be 

thermally accessible for binding (Figure 48.C).  

Future Work 

To test our hypothesis regarding the proposed docked pose, multiple other studies 

will be performed. 

Pharmacological Evaluation of SR Analogs in cAMP Accumulation Assay 

Based on the reported functional selectivity of SR144528 to be a GPR6 β-

arrestin2 inverse agonist according to the Song lab 9, SR Analogs 3 and 6 have been 

tested by our collaborator, Dr. Christopher Breivogel, in his β-arrestin2 recruitment 

assays to understand the structure activity relationship of these analogs. 

Nevertheless, our SR analogs need to be tested in a cAMP accumulation assay 

too, to see if they would exert inverse agonism on GPR6 Gαs constitutive activity or not, 

revealing their dual or biased inverse agonism character. 

To determine the effect of the aforementioned ligands on GPR6 mediated cAMP 

levels, a GPR6 cell line provided lately from Cerevance - a pharmaceutical company 

focused on central nervous system diseases - will be used to run the cAMP accumulation 

assays in our collaborator’s lab. 
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Pharmacological Evaluation of SR Analogs ERK1/2 Assay 

Testing the effect of SR analogs on G-protein independent β-arrestin signaling 

will be performed as well. Signaling via G-protein independent β-arrestin will be 

determined by measuring extracellular signal-regulated kinase 1/2 (ERK1/2) response 

over time using the Cerevance cell line. We will be looking for early and late pERK with 

the early signal likely being G-protein related and a late signal being mediated by β-

arrestin2. Parsing out how the SR analogs change each of these responses is essential to 

understand their influence as truly biased inverse agonists of β-arrestin2 signaling. 

Other Suggested SR Analogs 

Other SR analogs that have been designed for CB2 project 160 will be tested (Figure 

50). SR Analog 2 bears a trans-vinyl fenchyl moiety, instead of the fenchyl amide moiety 

of SR144528. According to our docking studies, losing the amide group in this analog will 

preclude the hydrogen bonding with the carbonyl oxygen with S3.25. We expect this to 

result in abolishing the inverse agonism of this analog on β-arrestin2 recruitment.  

 

Figure 50. Chemical Structure of SR Analog 2 and SR Analog 5. The Dashed Red Circles 

Indicate the Differences Between SR Analog 2 or Analog 5 with SR144528. 
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SR Analog 5 is a 2-(-)-endo-bornyl amide analog of the SR144528 fenchyl amide. 

SR Analog 5 will be used to test the steric properties of the binding pocket. We expect 

the protruding methyl groups of the bornyl ring to not affect the activity of SR Analog 5 

compared to the activity of SR144528 on β-arrestin2 recruitment. Both would sit 

similarly in the binding site and would fail to have aromatic stacking with Y7.36 in 

TMH7 based on the current GPR6 inactive state model.  

Molecular Dynamics on GPR6 β-arrestin2 Active State with SR Analog 6  

Another aspect that will be explored to evaluate our docking studies, is running 

MD simulations. However, to do so, a model of GPR6 β-arrestin2 activated bundle will 

need to be built to evaluate the ability of SR Analog 6 to get to the proposed binding site 

to turn GPR6 β-arrestin2 activated bundle off and stabilize its inactive state. The GPR6 β-

arrestin2 activated bundle will be built by modifying our developed GPR6 R model 191 to 

capture the distinct conformational changes that accompany GPCR β-arrestin2 activation 

that has been demonstrated by other studies 152,155,201. In an Molecular Dynamics (MD) 

simulation of binding the biased β-arrestin1 agonist ORG27569 to the CB1 receptor, 201 

ORG27569 has shown to increase the distance between the intracellular domain of 

TMH2-7 and TMH6-7. This increase is due to the movement of TMH7-HX8 away from 

the bundle to expose the extreme end of the C-terminus for the β -arrestin1 protein to 

couple with it. This movement is mediated by affecting the NPXXY region in TMH7. 

Conformational Memories calculations 136,137 will be used to find a suitable stable 

conformation for TMH7 that exhibit the change of the IC domain of TMH7 mentioned 

previously by exploring the backbone dihedrals in the NPXXY region. 
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Suggested Mutation Studies 

Site directed mutation studies would be helpful to test our ligand docking studies. 

First, radiolabeling one of GPR6 nanomolar efficacy ligands 134 will be needed to test  

these suggested mutations.  

Site 1: TMH3. Our docking studies suggested S3.25 as one of the main 

interaction sites with these analogs. To test this, S3.25V/A mutants will be generated. 

S3.25V will eliminate the hydrogen bonding ability of 3.25 but retain some bulkiness, 

while S3.25A will eliminate both. We expect both mutations to increase Ki for the 

radiolabeled ligand, but its extent would be more with the alanine mutation than with the 

valine mutation. 

Site 2: TMH1-2-7. The aromatic core that is formed by W1.35, H2.60, and Y7.36 

residues shown to be another main interaction site to SR analogs in our docking studies. 

To test their role, W1.35V/A, H2.60V/A, Y7.36V/A mutations will be performed. Both 

mutants would remove the aromaticity character, but the valine mutant would retain some 

bulkiness. We expect the Ki’s of these mutations to be higher for the radiolabel SR 

analog. 

Materials and Methods 

Material 

 PathHunterTM Chinese hamster ovary (CHO)-K1 -arrestin2 human GPR6 

eXpress kits were purchased from DiscoverX (Fremont, CA). Cannabidiol and SR144528 

were purchased from Cayman Chemical (Ann Arbor, MI). SR Analog 3 and 6 have been 

kindly provided by our collaborator, Dr. Herbert H. Seltzmann. 
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Pathhunter™ -arrestin2 Recruitment Assay 

 A stock concentration of 10 mM of each of the compounds tested was made in 

DMSO and diluted to the necessary concentrations in assay buffer for each buffer. For 

the -arrestin2 recruitment assay, the drugs were tested in duplicates and diluted to have 

a final concentration 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, and 10 𝜇M with cell plating reagent 1. 

To determine the GPR6 mediated -arrestin2 recruitment, a PathHunterTM CHO-

K1 -arrestin2 human GPR6 eXpressing kit was be used. The cells were transferred into 

the assay plate. The various drug concentrations were added to the corresponding wells 

on the assay plate along with the cells. The cultured cells in the assay plate were then 

treated with a 19:5:1 solution of cell assay buffer, substrate reagent 1, and substrate 

reagent 2. The plate was incubated for an hour at room temperature in a dark room with 

the various concentrations of each drug and then read in a luminescence plate reader at 

400nm for 10 seconds per well. The ligand-induced changes of -arrestin2 recruitment 

were calculated by subtracting the basal (no drug condition) RLU from the RLU 

observed at each concentration of ligand. The data was then subjected to a non-linear 

regression analysis using GraphPad Prism to determine the Emax and IC50 for each of the 

drugs. 

Conclusion 

The phylogenetic relation of the receptor GPR6 to the cannabinoid receptors, 

raised the question of possible interaction of some of cannabimimetic compounds with 

this orphan receptor. SR144528, a CB2 antagonist was reported to be a biased GPR6 β-

arrestin2 inverse agonist 9. In order to understand the structure activity relationship of 
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SR144528 analogs in regulating GPR6 β-arrestin2 recruitment, SR Analog 3 and SR 

Analog 6 were tested and showed higher inhibition of β-arrestin2 recruitment. Docking 

studies of theses analogs revealed the key interaction sites for biased β-arrestin inverse 

agonism. Our results showed that S3.25, and the extracellularly located aromatic core in 

the TMH1-2-7 binding crevice region (W1.35, H2.60, T7.32), were the primary 

interaction sites. This study paves a path towards understanding the structure and activity 

of biased inverse agonist compounds for GPR6 and should guide the synthesis of more 

potent ligands. 

Supporting Information 

 

Table 20. Distance and Angle Measurements for Interactions Found in Ligand/GPR6 R 

Complexes. 

 

Interaction 

Type 

 

Residue/Atom 

 

Measurements 

Ligands 

SR Analog 6 SR Analog 3 

Aromatic 

Stacking 
W1.35(75) 

Distance (Å) 5.16 - 

Angle (deg) 74 - 

Aromatic 

Stacking 
H2.60(128) 

Distance (Å) - 4.72 

Angle (deg) -  58 

Distance (Å) - 5.91 

Angle (deg) -  41 

Hydrogen 

Bond 
S3.25(141) 

Distance (Å) 2.73 3.05 

Angle (deg) 170 144 

Aromatic 

Stacking 
Y7.36(312) 

Distance (Å) 4.50 4.99 

Angle (deg) 59 77 
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Table 21. Compound SR Analog 6/GPR6 R Complex Interaction Energy Decomposition. 

 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

Y7.36(312) -0.39 -5.69 -6.08 

S3.25(141) -4.95 -1.10 -6.06 

H2.60(128) -1.25 -4.25 -5.51 

W1.35(75) -0.31 -4.03 -4.34 

T7.35(311) -0.21 -3.49 -3.70 

V(135) 0.63 -3.89 -3.26 

L2.57(125) -0.09 -2.90 -2.99 

Q(132) -0.70 -2.06 -2.75 

G(212) -0.52 -1.96 -2.47 

F2.61(129) -0.07 -2.40 -2.47 

V3.29(145) 0.04 -2.20 -2.15 

L7.39(315) 0.20 -2.20 -2.00 

P(221) 0.08 -2.07 -1.99 

L(56) 0.03 -1.67 -1.63 

L1.39(79) -0.02 -1.39 -1.41 

V(219) -0.14 -1.08 -1.22 

S(53) 0.13 -1.27 -1.14 

R(220) 0.47 -1.44 -0.97 

L3.26(142) 0.03 -0.68 -0.64 

T3.28(144) -0.09 -0.51 -0.60 

L9.40(316) -0.04 -0.52 -0.57 

L3.32(148) 0.05 -0.53 -0.48 

R(213) 0.21 -0.51 -0.30 

A7.32(308) -0.02 -0.22 -0.25 

P(307) -0.02 -0.17 -0.18 

L60 0.01 -0.14 -0.13 

I2.58(126) 0.00 -0.13 -0.13 

T7.43(319) 0.04 -0.16 -0.12 

A50 0.01 -0.13 -0.12 

V1.32(72) 0.01 -0.11 -0.10 
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Table 21. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

D1.36(76) 0.34 -0.33 0.01 

Interaction Energy   -55.76 

Conformational Energy   2.4 

Total Energy   -53.26 

Glide Score   -8.53 

 

Table 22. Compound SR Analog 3/GPR6 R Complex Interaction Energy Decomposition. 

 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

L7.39(315) -0.16 -5.30 -5.46 

H2.60(128)  -1.05 -4.24 -5.29 

L2.57(125) -0.03 -4.25 -4.27 

V3.29(145)  -0.14 -3.54 -3.68 

Y7.36(312)  -0.23 -3.31 -3.54 

S3.25(141) -1.99 -1.47 -3.46 

F2.61(129) 0.32 -2.78 -2.46 

R(220)  0.47 -2.79 -2.32 

L(56)  0.06 -1.98 -1.92 

P(221) 0.06 -1.82 -1.77 

V(219) -0.09 -1.56 -1.65 

W1.35(75) -0.12 -1.53 -1.65 

L1.39(79) -0.02 -1.57 -1.59 

V(135) 0.15 -1.54 -1.39 

T7.43(319) -0.21 -0.95 -1.16 

L3.32(148) 0.08 -1.21 -1.13 

L9.40(316)  -0.04 -1.08 -1.12 

T3.28(144) 0.01 -1.04 -1.04 

S(53)  0.06 -1.09 -1.03 

G(212) -0.14 -0.82 -0.96 
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Table 22. Cont. 

 

Residue 

Electrostatic 

(kcal/mol) 

Van der Waals 

(kcal/mol) 

Total Energy  

(kcal/mol) 

Q(132) 0.34 -1.20 -0.85 

T7.35(311) 0.06 -0.85 -0.79 

L3.26(142)  0.04 -0.71 -0.68 

L60  0.02 -0.59 -0.57 

D1.36(76) -0.24 -0.10 -0.34 

S(57) 0.01 -0.27 -0.26 

A7.32(308) -0.01 -0.18 -0.18 

R(213) 0.11 -0.21 -0.11 

A7.42(318) 0.01 -0.09 -0.08 

Interaction Energy   -50.73 

Conformational Energy   1.4 

Total Energy   -49.33  

Glide Score   -7.78 
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APPENDIX A 

 

OTHER OBTAINED CORES 

 

 

 

Figure 51. Other Suggested Candidate Ligands. 
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APPENDIX B 

 

OTHER COMPOUNDS FROM THE PATENT 

 

 

Other compounds from the patents were attempted unsuccessfully before 

synthesizing E-5 and E-6.  

In the beginning, a heterobicyclic derivative of core A 21=A-633 (IC50= 4 nm) 

was tried to be synthesized according to the patent procedure (Figure 52) 43. 

Deoxygenation of Vicinal Diol of pyridazine-4,5-diamine (17) by oxalic acid to obtain 

1,4-dihydropyrazino[2,3-d]pyridazine-2,3-dione (18) was not achieved under reflux 

conditions nor microwave irradiation, with oxalic acid or oxalyl chloride. 

 

Figure 52. Proposed Synthesis of Patent Compound A-633. Reaction Conditions: (i) HCl, 

H2O, 20h, Reflux; (ii) a. POCl3, 24h, 133 ºC, b. NaHCO3, H2O, AcOEt, 0 ºC; (iii) 

EtN(Pr-i)2, AcOEt, 15 min, 0 ºC; (iv) EtN(Pr-i)2, AcOEt, 1h, 0ºC; 2h, rt.  

 

In another attempt to obtain compound (18), fusion procedure according to 

Elguero et. al 202 that synthesized similar compounds by melting the two reactants under 

vacuum was performed (Figure 53). 1,2,3,4-tetrahydropyrazino[2,3-d]pyridazine-2,3-diol 
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(22) was obtained instead of (18). Oxidizing (22) with Pyridinium chlorochromate 

(PCC), failed to produce a high percentage of yield, as well due to separation, extraction, 

and purification issues, we stopped pursuing this patent derivative. 

 

Figure 53. Synthesis of Compound 18. Reaction Conditions: (i) 250 ºC, Under Vacuum. 

(ii) PCC, DMSO. 
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