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Abstract 
 
Over 100 orphan G protein-coupled receptors (GPCRs) are yet to be paired with their 

endogenous ligand. As such, they represent a vast untapped resource for drug discovery. 

Therefore, identifying ligands for these orphan receptors is crucial for the exploration of 

their physiological and pharmacological relevance. One such orphan is GPR37L1, a 

potential mediator of cardiovascular homeostasis. In this thesis, GPR37L1 was found to 

be predominantly a constitutively active Gαs-coupled receptor and that metalloprotease 

cleavage of GPR37L1’s N-terminus regulated its signalling capabilities. This thesis also 

introduced GPCR-CoINPocket, a new method for orphan receptor ligand discovery. 

GPCR-CoINPocket (Contact-Informed Neighbouring Pocket) was first designed to 

improve recognition of known pharmacological similarities, or off-target activity 

amongst Class A GPCRs from a binding pocket perspective. This was achieved by 

focusing on specific residue positions in the ligand binding pocket that were interaction 

hotspots, as observed in crystallographically-characterised GPCRs. This was extended 

to prospectively predict binding site-similar receptors for all orphan receptors, including 

GPR37L1. GPCR-CoINPocket predicted the bombesin, orexin and neuropeptide S 

receptors to be most similar to GPR37L1, and not the phylogenetically related 

endothelin receptors, which guided and narrowed the search for GPR37L1 surrogate 

ligands. Other approaches were also used to identify GPR37L1 ligands, including 

traditional ligand screening and in silico ligand screening with an unrefined GPR37L1 

homology model.  The surrogate ligands identified with these various approaches will 

provide the necessary stepping-stone to explore the therapeutic potential of GPR37L1; 

the identified ligands can now be used to refine homology models for a second iteration 

of virtual ligand screening, as well as facilitate parallel in vitro and in vivo studies. The 

endogenous ligand for GPR37L1 remains elusive.  
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Chapter 1:  

General Introduction 
 

1.1 Orphan G protein-coupled receptors as new therapeutic targets 
The sequencing and annotation of the human genome has revealed the full extent of the 

G protein-coupled receptor (GPCR) superfamily, identifying over 800 GPCR genes, of 

which 342 were non-olfactory (Fredriksson et al., 2003). This makes them one of the 

largest families of proteins. GPCRs can be phylogenetically-grouped into five families, 

namely Glutamate, Rhodopsin, Adhesion, Frizzled and Secretin (GRAFS), and this is 

the basis of current classification systems (Fredriksson et al., 2003; Bjarnadottir et al., 

2006). Phylogenetic analyses of GPCRs, particularly the Rhodopsin (or Class A) family 

also quickly revealed receptor subtypes and receptor subgroups (namely α, consisting of 

amine, prostaglandins, MECA and opsin receptors; β, neuropeptide receptors; δ, 

containing MAS-related, glycoprotein, purine and fatty acid receptors while the γ-

subgroup included chemokines, somatostatin, opioid and galanin, and other peptide 

receptors). This predicted the endogenous ligand class of many newly discovered 

receptors (Fredriksson et al., 2003). 

 

GPCRs are seven transmembrane (TM)-spanning proteins that can be activated by a 

diverse range of (typically) extracellular ligands, which trigger intracellular signalling 

events that mediate numerous physiological responses. Consequently, GPCRs, 

especially those of the Class A family, are regularly exploited as drug targets due to the 

accessibility of ligand-binding sites to pharmacological agents. As a testament to this, 

following an analysis of the CenterWatch Drugs in Clinical Trials Database, 28% of 

Food and Drug Administration (FDA)-approved drugs target Class A GPCRs (79 out of 

284 total drug targets; 296 Class A GPCRs), (Rask-Andersen et al., 2014). Since then, 

newly FDA-approved drugs targeting GPCRs have been steady: in 2015, 10 out of 45 

(22%) novel drugs targeted GPCRs, while in 2016, it was 9% (2/22) 

(http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/). However, 

upon closer analysis, 58 of the 79 Class A GPCRs are targeted by at least 3 FDA-

approved drugs (number of drugs for each GPCR ranged from 1 to 102) and of the 

newly approved drugs, not a single drug was a first-in-class chemical. This means that 

http://www.fda.gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/
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either the remaining GPCRs are not suitable drug targets or, simply, they are 

understudied and represent a rich source of therapeutic targets.  

 

It is of course the latter. Out of the 342 non-olfactory GPCRs, more than 150 GPCRs 

are orphans (Davenport et al., 2013), including 86 Class A receptors (probable 

pseudogenes excluded) (Table 1-1). This represents a staggering 40% of Class A 

GPCRs yet to be targeted by a drug (86 out of 217). Orphan GPCRs are yet to be paired 

with their endogenous ligand but they may prove to be valuable therapeutic targets, as 

many orphan receptor knockout (KO) mouse models have a reported phenotype 

(Davenport et al., 2013). Thus, identifying ligands, whether they are endogenous or 

surrogates (non-natural), is critical to exploring both their pharmacology and 

physiology.   

1.2 Ligand identification for orphan GPCRs 
Traditionally, reverse pharmacology has been used to identify endogenous ligands for 

orphan GPCRs. This involved expression of the orphan GPCR in a cellular functional 

assay and conducting high throughput screening (HTS) of ligand libraries. Reverse 

pharmacology proved successful for matching many orphan GPCRs with their cognate 

ligands [reviewed by Wise et al. (2004); Oh et al. (2006); Civelli et al. (2013)] but 

newer strategies are needed as the success rate of this deorphanisation approach has 

waned in the last few years. This is evident by the deorphanisation of only 15 Class A 

GPCRs since the initial publication of the International Union of Basic and Clinical 

Pharmacology’s (IUPHAR) receptor list (Foord et al., 2005; Davenport et al., 2013; 

Southern et al., 2013) and the lack of independent validation, or even proposals of 

ligand-receptor pairings (http://www.guidetopharmacology.org/latestPairings.jsp). For 

IUPHAR to establish a ligand:receptor pairing, there should be at a minimum two or 

more refereed research articles published by independent groups showing activity of the 

ligand at the receptor (Davenport et al., 2013). At the time of writing, the latest ligand-

receptor pair to be proposed by two independent groups is GPR139 with aromatic L-

amino acids, L-tryptophan and L-phenylalanine (Isberg et al., 2014; Liu et al., 2015). 

 

In recent years, the classical or forward pharmacology approach has become resurgent 

in the identification of ligand-receptor pairs. Two hypothalamic peptides PEN and 

bigLEN were proposed as endogenous ligands for the orphan receptors GPR83 and 

http://www.guidetopharmacology.org/latestPairings.jsp
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GPR171, respectively (Gomes et al., 2013; Gomes et al., 2016). Taking advantage of 

the Allen Brain Atlas (Lein et al., 2007), the receptors GPR83 and GPR171 were found 

to be expressed in the hypothalamus, and the ligand-receptor pairs were characterised 

by radioligand binding and cellular signalling assays (Gomes et al., 2013; Gomes et al., 

2016). The Yosten and Samson labs have described associations for neurostatin and 

GPR107 (Yosten et al., 2012), proinsulin C-peptide and GPR146 (Yosten et al., 2013) 

and adropin with GPR19 (Stein et al., 2016). They used a “deductive ligand-receptor 

matching strategy” which is conceptually forward pharmacology, where they profiled 

the messenger RNA (mRNA) expression of orphan GPCRs in the respective cell lines 

in which the peptides were active. Small interfering RNA (siRNA) knockdown of the 

receptors led to inactive peptide responses; however, these studies were not extended to 

pharmacological assays and, thus, these ligand-receptor pairings remain associations.  

 

Given the difficulty in identifying endogenous ligands, the identification of surrogate or 

synthetic ligands for orphan GPCRs are just as useful to understanding orphan GPCR 

biology. These ligands are so-called surrogates because they mimic the activity of the 

endogenous ligand. Currently, HTS of commercially available chemical libraries is the 

most commonly adopted strategy for identifying surrogate ligands for orphan receptors 

[see Ngo et al. (2016) for examples]. There has also been a considerable effort to make 

screening technologies available to the research community, particularly with the 

PathHunter™ β-arrestin (DiscoveRx) and PRESTO-Tango assays (Kroeze et al., 2015). 

These assays have been developed to detect β-arrestin recruitment and signalling, which 

bypasses the G protein-coupling repertoire of individual orphan GPCRs. In two major 

screening efforts at a panel of orphan GPCRs, surrogate ligands were identified for 

MRGPRX2, GPR35, GPR88, GPR97 (Southern et al., 2013) and MRGPRX4 (Kroeze et 

al., 2015). Interestingly, these surrogate ligands were actually FDA-approved drugs, 

contained within the NIH Clinical Collection (NCC) compound library. The concept of 

polypharmacology and prediction of drug on- or off-target activity has been well 

appreciated for drug repositioning, understanding side-effect profiles or the design of 

multi-target drugs (Keiser et al., 2009; Lu et al., 2012; Liu et al., 2013), but screening 

for drug off-target activity at orphan GPCRs has been only recently growing in interest. 

However, there is still a stumbling block as screening approaches are often not 

financially feasible and inaccessible without the necessary infrastructure and thus 

alternative approaches are required for surrogate ligand identification. This is where in 
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silico methods can come into play. One important aspect to consider is ligand-

independent roles of orphan GPCRs, including modulation of signalling through 

heterodimerisation (Smith & Milligan, 2010), for example, GPR50 and the MT1 

melatonin receptor (Levoye et al., 2006), GPR88 and the D1 dopamine receptor (Marley 

et al., 2013) and even GPR3 complexes with β-arrestin and amyloid precursor protein 

(Thathiah et al., 2009; Nelson & Sheng, 2013). Although it is likely that more than the 

abovementioned GPCRs signal through such non-canonical mechanisms (i.e. without an 

endogenous ligand), this does not preclude the development of surrogate ligands.  
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Table 1-1. Class A orphan GPCRs and the reach of crystal structure templates for 
homology modelling. 

Class A GPCRsa Orphan GPCR Best % TM identity within 
subclass (template) b 

Best % TM identity 
overall (template) 

α-subclass GPR3 28% (D3) - 

107 GPCRs GPR6 26% (S1P1) - 

(26 orphans; 24%) GPR12 28% (S1P1) - 

 GPR21 28% (M3) - 

 GPR22 23% (H1) - 

 GPR45 30% (5-HT1B) - 

 GPR50 28% (D3) - 

 GPR52 28% (M3) 29% (OX2) 

 GPR61 25% (D3) - 

 GPR62 20% (5-HT1B) 20% (NTS1) 

 GPR63 30% (β1-AR) - 

 GPR88 27% (D3) - 

 GPR119 29% (S1P1) - 

 GPR135 29% (D3) - 

 GPR152 21% (D3) 23% (NTS1) 

 GPR153 15% (H1) 19% (δ) 

 GPR160 15% (5-HT2B) 16% (P2Y12) 

 GPR162 17% (D3) - 

 OPN3 35% (Rhodopsin) - 

 OPN4 30% (β1-AR) - 

 OPN5 28% (Rhodopsin) - 

 TAAR2 33% (β2-AR) - 

 TAAR5 39% (β1-AR) - 

 TAAR6 33% (5-HT1B) - 

 TAAR8 32% (5-HT1B) - 

 TAAR9 35% (β2-AR) - 

    

β-subclass BB3  32% (OX2) - 
41 GPCRs GPR37 21% (OX2) 24% (CCR5) 

(7 orphans; 17%) GPR37L1 23% (NTS1) - 
 GPR39 38% (NTS1) - 
 GPR75 20% (NTS1) 21% (CXCR4) 
 GPR83 35% (OX2) - 

 GPR150 18% (NTS1) 19% (δ) 
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Table 1-1. Continued 

Class A GPCRsa Orphan GPCR Best % TM identity within 
subclass (template) b 

Best % TM identity 
overall (template) 

γ-subclass GPR1 34% (AT1) - 

64 GPCRs GPR15 35% (AT1) - 

(7 orphans; 11%) GPR20 32% (κ) - 
 GPR25 35% (AT1) - 
 GPR32 31% (δ) - 

 GPR151 22% (NOP) - 

 GPR182 28% (NOP) - 

    

δ-subclass GPR4 31% (P2Y1) - 

74 GPCRs GPR17 33% (PAR1) - 

(39 orphans; 53%) GPR18 28% (P2Y1) 28% (AT1) 

 GPR19 20% (P2Y1) 29% (D3) 

 GPR26 19% (PAR1) 24% (D3) 

 GPR27 18% (FFA1) 28% (5-HT2B) 

 GPR31 30% (P2Y1) - 

 GPR34 32% (P2Y12) - 

 GPR35 27% (P2Y1) 30% (κ) 

 GPR55 24% (PAR1) 29% (CCR5) 

 GPR65 32% (P2Y1) - 

 GPR68 27% (PAR1) 28% (δ) 

 GPR78 23% (FFA1) - 

 GPR82 22% (P2Y1) 23% (δ) 

 GPR84 24% (P2Y12) 25% (D3) 

 GPR85 18% (FFA1) 25% (5-HT2B) 

 GPR87 47% (P2Y1) - 

 GPR101 14% (PAR1) 20% (β2-AR) 

 GPR132 31% (P2Y1) - 

 GPR161 22% (P2Y1) 27% (5-HT1B) 

 GPR171 37% (P2Y12) - 

 GPR173 16% (PAR1) 24% (5-HT2B) 

 GPR174 33% (P2Y1) - 

 GPR183 29% (PAR1) - 

 LGR4 19% (P2Y12) 22% (AT1) 

 LGR5 16% (P2Y12) 19% (S1P1) 

 LGR6 17% (P2Y12) 20% (CCR5) 
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Table 1-1. Continued 

Class A GPCRsa Orphan GPCR Best % TM identity within 
subclass (template) b 

Best % TM identity 
overall (template) 

 MAS1 20% (PAR1) - 

 MAS1L 17% (FFA1) 19% (M2) 

 MRGPRD 19% (PAR1) 20% (κ) 

 MRGPRE 19% (FFA1)  

 MRGPRF 17% (FFA1) 18% (M2) 

 MRGPRG 20% (FFA1)  

 MRGPRX1 19% (P2Y1) 23% (κ) 

 MRGPRX2 19% (P2Y1) 24% (AT1) 

 MRGPRX3 18% (P2Y12) 22% (µ) 

 MRGPRX4 20% (P2Y1) 24% (µ) 

 P2RY8 38% (PAR1) - 

 P2RY10 32% (P2Y1)  

    

Unclassified  GPR139 - 21% (δ) 

 GPR141 - 19% (P2Y12) 

 GPR142 - 22% (NTS1) 

 GPR146 - 19% (CXCR4) 

 GPR148 - 16% (κ) 

 GPR149 - 14% (FFA1) 

 GPR176 - 23% (NOP) 
a Receptor names and numbers are according to the IUPHAR/BPS Guide to 

PHARMACOLOGY (Alexander et al., 2015) except for adrenoceptor (AR); probable 

pseudogenes were excluded.  
b This analysis was correct at the time of writing (Ngo et al., 2016). Sequence identity was 

determined based on the Needleman and Wunch algorithm (Needleman & Wunsch, 1970), 

following alignment of the orphan receptor sequence to the TM regions of all crystallised 

GPCRs.
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1.3 Using GPCR crystal structures for virtual ligand screening 
The past decade has seen an increasing number of GPCR X-ray crystal structures 

solved, largely due to improved stabilisation methods through protein engineering, 

identification of tightly bound ligands, and to the development of improved 

crystallisation protocols [e.g. the development of lipidic cubic phase crystallisation 

(Caffrey & Cherezov, 2009)] and crystallographic procedures [e.g. the development of 

femtosecond crystallography (Liu et al., 2014)]. Structures have typically been solved 

as fusion proteins with the T4-lysozyme or thermostabilised apocytochrome b562 

substituted for the highly flexible third intracellular loop or N-terminus; more recently, 

stabilising mutations along with nanobodies have been used [discussed in Chun et al. 

(2012); Mujic-Delic et al. (2014); Ghosh et al. (2015); Jazayeri et al. (2015)]. At the 

start of my PhD project, 25 unique Class A GPCRs have been solved with all 

phylogenetic and endogenous ligand subclasses of Class A GPCRs represented by at 

least one crystal structure (Table 1-2). The increasing availability of GPCR structures 

has allowed a shift from traditional HTS methods to cheaper and efficient virtual ligand 

screening (VLS) approaches for the identification of novel ligands at GPCRs.  

 

Structure-based VLS, or docking-based VLS, has long been the mainstay of structure 

based drug design (SBDD) for the identification of novel ligands at various protein 

targets. This has been a result of the growing number of crystal structures deposited in 

the Protein Data Bank (PDB) and druggable binding sites [currently there are 2896 

unique experimentally-determined protein ligand binding pockets as annotated in the 

Pocketome database [www.pocketome.org (Kufareva et al., 2012b)]]. This is also partly 

due to the exponential growth of chemical matter without known biological functions; 

the ZINC database contains over 100 million purchasable compounds and represents a 

rich source of new chemical scaffolds (Sterling & Irwin, 2015). VLS involves docking 

these large chemically diverse small molecule libraries into a protein crystal structure or 

homology model of interest where chemicals are predicted for complementarity with the 

ligand binding pocket. Selection of small molecules for biological testing is generally 

based on docking score, chemical diversity, predicted interactions with key residues and 

other criteria. Small molecules that cause a biological response are termed hits and act 

as novel chemical scaffolds for hit-to-lead development.  

http://www.pocketome.org


 10 

Table 1-2. Current unique Class A GPCRs crystal structures. 

Class A GPCR structures (PDBa) Species Endogenous ligand class 

α-subclass Rhodopsin (1F88) Bovine Light 

 β2-adrenoceptor (2RH1) Human Biogenic amine 

 β1-adrenoceptor (2VT4) Turkey Biogenic amine 

 Adenosine A2A (3EML) Human Nucleoside 

 Dopamine D3 (3PBL) Human Biogenic amine 

 Histamine H1 (3RZE) Human Biogenic amine 

 S1P1 (3V2Y) Human Lipid 

 M2 muscarinic (3UON) Human Biogenic amine 

 M3 muscarinic (4DAJ) Rat Biogenic amine 

 5-HT1B (4IAQ) Human Biogenic amine 

 5-HT2B (4IB4) Human Biogenic amine 

 LPA1 (4Z34) Human Lipid 

    

β-subclass NTS1 (4GRV) Rat Peptide 

 OX2 (4S0V) Human Peptide 

    

γ-subclass CXCR4 (3ODU) Human Peptide 

 µ opioid receptor (4DKL) Human Peptide 

 κ opioid receptor (4DJH) Human Peptide 

 NOP receptor (4EA3) Human Peptide 

 δ opioid receptor (4EJ4) Mouse Peptide 

 CCR5 (4MBS) Human Peptide 

 AT1 (4YAY) Human Peptide 

    

δ-subclass PAR1 (3VW7) Human Peptide 

 FFA1 (4PHU) Human Lipid 

 P2Y12 (4NTJ) Human Nucleoside 

 P2Y1 (4XNV) Human Nucleoside 

a This collection of crystal structures was correct at the time of writing (Ngo et al., 2016). The 

PDB ID of the first instance of the unique GPCR structure is given. 
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Structure-based VLS using the GPCR crystal structures themselves has been very 

successful in identifying new ligands, with particularly high hit rates (Table 1-3) [for 

more comprehensive examples, see de Graaf and Rognan (2009); Andrews et al. (2014); 

Kooistra et al. (2013)]. This shows that crystal structures are an accurate representation 

of a native GPCR, and that structural accuracy of the docking target is important for 

VLS. However, one must consider the crystallised receptor conformation and the 

binding pocket space when docking and conducting VLS, as both depend on the nature 

of the co-crystallised ligand, i.e. whether it is an agonist or antagonist, a peptide or 

small molecule (Qin et al., 2015), and whether the structure reflects an inactive, active-

like or fully active receptor state (Lebon et al., 2011; Rasmussen et al., 2011a; 

Rasmussen et al., 2011b). Studies conducted using an antagonist-bound crystal structure 

identified only antagonists with the exception of the κ opioid receptor and muscarinic 

M3 receptor screens, where one agonist and one partial agonist were identified, 

respectively (Kruse et al., 2013; Negri et al., 2013). This contrasts with studies using 

crystal structures of GPCRs in an active-like or fully activated state. Using the fully 

activated β2-adrenergic receptor (adrenoceptor) crystal structure, Weiss and colleagues 

only retrieved novel agonists (27% hit rate; 6/22) (Weiss et al., 2013). However, in a 

separate study with the active 5-HT1B crystal structure, only 3 agonists were revealed 

out of 5 tested ligands (from 11 hits) (Rodriguez et al., 2014), while screening at a 

dopamine D2 receptor homology model based on the fully activated β2-adrenoceptor 

was unsuccessful (Weiss et al., 2013). Intriguingly, VLS using the active-like adenosine 

A2A receptor crystal structure only yielded novel antagonists (Rodriguez et al., 2015). 

The authors not only provide evidence of chemical bias towards adenosine A2A 

antagonists within the screening database, but also towards β2-adrenoceptor and 5-HT1B 

receptor agonists, thus explaining the discrepancies (Rodriguez et al., 2015). Despite 

this, agonists have been identified using GPCR homology models built on inactive 

structures (de Graaf et al., 2009). Aside from chemical bias in screening databases, this 

highlights the importance of an accurate conformation of the binding pocket that can 

favourably accommodate agonist ligands, i.e. optimisation of the binding pocket is 

critical (discussed further below). It also reveals the need to further understand the 

intricate atomic level mechanism of receptor activation. 
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1.4 Homology modelling of GPCRs 

Given that no bona fide orphan receptor has been crystallised to date, application of 

VLS for orphan GPCRs must rely on the use of homology models. A homology model 

is an atomic-level approximation of the structure of a protein, generated by comparative 

modelling of the target based upon the closest experimentally-determined crystal 

structure (called a template). Template selection remains a critical step in building 

reliable homology models, particularly for GPCRs, given their sequence and/or ligand 

diversity. Considerations other than overall or local homology between a GPCR of 

interest and the template sequence also include the receptor conformational state and the 

shape of the binding pocket of the crystal structure template. These issues are 

continually being addressed with the increasing number of crystal structures solved, 

leading to wider template selection for homology modelling of GPCRs. 

 

For GPCRs, it is estimated that a receptor must have at least 30 - 35% sequence identity 

to its template for accurate homology modelling in the absence of additional refinement 

(which would usually involve ligand-guided optimisation or knowledge gained from 

site-directed mutagenesis) (Kufareva et al., 2011; Beuming & Sherman, 2012; Katritch 

et al., 2012). These estimates have been based on community-wide homology modelling 

technique assessments like GPCR Dock, where a crystal structure(s) is withheld from 

publication and research groups are called upon to submit their blinded prediction of the 

solved ligand-receptor complex (Michino et al., 2009; Kufareva et al., 2011; Kufareva 

et al., 2014). Table 1-1 and Figure 1-1 highlight the TM sequence identity of the 

remaining Class A orphan GPCRs in each of the subclasses, demonstrating not only the 

reach of current crystal structures for orphan GPCR homology modelling but also the 

need for more crystal structures to continually expand this reach (only 10 of 86 orphans 

have ≥35% identity to a GPCR with a solved structure; Figure 1-1). It is important to 

note, however, that some orphan GPCRs do not have ≥35% identity to any GPCR, 

crystallised or not. In these cases, further optimisation of homology models will be 

necessary. Meanwhile, the ideal homology model template for a given orphan may not 

always reside in the same GPCR subclass, as different subclasses of GPCRs may share 

similar binding modes. For example, both β- and γ-subclasses bind to endogenous 

peptides and GPCR homology models built using distantly-related templates can be 

successful (Kufareva et al., 2011; Rataj et al., 2014). Indeed, 31 of the 86 orphan 
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GPCRs have higher TM sequence homology with a template from another receptor 

subclass (Table 1-1). Irrespective of the available templates, it is impossible to gauge 

the structural accuracy of orphan GPCR homology models (without a reference crystal 

structure) and therefore other evaluations such as the ability of the homology model to 

identify novel ligands is more appropriate.      
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Figure 1-1. Orphan GPCRs ranked according to their closest crystal structure template. 

Each orphan GPCR (left) was ranked according to the crystal structure with which it shares the 

highest TM sequence identity, independent to GPCR subgroup (expressed as a percentage; 

listed in Table 1-1). The minimum identity required for VLS at a homology model in the 

absence of further refinement is 35% (dotted line). The homologous crystal structure is shown 

in the bottom right-hand corner of each box. Red: α subgroup of Class A GPCRs; orange: β-

subgroup; yellow: γ-subgroup; green: δ-subgroup; blue: unclassified. 
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1.5 Ligand-guided optimisation of GPCR homology models 

Traditionally, homology models have been refined around a single ligand, with 

selection of the appropriate docking pose between ligand and receptor guided by 

existing site-directed mutagenesis data. Explicit flexibility of the known interacting side 

chains is generally used to allow a degree of ligand-induced fit of the binding pocket. 

However, invariably, this introduces some bias towards recognition of the original 

docked ligand. Similarly, a crystal structure is a static image of an otherwise dynamic 

entity that is capable of adopting multiple conformations. This is best emphasised by a 

study where a ligand-guided optimised dopamine D3 receptor structure identified novel 

D3 ligands with a higher hit rate (56%) than the non-refined crystal structure (20%) 

(Carlsson et al., 2011; Lane et al., 2013). For these reasons, it is important for VLS to 

optimise the modelled binding pocket residues to accommodate a diverse range of 

ligands.  

 

In recent times, multi-step ligand-guided optimisation approaches have been developed 

to overcome this problem (Carlsson et al., 2011; Mysinger et al., 2012b; Rueda et al., 

2012; Kolaczkowski et al., 2013). First, multiple conformations of the homology model 

are generated with specific emphasis on the binding pocket, generally by building 

multiple models based on different templates or by elastic network models. The 

different conformations are then subjected to docking of a ligand training set made up 

of chemically diverse known ‘active’ ligands and ‘inactive’ decoy ligands. The 

screening performance of the models is then assessed by receiver operating 

characteristic curves, plotting the rate of true positives against false positives in the hit 

list ordered by decreasing predicted binding score, where the area under the receiver 

operating characteristic curve (ROC AUC) can be calculated. Other measures have also 

been introduced to improve the assessment of early enrichment of actives in VLS 

(Truchon & Bayly, 2007; Katritch et al., 2010b). Model conformations that can best 

distinguish between active and inactive ligands are selected and this process is repeated 

iteratively until there is no further improvement in the model’s performance. At this 

point, the fact that the model or ensemble of models can reliably retrieve known actives 

is taken as a sign that the same model will be able to identify novel hits from a large 

chemical database. The significance of considering VLS performance when optimising 

models is evident in a comparison of the two best submitted models of the A2A receptor 

from GPCR Dock 2008 (Katritch et al., 2010b). Even though the traditionally optimised 
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model by Costanzi was ranked first by the competition’s criteria, the model’s VLS 

performance was characterised by poor early enrichment of actives when compared to a 

ligand-guided optimised model by Katritch/Abagyan (Katritch et al., 2010b). This 

highlights the importance of considering VLS performance when assessing homology 

models, particularly for orphan GPCRs where the motivation is to discover novel 

ligands  

 

Optimised homology models have themselves still produced mixed hit rates (Table 1-4) 

[extensive examples are given in de Graaf et al. (2009); Kooistra et al. (2013)], relative 

to the crystal structures (Table 1-3), but the fact that hits have been found for orphan 

GPCRs is promising. Undoubtedly, the major limitation of orphan GPCR homology 

models for structure-based VLS is the lack of ligands for model optimisation and 

validation. This is where HTS or smaller screening campaigns can play a 

complementary role in SBDD in this instance, as any identified surrogate ligands can 

then populate a VLS training set. This integrated strategy was employed for the orphan 

GPR34, where a cell-based screening campaign of 17,565 compounds identified 6 novel 

ligands that were validated using two measures of cAMP (Diaz et al., 2013). Next, a 

crude GPR34 homology model was refined with iterative changes to rotamers of key 

side chains found in the binding cavity, until the model enriched for the 6 identified 

active ligands from the rest of the compound library. Biological testing of 2954 

compounds (from an in-house database of 1.25 million small molecules), led to the 

identification of 5 hits (of which 2 hits were the same ligands identified in the initial 

screen; 0.17% hit rate, 5/2954) (Diaz et al., 2013). These results should be encouraging 

to orphan GPCR researchers, despite the dismal success rate, as they demonstrate that it 

is possible to optimise homology models and achieve novel hits from VLS by using 

ligands from a smaller biological screening campaign. Furthermore, there are a number 

of simple and modifiable methodological explanations for why the hit rate was low; for 

example, the training set composition was suboptimal with a ratio of actives to inactives 

at 0.03%, whereas the popular inactive or decoy generating database, DUD-e, 

recommends 2%, while up to 10% of actives has been used in training sets (Carlsson et 

al., 2011; Katritch et al., 2012; Mysinger et al., 2012a; Mysinger et al., 2012b; Rueda et 

al., 2012). However, the adoption of this integrated screening and VLS approach is 

currently somewhat limited but represents a generic pipeline for orphan receptor 

surrogate ligand discovery.  
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A reasonable question concerning orphan GPCRs is whether a crude homology model 

may actually be sufficient to retrieve hits, without ligand optimisation and validation of 

the model. While a crude model cannot be validated prior to performing VLS, we can at 

least hypothesise which residues are necessary for ligand interactions by a binding 

pocket analysis: Are charged residues compensated? What types of residues are 

positioned at conserved interaction sites for GPCRs? Building upon these observations, 

the residue side chains can then be checked and made accessible for small molecule 

docking in the binding pocket, whether by manual adjustment or by fumigation methods 

where side chains are sampled in the presence of a repulsive density representing a 

generic ligand and preventing the collapse of the binding pocket (Nilmeier & Jacobson, 

2008; Abagyan & Kufareva, 2009). One might suggest allowing some explicit 

flexibility within the hypothesised key binding pocket residues while conducting VLS, 

however this remains computationally challenging when docking millions of 

compounds, leaving full conformational searches impractical. Some inherent flexibility 

in the binding pocket may be accounted for by screening using multiple binding pocket 

conformations (Totrov & Abagyan, 2008; Vilar & Costanzi, 2013). Although VLS 

using a crude homology model remains challenging, the answers to the questions above 

certainly can be used to provide some insights into binding modes of potential ligands 

for orphan GPCRs. 
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1.6 GPCRdb numbering scheme 
Before proceeding to the next section, I would like to introduce the GPCR database 

(GPCRdb) numbering system (Isberg et al., 2015; Munk et al., 2016). Generic residue 

numbering systems for Class A GPCRs have been developed to allow comparison of 

residues in analogous positions across the family (Ballesteros & Weinstein, 1995; 

Isberg et al., 2015). Throughout this work, the GPCRdb numbering system has been 

adopted, which is an extension of the conventional Ballesteros and Weinstein (B&W) 

numbering. The B&W numbering system relies on a heavily (but not fully) conserved 

residue across all receptors in each of the seven TM helices, which has been assigned 

position 50 (Class A conservation: N1.50: 98%, D2.50: 90%, R3.50: 95%, W4.50: 97%, 

P5.50: 78%, P6.50: 99%, P7.50: 88%) (Ballesteros et al., 1995; Isberg et al., 2015). 

These anchoring residues have been used extensively to guide sequence alignment of 

GPCRs. Residues are numbered in relation to this conserved residue, for example, 3.45 

represents the TM3 residue that is five positions N-terminal to the most conserved 

residue (numbers decrease towards the N-terminus and increase towards the C-terminus 

of the receptor). Whilst the B&W numbering system has been widely accepted, there 

are some caveats, which have been revealed with the availability of 3D GPCR 

structures and details of their alpha helices. The B&W numbering system assumes 

linearity of the residues in the helix however, bulges and constrictions in TM helices are 

frequently observed in the crystal structures of GPCRs, due to the insertion or deletion 

of a residue, respectively. This causes misalignment of the helix and offsets adjacent 

residues. Due to this, the GPCRdb numbering system was developed to take into 

account the structural alignment of helices; for residues in the bulge, they have been 

assigned the preceding position plus a 1 (for example, for an inserted residue in TM5 

that is immediately C-terminal to the residue that is four before the most conserved 

residue, it is designated as 5x461; the letter ‘x’ is used to denote GPCRdb numbering, 

instead of the period employed by the B&W system) and for constrictions, the residue 

position is simply not assigned and skipped.  
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1.7 A chemical mismatch between GPCR binding sites and their ligands: a 

clue to predicting orphan receptor surrogate ligands? 

The previous sections described the typical ligand screening and VLS approaches for 

identifying endogenous and surrogate ligands for orphan receptors. Whilst these 

approaches have been successful for some orphans, they are variable for others. For 

example, the large PathHunter™ β-arrestin assay screen was successful in identifying 

surrogate ligands for MRGPRX2, GPR35, GPR88 and GPR97 but the other 78 orphans 

failed to register a hit (Southern et al., 2013). Therefore, alternative approaches, even 

outside of VLS, are required. One such approach perhaps can be derived from two 

concepts that were briefly introduced above: drug off-target activity and GPCR binding 

site residues. 

 

As mentioned, FDA-approved drugs have been recently screened as potential tool 

compounds for orphan receptors. These drugs already have a known high affinity target 

yet interact with these orphan receptors. Indeed, we still do not fully understand ligand 

selectivity or pharmacological similarities (where ligands are shared) between well-

characterised receptors, let alone orphan receptors; the classic example is astemizole, an 

antagonist of the bioaminergic histamine H1 receptor, which also antagonises the 

phylogenetically unrelated somatostatin peptide receptor (sst) 5, sst5 (Guba et al., 2007; 

Martin et al., 2007). Stemming from the idea that similar binding pockets bind to 

similar ligands (or vice versa), it can be theoretically possible to explain ligand off-

target activity by predicting binding pocket-similar receptors, and extend this idea to 

predict surrogate ligands for the orphan receptor of interest. However, this is not a 

straightforward task, as seen in the astemizole example.        

 

Previously, Gloriam et al. (2009) defined a generic Class A GPCR binding site 

consisting of a reference set of 43 ligand-accessible residue positions within the 

extracellular half of the TM regions (residue positions were based on B&W numbering). 

Residue side chains were deemed ligand-accessible if they were facing inwards towards 

the ligand binding site, by visual inspection of the GPCR crystal structures reported at 

the time, namely, bovine and squid rhodopsin, ligand-free opsin, β1- and β2-

adrenoceptors and the adenosine A2A receptor (Gloriam et al., 2009). These positions 

capture where ligands generally bind to Class A GPCRs, otherwise known as the 



 

 22 

orthosteric site. This enabled a comparison of binding sites across Class A GPCRs, and 

only considered regions related to ligand binding, unlike full length phylogenetic 

analyses (Fredriksson et al., 2003). When Class A GPCRs were clustered by this 

binding site definition, receptors generally grouped together by their endogenous ligand 

class, for example, the phylogenetically-unrelated lipid receptors for prostanoids, 

cannabinoids and lysophospholipids clustered together (Gloriam et al., 2009). However, 

outside of these changes, this binding site organisation of Class A GPCRs was very 

similar to the phylogenetic organisation (the authors themselves describe the 

improvements as “marginal” and “vague”) and did not reflect pharmacological 

relationships.  

 

A breakthrough in understanding pharmacological similarity of Class A GPCRs came 

when they were arranged by their ligand chemical similarity (Lin et al., 2013). In this 

study, ligand datasets of Class A GPCRs were extracted from the ChEMBL database 

(Bento et al., 2014) and chemical similarities between GPCR ligand sets were 

calculated, based on a similarity ensemble approach (Keiser et al., 2007). The resulting 

pharmacological organisation of Class A GPCRs was completely rearranged compared 

to the binding site organisation of the same subset of Class A GPCRs based on the 

Gloriam et al. (2009) definition (Lin et al., 2013). For instance, the bioaminergic 

muscarinic M receptors clustered with the peptide chemokine receptors and the sst 

receptors shifted towards the remaining bioaminergic receptors, including the histamine 

receptors (Lin et al., 2013). These receptors indeed share ligands (Guba et al., 2007; Lin 

et al., 2013), which cannot be explained by phylogeny or binding pocket similarity; 

using the Gloriam et al. (2009) definition of the binding site, the H1 receptor and sst5 

share 33% sequence identity in the binding pocket (Lin et al., 2013) which is 

insignificant compared to their 28% TM sequence identity (a proxy for phylogeny). 

This ligand-based arrangement explained known off-target activity of certain ligands, 

and more importantly, it was predictive of new relationships unseen by phylogeny 

alone. Understandably, no orphan receptors were included in the ligand-based 

arrangement but it would be beneficial for ligand off-target predictions to see where 

they would cluster in the arrangement. The principle of the binding site similarity 

approach is that similar pockets are bound by similar ligands. Conversely, for the ligand 

similarity approach, similar ligands (which are likely to have similar chemical 

properties) bind to similar proteins. Clearly, there is currently an obvious mismatch 
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between the two perspectives for Class A GPCRs. Since the ligand-based arrangement 

of Class A GPCRs captured pharmacological similarity accurately, there must be 

deficiencies in the binding site definition. Any improvements in the sequence-based 

binding site definition to reflect pharmacological similarities would be invaluable, as 

then orphan receptors can be included in the analysis.    

 

1.8 Potential physiological functions of GPR37L1  

I have described various approaches to identify ligands for orphan GPCRs in general, 

but in this PhD, I focused on one particular orphan, GPR37L1. Prior to the cloning of 

GPR37L1, Zeng et al. (1997) discovered a 614 amino acid transcript in a human 

hippocampal library, with 52% similarity and 26.7% identity to the endothelin type B 

(ETB) receptor and appropriately named it endothelin B receptor-like protein. It was 

subsequently renamed GPR37. In the following year, human GPR37L1 (or GPR37-like 

1), otherwise known as endothelin B receptor-like protein 2 (with 68% similarity and 

48% identity to GPR37 and hence its name), was first cloned and receptor mRNA was 

found to be abundantly expressed in all regions of the brain, including the cerebellum, 

but not in the peripheral tissues (Valdenaire et al., 1998). It is 481 amino acids in length, 

with a predicted glycosylation site at N105, and has 27% sequence identity and 37% 

similarity to the ETB receptor (Figure 1-2) (Valdenaire et al., 1998). Like GPR37, 

GPR37L1 did not bind to endothelin-1, 2 or 3, or the bombesin peptides (Zeng et al., 

1997; Valdenaire et al., 1998) and the physiological role of the receptor has yet to be 

elucidated. 
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Figure 1-2. Sequence alignment of human GPR37L1 and endothelin-B receptor. Identical 

residues are listed above the alignment, while conserved similarity is indicated for hydrophobic 

(#), positively charged (+), negatively charged (–), or unrelated (.) residues. Note: N- and C-

termini alignment is ambiguous. Predicted GPR37L1 transmembrane (TM) domains are boxed 

in red. The signal peptide of GPR37L1 and the endothelin-B receptor is highlighted in pink. The 

conserved anchoring residues in each TM, according to GPCRdb numbering, are highlighted in 

orange. The disulfide bond between TM3 and extracellular loop 2 is indicated in gold. 
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GPR37L1’s potential physiological function first came to light when a microarray 

analysis comparing cardiac explants from 12 heart failure patients against two reference 

libraries reported that the GPR37L1 mRNA expression was reduced in heart failure 

patients (Min et al., 2010). Rat neonatal cardiomyocytes infected with GPR37L1 

adenovirus were reported to have reduced cell viability, growth and induced apoptosis 

(though none of this data was actually presented) (Min et al., 2010). Regardless of these 

in vitro studies, global GPR37L1-KO mice were reported to have an astounding 61.7 

mmHg increase in systolic blood pressure compared to cardiac-specific GPR37L1 

overexpressing mice (Min et al., 2010). However, the heart rate of GPR37L1-KO mice 

was elevated compared to cardiac-specific GPR37L1 overexpressing mice, as seen in 

the example anaesthetic traces (Min et al., 2010). Furthermore, there were no 

appropriate blood pressure comparisons to wild-type mice and many typical 

considerations in animal studies including age, gender and how these mouse lines were 

generated were not detailed in the study (Min et al., 2010). Whilst there are several 

methodological concerns, the profound high blood pressure phenotype warrants further 

studies to explore the role of GPR37L1 in the regulation of blood pressure homeostasis, 

and potentially as a new drug target for hypertension. 

 

More recently, Marazziti et al. (2013) characterised the neurological phenotype of a 

different GPR37L1-KO mouse line generated in-house, given it is most abundantly 

expressed in the cerebellum (Valdenaire et al., 1998; Marazziti et al., 2013). The study 

found that genetic deletion of GPR37L1 from birth led to a premature decrease in 

granule neuron precursor proliferation and consequently premature maturation of 

Bergmann glia and Purkinje neurons (Marazziti et al., 2013). Overall, this resulted in 

precocious cerebellum development in the GPR37L1-KO mice, which translated into 

improved motor learning and coordination by numerous behavioural tests: rotarod, 

negative geotaxis, climbing reflex and wire hanging performance (Marazziti et al., 

2013). The authors also showed altered expression of the various molecular components 

of the sonic hedgehog signalling pathway during key stages of cerebellar development, 

perhaps providing a molecular mechanism to the GPR37L1-KO mouse phenotype. It 

should be noted that blood pressure abnormalities were not examined in this study. 

Precocious cerebellar development and the associated improved motor learning and 

coordination in the GPR37L1-KO mice is an interesting phenotype as it is still unclear 

whether these developmental changes in the cerebellum are detrimental later in 
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adulthood. These results also indicate that GPR37L1 acts as a counterbalance to 

proliferation and growth signals. Since GPR37L1 is ubiquitously expressed in the brain, 

perhaps more drastic neurological phenotypes could be revealed upon analysis of other 

regions.  

 

It is quite intriguing that the two reported phenotypes of GPR37L1-KO mice are quite 

distinct and leaves the question how the receptor, which is highly expressed in the 

cerebellum, can affect the cardiovascular system. However, we are limited in our ability 

to explore these phenotypes without any pharmacological tools for GPR37L1. 

Therefore, it is of utmost importance to find ligands for GPR37L1 in order to 

investigate the physiological function of this receptor.  

 

1.9 Prosaposin and prosaptide proposed as GPR37L1’s endogenous ligand 

Prior to my studies, it was unknown which cognate G protein coupled to GPR37L1 and 

which second messenger assay was appropriate to screen for GPR37L1 ligands (see 

Chapter 3). Previously, the neuroprotective and glioprotective factor prosaposin, and 

its synthetic derivative prosaptide (TX14A), were reported to activate a pertussis toxin 

(PTX) sensitive Gαi/o coupled receptor (Hiraiwa et al., 1997; Campana et al., 1998). At 

the beginning of my PhD, Meyer et al. (2013) reported that prosaposin and TX14A 

were the endogenous ligands for GPR37L1 (and GPR37). They found TX14A could 

induce endocytosis of GPR37L1 and showed a direct interaction between biotinylated 

TX14A and GPR37L1 by immunoprecipitation (Meyer et al., 2013). However, outside 

of these biochemical experiments, the pharmacological characterisation of this 

ligand:receptor pair is not without some controversy. Using HEK293T cells transiently 

transfected with Flag-tagged GPR37L1, TX14A was reported to have an apparent EC50 

value of 5 nM, determined from Western blotting studies used to evaluate receptor-

coupled ERK1/2 phosphorylation (pERK1/2), with a maximal 50% above basal 

pERK1/2 response (Meyer et al., 2013). This response was PTX sensitive. Furthermore, 

the addition of a single concentration of 100 nM of TX14A resulted in a 5% increase in 

Gαi/o-mediated [35S]guanosine 5'-O-[gamma-thio]triphosphate (GTPγS) accumulation, 

while there was a ~15% inhibition of forskolin-stimulated cyclic adenosine 

monophosphate (cAMP) levels (Meyer et al., 2013). These responses are relatively 

modest, despite such assays being best suited to detect Gαi/o coupling (Zhang & Xie, 
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2012). The prosaposin and TX14A-induced pERK1/2 response was also observed in 

primary cortical astrocytes, which endogenously express GPR37L1, but intriguingly 

siRNA knockdown of GPR37L1 in these cultures did not disrupt this response. Finally, 

prosaposin or TX14A failed to confirm as hits for GPR37L1 (or GPR37) in the large 

PathHunter™ β-arrestin assay screen (described above) (Southern et al., 2013) and the 

ligand-receptor pairing has yet to be ratified by the IUPHAR nomenclature committee. 

Thus, there is still uncertainty surrounding prosaposin and TX14A as endogenous 

ligands of GPR37L1 and will be thoroughly investigated in this thesis. 

 

1.10 Aims of PhD Project 

Many orphan GPCRs display interesting physiology but the lack of ligands or 

pharmacological tools to further explore these phenotypes renders them out-of-reach 

and in the dark. Thus, identifying ligands for orphan GPCRs is crucial to shining light 

on their potential as drug targets, with GPR37L1 as one such example. However, this is 

a difficult problem to address and requires the use of various approaches. For this thesis, 

there were three broad aims: 

• To identify the cognate G protein coupling partner of GPR37L1 and establish a 

receptor signalling assay 

• To identify ligands for GPR37L1, whether they be endogenous or synthetic 

• To develop new computational approaches to aid identification of surrogate 

ligands for orphan GPCRs, in particular for GPR37L1  

 

Given the interesting physiology surrounding GPR37L1, this project sought to identify 

pharmacological tools to explore this. Tackling orphan GPCR pharmacology is difficult 

and much of this project was exploratory. In the end, surrogate ligands for GPR37L1 

were identified using GPCR-CoINPocket, a new binding site sequence similarity metric 

I developed as part of my project, along with several screening and VLS approaches. 

The endogenous ligand for GPR37L1 remains elusive.               
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Chapter 2:  

General Methods 
 

2.1 Materials 

Chemicals and materials used in the experiments conducted for this thesis were 

purchased from Sigma-Aldrich (Castle Hill, NSW) or Life Technologies including 

Invitrogen (Mulgrave, VIC), unless otherwise stated. General laboratory and tissue 

culture plasticware was purchased from Corning (Pennant Hills, NSW), unless 

otherwise stated. The source of compounds/drugs and plasmid constructs used are 

indicated in the respective chapters. Compounds were all soluble, dissolved in DMSO, 

unless the solvent was specified in product information sheets, at a stock concentration 

of 10 mM, and stored at -20°C until required.  

2.2 Cell Culture 

2.2.1 Maintenance of HEK293 cells 

Human embryonic kidney 293 (HEK293) cells were freshly obtained from the 

American Type Culture Collection (ATCC; CRL-1573) and have been authenticated 

and certified mycoplasma-free by the ATCC. HEK293 cells were maintained in 

Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% v/v foetal bovine 

serum (FBS). Cells were incubated at 37°C in a humidified atmosphere of 95% O2 and 

5% CO2 and passaged when confluent. For plating, cells were resuspended, counted 

with a haemocytometer and diluted appropriately.  

2.2.2 Luciferase reporter gene assays 

Transient transfection of HEK293 cells and luciferase reporter gene assays were 

performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) 

as described in Ngo et al. (2015). Briefly, HEK293 cells (1 x 104 cells per well) were 

seeded onto 96-well sterile tissue culture microplates, coated with poly-D-lysine (0.1 

mg/ml). The day after plating, each well was co-transfected with either 0.04 µg of 

empty pcDNA3.1 vector or with the gene of interest and 0.04 µg of the respective pGL4 

reporter gene (Promega) using Lipofectamine LTX (Invitrogen) according to the 

manufacturer’s protocol. Cells were stimulated 16 h post transfection as appropriate. 

For concentration-response curves, compounds were prepared at 5X the final 
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concentration required (40 µl of compound added to 160 µl well volume for a final 

volume of 200 µl). Samples were processed 48 h post-transfection as per 

manufacturer’s instructions and luciferase activity detected using a BMG PHERAstar 

FS. Unless otherwise stated, all HEK293 experiments were performed in the presence 

of 10% FBS except for SRE-luciferase assays, where serum was withdrawn 48 hours 

before assay termination. 

2.3 Receptor Nomenclature  

All receptors have been named and abbreviated in accordance with the IUPHAR/British 

Pharmacological Society (BPS) Concise Guide to PHARMACOLOGY (Alexander et 

al., 2015). 

2.4 Generic GPCR residue position numbering 

Throughout this work, the GPCRdb numbering system has been used for comparison of 

residue positions across Class A GPCRs (Isberg et al., 2015). 

2.5 Data analysis 

In general, all experimental data were analysed in GraphPad Prism 6 (GraphPad 

Software Inc., La Jolla, CA) and expressed as mean ± s.e.m, unless otherwise stated. 

Concentration-response curves were fitted to three-parameter non-linear regression 

(fixed Hill slope). Statistical significance (p < 0.05) was determined by one-way 

ANOVA, followed by an appropriate post hoc test.   
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Chapter 3:  
GPR37L1’s constitutive activity is regulated by cleavage of 
its N-terminus  

 

3.1 Introduction 

The first step for identifying potential ligands at orphan GPCRs is to try to establish a 

signalling assay whereby activation or inhibition of the receptor can be detected. Given 

the wide range of signalling capabilities of GPCRs, the ideal assay should be able to 

detect multiple signalling pathways in a single assay format. With a focus on G protein-

coupling assays in this thesis, it is critical to elucidate the Gα subtype involved in 

receptor coupling. A frequently employed strategy for identifying the coupling capacity 

of a GPCR is the use of receptor constitutive activity, a phenomenon whereby a GPCR 

(or indeed any receptor) signals in the absence of its activation by a ligand, which can 

unveil the G protein involved in signalling. Prior to this PhD project, an unbiased 

Saccharomyces cerevisiae chimeric G protein screen, developed by Dowell and Brown 

(2009), was used to show that GPR37L1 coupled to Gpa1:Gαs and Gpa1:Gα16, in the 

absence of a ligand (Figure 3-1). This indicated that GPR37L1 was potentially a Gαs-

coupled receptor. However, it remained to be confirmed that GPR37L1 could also 

couple to full-length mammalian G proteins. 
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Figure 3-1. GPR37L1 displays coupling with Gαs in a yeast G protein chimera assay. 

Vector or GPR37L1 was transformed into yeast strains bearing individual G protein chimeras, 

and β-galactosidase (β-gal) activity was measured in arbitrary fluorescence units (AFU) after 24 

hours. n = 4 to 6 individual transformants. Dotted line represents vector-transformed Gpa1 β-

galactosidase activity for comparison. *p < 0.05, according to one-way ANOVA with Tukey’s 

post hoc analysis. Mr James Coleman, Dr Johannes Schmidt and Dr Nicola Smith generated the 

data presented here (Coleman et al., 2016). 

 

Also prior to this work, Dr Nicola Smith stably transfected Flp-In™ T-Rex™ HEK293 

cells with constructs encoding wild-type (WT) GPR37L1 or an N-terminally-truncated 

mutant (Δ122) that was C-terminally tagged with enhanced yellow fluorescent protein 

(eYFP) (GPR37L1.eYFP). It was found that upon induction of GPR37L1.eYFP 

expression, the receptor resolved in two species upon SDS-PAGE fractionation as well 

as by immunoblot analysis (data not shown), namely, a larger band at Mr ~ 65 to 70 kD 

(Figure 3-2a, open circle) and a smaller band of ~ 40 to 45 kD, which corresponded to 

Δ122 GPR37L1.eYFP (Figure 3-2a, closed circle). Moreover, cell surface biotin 

labelled both WT GPR37L1.eYFP species as well as Δ122 GPR37L1.eYFP to a similar 

degree, indicating that the N-terminally truncated mutant reaches the cell surface (data 

not shown). When WT GPR37L1.eYFP was induced in the presence of increasing 

amounts of BB94, a non-specific matrix metalloprotease (MMP) or a disintegrin and 

metalloprotease (ADAM) inhibitor, and other MMP/ADAM inhibitors including TAPI-

1 and TAPI-2 (data not shown), there was a concomitant concentration-dependent 
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increase in full-length species relative to the smaller species (Figure 3-2b). This 

indicated that GPR37L1 was N-terminally processed by a metalloprotease. However, 

the functional consequence of proteolytic processing of GPR37L1’s N-terminus had yet 

to be determined. In this chapter, I report on studies I performed that confirm coupling 

of GPR37L1 to mammalian Gαs and report on the development of a ligand-screening 

assay. I also demonstrate that the N-terminus of GPR37L1 is required for its 

constitutive activity and that several putative endogenous peptides corresponding to 

fragments of the N-terminus are not ligands for GPR37L1. 

 

 
 

Figure 3-2. GPR37L1 is processed at the N-terminus by a metalloprotease.  Using the Flp-

In system, cell lines were generated that stably express WT or Δ122 GPR37L1.eYFP. Cells 

were induced to express either WT or Δ122 GPR37L1.eYFP by treatment with doxycycline 

(500 ng/ml) plus BB94 (20 µM) (a) or increasing concentrations of BB94 (b), for 24 hours and 

visualised using in-gel fluorescence. Representative images are shown of at least four individual 

experiments. Mr James Coleman generated the data presented here. 

 

3.2 Materials and methods 

General methods are described in Chapter 2. 

3.2.1 Plasmid constructs 

pcDNA3.1-GPR37L1 was previously generated by Dr Nicola Smith. Briefly, a HindIII 

restriction site and Kozak sequence (eukaryotic translation initiation site) were 

introduced before the start codon of cDNA encoding human GPR37L1 and HindIII 

introduced after the stop codon to allow a single HindIII digest to be used for insertion 

and ligation into the vector pcDNA3.1. pGL4 constructs encoding firefly luciferase 

downstream of a cAMP response element (CRE) or serum-response element (SRE) 

were purchased from Promega (Catalog #E8471 and E1340 respectively). 
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3.2.2 Reagents 

Metalloprotease inhibitors, TAPI-1 and TAPI-2, were purchased from Santa Cruz 

Biotechnology (Dallas, TX). The N-terminal cerebral spinal fluid (CSF), tethered 

peptides and prosaptideK were synthesised by Genscript (Piscataway, NJ). Prosaptide 

(TX14A) was purchased from Anaspec (Fremont, CA) and Tocris Bioscience (Bristol, 

UK). 

3.3 Results 

3.3.1 GPR37L1 is a constitutively active Gαs-receptor 

To confirm the initial findings of GPR37L1 coupling to Gαs, the Dual Reporter Gene 

Assay system was used (Promega, Madison, WI) (Cheng et al., 2010), in which CRE 

drives the expression of firefly luciferase, as this reporter system allows long-term 

stimulation (>24 hours) of the receptor, as well as screening of compounds potentially 

active at the receptor (Figure 3-3).  

 

 

 
Figure 3-3. Mammalian reporter assays for transcription factors downstream of each of 

the major G protein families. Constitutive coupling via Gαs leads to stimulation of adenylyl 

cyclase (AC) and generation of cAMP, which stimulates transcription of luciferase that lies 

downstream of a cAMP response element (CRE). Likewise, Gαi/o activity is reported via the 

serum response element (SRE) upon Gβγ signalling to ERK1/2 MAPK; Gαq via nuclear factor 

of activated T-cells (NFAT) and Gα12 via serum response factor (SRF) response element. This 

figure was drawn by Dr Nicola Smith (Ngo et al., 2016).  



 

 36 

Upon transient co-transfection of GPR37L1 and CRE-luciferase, there was robust 

accumulation of CRE-luciferase with an approximate five-fold increase in cAMP levels 

above vector-transfected cells (Figure 3-4a), providing a sufficient window to detect 

both activation and inhibition of receptor activity. Moreover, following addition of the 

positive control forskolin, there was a marked increase in the raw counts, but not 

necessarily a fold change in signal (Figure 3-4a). This sensitisation did not translate to 

a significant change in potency upon construction of forskolin concentration-response 

curves (pcDNA3.1: pEC50 = 4.90 ± 0.17 vs GPR37L1: pEC50 = 5.32 ± 0.18) (Figure 3-

4b). This confirmed that GPR37L1 was able to couple to endogenous G proteins, in 

particular Gαs and established a relatively simple functional assay for GPR37L1.  

 

 
 

Figure 3-4. GPR37L1 transfection sensitises the system to forskolin. HEK293 cells 

transiently transfected with GPR37L1 and a cAMP response element luciferase reporter (CRE-

luciferase) demonstrated constitutive Gαs-mediated signalling (a). n = 4. Concentration response 

curve of forskolin treated pcDNA3.1 or GPR37L1-transfected cells (b). n = 3. The mean and 

s.e.m is reported for each point. *p < 0.05, according to one-way ANOVA with Dunnett’s post 

hoc analysis, unless otherwise stated. 
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3.3.2 The N-terminus is necessary for GPR37L1 constitutive activity 

It was previously observed that GPR37L1 was N-terminally processed by a 

metalloprotease. However, it remained to be determined whether N-terminal truncation 

affected its signalling activity. In contrast to WT GPR37L1, expression of the Δ122-

GPR37L1 construct did not result in CRE-luciferase generation, indicating that the N-

terminus is necessary for receptor activation (Figure 3-5a). Furthermore, when 

MMP/ADAMs were inhibited by the addition of TAPI-1 or TAPI-2, which reduced 

cleavage of GPR37L1’s N-terminus and thus formation of a species similar in size to 

Δ122-GPR37L1 (Figure 3-2), there was a significant increase in CRE-luciferase with 

GPR37L1 (Figure 3-5b). This effect was concentration-dependent with TAPI-2 

(Figure 3-5c), confirming that metalloprotease cleavage of GPR37L1’s N-terminus 

regulates its constitutive activity. 

 
 

 
 

Figure 3-5. Inhibition of MMPs and ADAMs increases GPR37L1 activity in the CRE-

luciferase assay. HEK293 cells were transiently transfected with pcDNA3.1, GPR37L1 or 

Δ122 and a cAMP response element luciferase reporter (CRE-luciferase) (a). n = 7. After 24 

hours of transfection with pcDNA3.1 or GPR37L1 and CRE-luciferase, cells were incubated for 

a further 24 hours in the presence or absence of TAPI-1 or TAPI-2 (b). n = 3 to 4. BB94 

produced non-specific effects (data not shown). Concentration-response curve for the effect of 

TAPI-2 on CRE-luciferase accumulation in pcDNA3.1 or GPR37L1 transfected HEK cells 

(c). n = 3. *p < 0.05, according to one-way ANOVA with Bonferroni’s post hoc analysis, unless 

otherwise stated. 
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3.3.3 The CSF and Tethered peptides did not affect GPR37L1 activity  

Given the regulation of GPR37L1 signalling by cleavage of its N-terminus, it was of 

interest to determine if peptides liberated by cleavage of GPR37L1’s N-terminus that 

were identified in proteome analyses of CSF (Stark et al., 2001; Schutzer et al., 2010; 

Zhao et al., 2010), might act as ligands for GPR37L1. Such an effect might be 

analogous to that of protease-activated receptors (PARs), where cleavage of their N-

termini gives rise to new N-termini that act as tethered agonists. The GPR37L1 peptides 

have been named CSF1 (residues 21 to 33), CSF2 (residues 47 to 65), and CSF3 

(residues 67 to 74), respectively (Figure 3-6a). If these proteolytic processes were 

linked, it would leave a tethered peptide corresponding to residues 34 to 46 (named 

Tethered-1). A second peptide (Tethered-2) exposed upon cleavage of CSF3 and of 

arbitrary length was also studied. Despite being found endogenously in CSF, the CSF 

and Tethered peptides had non-specific inhibitory effects across the system shown by 

consistent decreases in CRE-luciferase generation in vector-transfected cells (Figure 3-

6b–f), but did not activate GPR37L1.  

 
 



 

 39 

 

 

 

 
Figure 3-6. Non-specific effect of the indicated ligands on wild-type or Δ122 GPR37L1 Gαs 

signalling. The peptides corresponding to either the tethered ligands or fragments found in the 

cerebral spinal fluid (CSF) are highlighted (a). HEK293 cells were transiently transfected with 

pcDNA3.1, GPR37L1 or Δ122 and a cAMP response element luciferase reporter (CRE-

luciferase) 24 h prior to the addition of the various peptides at the indicated concentrations (b–

f). n = 4. Data has been normalised to its own baseline. The mean and s.e.m is reported for each 

point.   
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3.3.4 The CSF and Tethered peptides have limited GPR37L1 activity, 

downstream of Gαi/o coupling  

During the course of this work, GPR37L1 was also proposed to couple to Gαi/o (Meyer 

et al., 2013), even though there was no evidence for coupling of the receptor to this G 

protein in our chimeric Gpa1:Gαi/o yeast assay (Figure 3-1). However, to further 

evaluate the findings of Meyer et al. (2013), I examined if GPR37L1 coupled to 

endogenous, mammalian Gαi/o using the SRE-luciferase reporter assay. Upon 

transfection of GPR37L1, there was modest constitutive activity at Gαi/o, shown by the 

approximately two-fold (though insignificant) generation of SRE-luciferase above 

vector-transfected cells (Figure 3-7), as opposed to the ~7-fold increase in CRE-

luciferase downstream of Gαs (Figure 3-5). However, there was no sensitisation of the 

cell system upon addition of 20% foetal calf serum and phorbol myristate acetate 

(PMA) in GPR37L1-transfected cells, unlike the addition of forskolin to GPR37L1-

transfected cells with CRE-luciferase (Figure 3-2). Nevertheless, these results indicated 

that to a minor extent GPR37L1 might also couple with Gαi/o.      
 

 

 
Figure 3-7. GPR37L1 displays modest constitutive coupling at Gαi/o. HEK293 cells were 

transiently transfected with pcDNA3.1 or GPR37L1 and a serum response element luciferase 

reporter (SRE-luciferase). The positive control used was 20% foetal calf serum supplemented 

with phorbol myristate acetate (PMA) (1 µM). n = 3. The mean and s.e.m is reported for each 

point. The difference between the vector and GPR37L1 generated SRE-luciferase was not 

significant, according to one-way ANOVA with Dunnett’s post hoc analysis. 
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In light of these findings, I also tested the CSF and Tethered peptides for GPR37L1: 

Gαi/o activity. Similar to their activity at CRE-luciferase, even at high concentrations, 

there were limited effects of all the peptides at SRE-luciferase (Figure 3-8). Although 

the effects of the Tethered-1 peptide was specific to WT and Δ122 GPR37L1, it was 

relatively weak to be considered an endogenous ligand, with approximately 50% 

reduction in basal activity. Furthermore, these peptides were hypothesised to be agonists 

for GPR37L1 yet I saw an insignificant decrease in SRE-luciferase levels. This could 

suggest modest Gαs activity but I also saw non-specific dampening of CRE-luciferase 

levels. These results indicate that the N-terminus is merely processed and does not 

reveal tethered endogenous ligands for GPR37L1.    

 

 

 
Figure 3-8. Limited effect of the indicated ligands on wild-type or Δ122 GPR37L1 Gαi 

signalling. HEK293 cells were transiently transfected with pcDNA3, GPR37L1 or Δ122 and a 

serum response element luciferase reporter (SRE-luciferase) 24 h prior to the addition of the 

various peptides at the indicated concentrations (a–e). n = 3. The mean and s.e.m is reported for 

each point.    
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3.3.5 Prosaptide does not activate GPR37L1  

Meyer et al. (2013) also proposed the neuroprotective factor, prosaposin, which is 524 

amino acids (AA) in length, and its synthetic active fragment, prosaptide (14-AA), as 

endogenous ligands for GPR37L1. To evaluate these putative GPR37L1 ligands, I 

obtained prosaptide (TX14A) from Anaspec, which was also the source of prosaptide in 

the Meyer et al. (2013) study, and Tocris. However, TX14A lacked lysines present in 

the native prosaposin sequence (Figure 3-9a). Although TX14A was shown to be active 

at GPR37L1, I decided to also purchase a 15-AA peptide including these lysines, named 

prosaptideK. When tested for GPR37L1 activity at CRE-luciferase and SRE-luciferase, 

there was no activation or inhibition of the receptor by any of the peptides, whether the 

lysines were present or not (Figure 3-9b-c). Prosaptide also did not display activity in 

the yeast Gpa1:Gαs and Gpa1:Gαi/o assay (Coleman et al., 2016). Hence, despite 

rigorous attempts to confirm the findings of Meyer et al. (2013), we were unable to find 

any evidence that prosaptide is the endogenous ligand for GPR37L1. 

 

 

Figure 3-9. Prosaptide does not stimulate GPR37L1. Sequence alignment between 

prosaposin, TX14A and prosaptideK (a). HEK293 cells were transiently transfected with 

pcDNA3, GPR37L1 and a cAMP- or serum- response element (CRE- and SRE-) luciferase 

reporter 24 h prior to the addition of the two versions of prosaptide at single concentration (10 

µM) (b–c). n = 3–4. The mean and s.e.m is reported for each point.    
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3.4 Discussion 

In this chapter, I report on studies designed to evaluate functional coupling of GPR37L1 

and the potential role of several peptides as GPR37L1 ligands. First, I confirmed in a 

mammalian system that GPR37L1 is predominantly a constitutively active Gαs-coupled 

receptor, with only very minor coupling via Gαi/o. The assays I established for these 

studies also provided a robust screening assay for potential GPR37L1 ligands and for 

evaluating receptor function. Second, I found that an ADAM cleaves the N-terminus of 

the receptor, which regulates it constitutive activity, while N-terminal peptides showed 

no agonist or antagonist activity. Third, despite careful evaluation of prosaptide as the 

endogenous GPR37L1 ligand, I found no evidence that it has any agonist or antagonist 

activity at this receptor and, thus, it remains an orphan receptor.  

 

Before attempting to identify ligands for an orphan GPCR, it is imperative that a robust, 

facile and relatively high throughput assay be established. Before my studies, it had not 

been determined what cognate G protein coupled to GPR37L1 and which second 

messenger assay to use. Taking advantage of receptor constitutive activity, a 

phenomenon whereby a GPCR (or indeed any receptor) signals in the absence of a 

ligand, particularly when expressed at high levels (Damian et al., 2012; Corder et al., 

2013; Martin et al., 2015), I found that GPR37L1 predominantly couples to Gαs. 

Furthermore, the enhanced cAMP generation by forskolin in GPR37L1-transfected cells 

provided further evidence that GPR37L1 is a constitutive active Gαs-coupled receptor, 

since similar forskolin-mediated enhancement of cAMP generation has been observed 

with constitutively-active variants of the thyrotropin receptor (Alewijnse et al., 1997). 

Although it is well known that CRE (and hence luciferase generation) can be activated 

by many downstream signalling pathways, we observed coupling of GPR37L1 to Gαs in 

multiple assays including the yeast reporter gene assay, and through direct measurement 

of cAMP using the cAMP AlphaScreen assay (Coleman et al., 2016), indicating that the 

CRE-luciferase response can be heavily attributed to Gαs-cAMP signalling (see Section 

7.1 for further discussion). There is also the possibility that the endogenous ligand of 

GPR37L1 is in the assay media or serum, however, the yeast assay was performed using 

serum free conditions, while a similar CRE-luciferase response was observed in 

mammalian cells (Coleman et al., 2016), making it very unlikely that the endogenous 

ligand is present and secreted by all of these different cell systems. Moreover, the use of 

stably transfected GPR37L1 cells in the cAMP AlphaScreen reduces the likelihood that 
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promiscuous (or non-native) coupling was detected as a result of high receptor 

abundance, because this titratable system typically produces lower expression levels 

than transient assays (Ward et al., 2011). GPCRs predominantly couple to a subset of G 

proteins but many are known to be promiscuous and couple to multiple G proteins. 

However, upon overexpression in a heterologous system, there is a possibility that 

GPCRs are pushed to couple non-natively and produce a detectable signal in the system. 

This is an important consideration as detection of non-native coupling can result in 

ambiguity in the appropriate second messenger assay to use for ligand screening, 

particularly for orphan GPCRs, best highlighted by the case of GPR139. Here, multiple 

independent groups have used HTS to identify surrogate ligands for GPR139 but the 

downstream signalling assays used were inconsistent. Potential ligands for GPR139 

were screened at Gαs (Hu et al., 2009), Gαi/o (Susens et al., 2006) and/or Gαq (Susens et 

al., 2006; Shi et al., 2011; Isberg et al., 2014). Overall, the evidence favours GPR139 to 

be a predominantly Gαq-coupled receptor, but this highlights the importance of 

understanding the G protein coupling capacity of the orphan GPCR. Ideally, the 

signalling pathway of the endogenous agonist should be used for identifying orphan 

receptor surrogate ligands to first understand the receptor’s normal pharmacology.  

 

In contrast to the findings shown here, GPR37L1 was proposed to be a Gαi/o-coupled 

receptor (Meyer et al., 2013). Although there was no evidence of Gαi/o-coupling in our 

initial yeast assay studies, I found modest but statistically insignificant GPR37L1 

activity using the SRE-luciferase assay system, indicating potentially minor coupling to 

Gαi/o. GPCRs are known to couple to multiple G proteins, for example, GPR119 has 

been reported to couple to all G proteins (Hassing et al., 2016) but to my knowledge, 

only the β2-adrenoceptor has been proposed to couple to both Gαs and Gαi/o (Daaka et 

al., 1997). It was also proposed that the neuroprotective factor, prosaposin, and its 

active fragment, TX14A, are endogenous agonists for GPR37L1 (Meyer et al., 2013), 

which I could not confirm. One consideration for my lack of TX14A response is the 

assessment of different endpoints. However, if it is truly the endogenous ligand, then 

the ligand:receptor interaction should be robust in multiple readouts. In their 

experiments, using HEK293T cells transiently co-transfected with Flag-tagged 

GPR37L1 and the Gαi1 protein, the addition of a single concentration of 100 nM of 

TX14A resulted in a 5% increase in Gαi/o-mediated [35S]guanosine 5'-O-[gamma-

thio]triphosphate (GTPγS) accumulation. This very small response is surprising, given 
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the Gαi subunits are already the most abundantly expressed Gα subunit in HEK293 cells 

(Atwood et al., 2011) and that the concentration of TX14A used was ~20 times higher 

than their reported apparent EC50 value of 5 nM, determined from Western blotting 

studies used to evaluate receptor-coupled ERK1/2 phosphorylation (pERK1/2). 

Moreover, TX14A produced a maximal pERK1/2 increase that was only 50% above 

baseline. These [35S]GTPγS and pERK1/2 responses are not robust, despite these assays 

being best suited to detect Gαi/o coupling (Zhang et al., 2012). Furthermore, Meyer et al. 

(2013) did not generate concentration-response curves for TX14A in the 

[35S]GTPγS assays; radioligand binding assays using iodinated TX14A should be 

conducted to provide definitive proof for a high affinity GPR37L1 interaction. It should 

be noted that the IUPHAR/BPS nomenclature committee requires that for a 

ligand:receptor pairing to be established, among other criteria, there should be at a 

minimum two or more refereed research articles published by independent groups 

showing activity of the ligand at the receptor (Davenport et al., 2013).   

 

Despite the lack of pharmacological tools and ligands to probe GPR37L1’s function, it 

was found that an ADAM cleaves the N-terminus of GPR37L1, which reduces its 

constitutive activity. Metalloprotease-mediated cleavage of N-termini has been 

described for the endothelin B- and the β1-adrenoceptors, however this does not affect 

their activity (Grantcharova et al., 2002; Hakalahti et al., 2010). The prototypical 

example where cleavage of the N-terminus alters receptor activation is with the PARs. 

Here, cleavage of the receptor N-terminus reveals a new N-terminus, which acts as a 

tethered agonist (Scarborough et al., 1992; Soh et al., 2010); this tethered agonist could 

also be exogenously added to activate the full-length receptor. However, I observed the 

opposite effect with GPR37L1, where N-terminal cleavage inhibits receptor signalling. 

With GPR37L1 N-terminal peptide fragments found in the CSF, they could be 

postulated to act as inverse agonists to turn off GPR37L1 signalling, following N-

terminal processing. A similar mechanism of action exists for the melanocortin-4 

receptor, where the endogenous inverse agonist, agouti-related peptide, inhibits receptor 

constitutive activity mediated by its N-terminus (though it is not cleaved) (Ersoy et al., 

2012). However, neither the CSF- nor the Tethered-peptides inhibited (or activated) the 

full-length or truncated versions of GPR37L1 and are likely by-products of a 

degradation process. One potential scenario that has not been considered is the 

possibility that the full N-terminus (minus the signal peptide) is required for receptor 
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binding and activation and degradation occurs following these events. The structure of 

GPR37L1’s N-terminus has not been experimentally determined and no secondary 

structures are predicted (data not shown). This is potentially important, as the 

synthesised N-terminal peptide fragments may be unstructured in comparison to being 

ordered in the context of the full N-terminus expressed in the cellular system and impact 

its receptor activity. Preliminary studies attempting to co-express the receptor N-

terminus tethered onto a CD8-membrane anchor, with WT or Δ122 GPR37L1, and 

CRE-luciferase failed due to technical limitations of transfection and cellular system 

used (data not shown). These studies regarding the structure of the N-terminus will be 

further explored in the future.  

 

In this chapter, I found that GPR37L1’s N-terminus is necessary for the receptor’s 

constitutive activity. Using CRE- and SRE-luciferase reporter gene assays for ligand 

screening, I could not detect any effects on receptor activity by the CSF- and Tethered-

peptides and could not confirm that prosaptide/prosaposin are endogenous ligands for 

GPR37L1. In the next chapter, I delineate the characteristics of GPR37L1’s putative 

binding pocket to allow a chemically-directed approach to finding the endogenous 

ligand and potentially understand how the N-terminus activates the receptor.  
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Chapter 4:  

Binding site analysis of GPR37L1 
 

4.1 Introduction 

In the previous chapter, the N-terminus of GPR37L1 was found to be necessary for 

receptor activation. However, it was still unclear from these studies if the N-terminus 

interacts with the receptor itself. Like other binding protein-ligand systems, the site 

where the endogenous ligands bind to GPCRs is known as the orthosteric site. This is 

typically located in the extracellular half of the TM regions for Class A GPCRs. Indeed, 

the determination of GPCR crystal structures for a number of predominantly Class A 

GPCRs in complex with their ligands, whether they be small molecules, peptides, lipid-

like and other endogenous chemicals, has allowed the identification of the residues 

forming their ligand binding pocket and thus, the determination of specific molecular 

signatures or ‘fingerprints’ for ligand interactions (Venkatakrishnan et al., 2013). 

Potentially, these signatures could provide insight into the binding site of receptors with 

unknown structures and ligands, including orphan receptors. 

 

Previously, Gloriam et al. (2009) defined a generic Class A GPCR binding site 

consisting of a reference set of 43 ligand-accessible residue positions (based on B&W 

numbering) within the TM regions of the crystal structures of GPCRs reported at the 

time, namely, bovine and squid rhodopsin, ligand-free opsin, β1- and β2-adrenoceptors 

and the adenosine A2A receptor. This enabled a comparison of binding sites across the 

GPCR family, including orphans. However, the relative frequency and strength of 

ligand interactions at those residue positions were not considered. 

 

In this chapter, I aimed to develop a refined generic binding site of Class A GPCRs that 

captures both the frequency and contact strength of residue positions interacting with 

ligands. This refined binding site of Class A GPCRs was then used to predict those 

residues in GPR37L1 that form its putative ligand binding site. I also explored features 

of the N-terminus that potentially enabled constitutive activity of the receptor.  
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4.2 Methods 

General methods are described in Chapter 2. 

4.2.1 Determination of ligand contact strength profiles of crystallised GPCRs 

The Pocketome (www.pocketome.org) is an encyclopaedia of annotated ligand binding 

site ensembles as determined from co-crystallised ligand:protein structures in the 

Protein Data Bank (PDB) (Kufareva et al., 2012b). At the time of this study, the 

Pocketome contained 27 unique Class A GPCRs (release 15.12) that were used to 

determine the relative frequency and strength of different residue positions for contact 

profiling. The entries ranged from having a single co-crystallised ligand to up to 10 

unique ligands, with both small molecule and peptide ligands being represented (Table 

4-1). 

 

For each Pocketome entry, ligand contact-strength fingerprints for the receptor residues 

were calculated as previously described (Kufareva et al., 2011; Kufareva & Abagyan, 

2012a; Kufareva et al., 2014). In the analysis, not only are the contact residue positions 

captured [according to GPCRdb numbering (Isberg et al., 2015)], but also an estimate of 

the approximate strength of the ligand-residue interaction was determined at each 

specific position. Briefly, for each pair of non-hydrogen ligand and receptor atoms 

separated by interatomic distance d, contact strength was assigned as 1 for d < dmin = 

3.23 Å, 0 for d > dmax = 4.63 Å, and decreased from 1 to 0 as a linear function of d for 

dmin < d < dmax. The contacts were separately aggregated over the backbone (Cα, C, O, 

N) and over side chain atoms of each residue, where only side chain atoms contacts 

were considered in the final consensus fingerprint of each Class A GPCR. For glycine 

residues, backbone contacts were treated as side chain. 

 

The calculated side chain contact strengths were averaged over multiple occurrences of 

the same ligand, and multiplied by a weighting factor that ranged from 0 to 1 and 

represented the inherent flexibility of the residue, as determined by the distribution of 

its observed root mean square (r.m.s.) deviation between pairs of crystal structures 

within the Pocketome entry. In entries with a single structure, the factor was 

automatically assigned as 1 for all residues. 

 

http://www.pocketome.org
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Where a protein had more than one crystal structure in complex with a ligand, the 

unique ligands were clustered based on their residue fingerprints, clusters were ordered 

from largest to smallest, and residues making strong (>0.5) contacts with the ligands in 

the top 80% of the list were included in the consensus fingerprint. Residue contact-

strength values were multiplied by their relative frequency in the ligand ensemble to 

arrive at the final fingerprint associated with the given Pocketome entry and, thus, with 

a given Class A GPCR (Figure 4-1). The script to calculate contact strengths was 

originally written by Drs Irina Kufareva and Andrey Ilatovskiy and is available online at 

www.pocketome.org/basilico. 

4.2.2 Plasmid constructs 

pcDNA3.1-GPR37L1 and pGL4 CRE- and SRE- luciferase constructs were used, as 

described in Chapter 3.  

4.2.3 Reagents 

The C-terminal amidated Tethered-1 peptide was synthesised by Genscript (Piscataway, 

NJ). 

4.2.4 Homology modelling 

All molecular modelling analysis was carried out using ICM v3.8-3 or above (Molsoft 

LLC, La Jolla, CA). An unrefined GPR37L1 homology model was built based on the 

OX2 receptor crystal structure (Yin et al., 2015) (PDB: 4S0V; sequence identity: 21%) 

using the standard ICM homology modelling function (Cardozo et al., 1995). 

 

http://www.pocketome.org/basilico
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Table 4-1. List of Class A GPCR entries in the Pocketome 

Pocketome 
Entry Namea Receptor Nameb PDB IDs (Number of structures) 

5HT1B_HUMAN_
31_390 Serotonin 5-HT1B 4iaq, 4iar (2) 

5HT2B_HUMAN_
33_405 Serotonin 5-HT2B 4ib4, 4nc3 (2) 

AA2AR_HUMAN
_1_315 Adenosine A2a 

2ydo, 2ydv, 3eml, 3pwh, 3qak, 3rey, 3uza, 3uzc, 
3vg9, 3vga, 4eiy, 4ug2, 4uhr (13) 

ACM2_HUMAN_
1_466_TM Muscarinic M2 3uon, 4mqs (2) 

ACM3_HUMAN_
57_590 Muscarinic M3 4daj (1) 

ADRB1_MELGA_
31_367_TM β1-adrenoceptor 2vt4, 2y00, 2y01, 2y02, 2y03, 2y04, 2ycw, 2ycx, 

2ycy, 3zpq, 3zpr, 4ami, 4amj, 4bvn, 4gpo (15) 

ADRB2_HUMAN
_26_357_TM β2-adrenoceptor 2r4r, 2r4s, 2rh1, 3d4s, 3kj6, 3ny8, 3ny9, 3nya, 

3p0g, 3pds, 3sn6, 4lde, 4ldl, 4ldo, 4qkx (15) 

AGTR1_HUMAN
_14_319 Angiotensin AT1 4yay, 4zud (2) 

CCR5_HUMAN_1
_352 CCR5 4mbs (1) 

CXCR4_HUMAN
_1_319_TM CXCR4 3odu, 3oe0, 3oe6, 3oe8, 3oe9, 4rws (6) 

DRD3_HUMAN_
1_400 Dopamine D3 3pbl (1) 

FFAR1_HUMAN_
1_300 FFA1 4phu (1) 

HRH1_HUMAN_
20_487 Histamine H1 3rze (1) 

LPAR1_HUMAN_
1_326 LPA1 4z34, 4z35, 4z36 (3) 

NTR1_RAT_41_3
96_TM NTS1 3zev, 4buo, 4bv0, 4grv, 4xee, 4xes (6) 

OPRD_HUMAN_
36_339 δ-opioid 4ej4, 4n6h, 4rwa, 4rwd (4) 
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Table 4-1. Continued 

Pocketome 
Entry Namea Receptor Nameb PDB IDs (Number of structures) 

OPRK_HUMAN_
55_347_TM κ-opioid 4djh (1) 

OPRM_MOUSE_5
2_354 µ-opioid 4dkl, 5c1m (2) 

OPRX_HUMAN_
40_339 NOP 4ea3 (1) 

OPSD_BOVIN_1_
348_TM Bovine Rho 

1f88, 1gzm, 1hzx, 1l9h, 1u19, 2g87, 2hpy, 2j4y, 
2ped, 2x72, 3c9l, 3c9m, 3cap, 3dqb, 3oax, 3pqr, 
3pxo, 4a4m, 4bey, 4bez, 4j4q, 4pxf, 4zwj (23) 

OPSD_TODPA_3
_363 Squid Rho 2z73, 3aym, 3ayn, 4ww3 (4) 

OX2R_HUMAN_
2_386 Orexin OX2 4s0v (1) 

P2RY1_HUMAN_
2_373 P2Y1 4xnv, 4xnw (2) 

P2Y12_HUMAN_
1_342 P2Y12 4ntj, 4pxz, 4py0 (3) 

PAR1_HUMAN_8
4_397 PAR1 3vw7 (1) 

S1PR1_HUMAN_
1_327_TM S1P1 3v2w, 3v2y (2) 

US28_HCMVA_1
_354 

Viral chemokine 
US28 4xt1 (1) 

a www.pocketome.org/files/ENTRY_NAME.html 
b Receptors have been named and abbreviated in accordance with the IUPHAR/BPS Concise 

Guide to PHARMACOLOGY. 

 
 
 
 
 
 
 

http://www.pocketome.org/files/ENTRY_NAME.html
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4.3 Results 

4.3.1 Ligand interaction patterns across the Class A GPCR Pocketome 

To gain an overview of residue positions involved in ligand interactions, contact 

fingerprints were generated between ligands and receptor residue side-chains for each 

co-crystallised GPCR, annotated in the Pocketome. As calculated, residue contact 

strengths (1) are distance, not energy-based; (2) represent a coarse-grain approximation 

of actual interaction energies; (3) have improved signal-to-noise ratios through analysis 

of multiple ligands and crystallographic conformational ensembles; and (4) provide a 

reasonable compromise between strict inclusion or exclusion of interatomic contacts 

based on an interatomic distance cut-off criteria and the complexities and ambiguities of 

accurate energy calculations for conformationally-variable crystallographic ensembles. 

 

The contact fingerprints calculated resulted in the identification of a ‘cloud’ of 61 

residue positions, outlining the TM-based binding domain, which were in contact with a 

ligand at least once [N-termini and extracellular loop (ECL) contacts were excluded] 

across the 27 unique Class A GPCRs in the Pocketome (Figure 4-1) (GPCRdb 

numbering). Moreover, it was found that a core pattern of residue positions involved in 

ligand interactions is largely conserved [consistent with previous observations 

(Venkatakrishnan et al., 2013)]; for example, positions 3x32, 3x33, 3x36, 5x43, 6x48, 

6x51, 6x55 and 7x38 are involved in forming ligand contacts in at least 70% of Class A 

GPCR Pocketome entries. Furthermore, these positions consistently formed strong 

interactions with their respective ligands (Figure 4-1). Although the majority of sites 

fell within a similar spatial region, the expected diversity amongst GPCR binding 

pockets was still evident, particularly within the group of peptide binding receptors 

where TM2 contacts were also strong (Figure 4-1). Despite this, the contact maps 

generated demonstrate that the chemical diversity of endogenous (and synthetic) GPCR 

ligands is reflected in the variation of amino acid composition of their binding sites, and 

that there is indeed a consensus amongst the residue positions that make up the binding 

site of Class A GPCRs.   
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Figure 4-1. Ligand contact map of Class A GPCRs. Ligand contact strength fingerprints of 

receptor residues located in the transmembrane (TM) and extracellular loop two (ECL2) regions 

of crystallised Class A GPCRs, as collated in the Pocketome. The area of the circles represents 

the relative strength of the ligand contact and residue position is numbered according to the 

GPCRdb numbering scheme. Residue positions overlapping Gloriam’s binding site are 

highlighted in red. Ligand contacts within three residues of the highly conserved ECL2 cysteine 

have been portrayed (LPA1 receptor ECL2 contacts excluded due to ambiguity in aligning with 

the conserved ECL2 cysteine). Contacts from residue backbone atoms (except for glycine), 

ECL1 and ECL3 were also excluded. Colours of the circles represent the chemical class of the 

GPCR’s endogenous ligand: gold, retinal; blue, biogenic amines; red, nucleosides; green, lipids; 

purple, peptides. 

 

 
 



 

 55 

4.3.2 GPR37L1’s putative binding site is negatively charged 

From the crystal structure analysis, I was able to determine important core residue 

positions involved in ligand-interactions across many Class A GPCRs. These were 

residues positions: 3x28, 3x32, 3x33, 5x43, 5x461, 6x51, 6x52, 6x55, 7x38 and 7x42. 

For GPR37L1, this corresponded to residues: V206 (3x28), E210 (3x32), V211 (3x33), 

Y313 (5x43), Y317 (5x461), E375 (6x51), N376 (6x52), N379 (6x55), Q402 (7x38) 

and F406 (7x42).  

 

A GPR37L1 homology model was built to help with the visualisation of these residues. 

At the time of this study, there were two crystal structures solved in the phylogenetic β-

subgroup of Class A GPCRs [of which GPR37L1 is a part (Fredriksson et al., 2003)], 

namely, the neurotensin 1 (NTS1; PDB: 4GRV) receptor in complex with the active 

peptide fragment of neurotensin, and the orexin 2 (OX2; PDB: 4S0V) receptor bound to 

a small molecule antagonist, suvorexant (White et al., 2012; Yin et al., 2015). 

Alignment of GPR37L1 to the template sequences revealed GPR37L1 to have 22% and 

21% sequence identity to the NTS1 and the OX2 receptors, respectively. Although the 

NTS1 receptor displayed higher sequence identity (albeit only 1% greater), the OX2 

receptor was chosen as the template since the ligand binding pocket of the NTS1 

receptor is much narrower than that of other GPCRs. This is due to an alanine at 

position 2x56 (a cysteine residue in GPR37L1) that produces a marked kink in TM2 

(White et al., 2012). Furthermore, this narrow binding pocket binds the short NTS1 

peptide fragment tightly and will not easily accommodate small molecules, which I 

intend to evaluate in future studies. Without backbone optimisation, homology models 

simply adopt the template conformation and, thus, the OX2 receptor crystal structure 

was chosen as the template. No other crystal template showed the same level of 

sequence identity. 

 

As observed in the GPR37L1 homology model, the two negatively charged glutamic 

acids at position 3x32 and 6x51 were uncompensated by surrounding residues. This 

makes the overall putative GPR37L1 binding site negatively charged (Figure 4-2). In 

fact, there are many chemically similar or identical residues at these positions between 

GPR37L1 and the β2-adrenoceptor (or any similar biogenic amine receptor) (Figure 4-

2). For example, a glutamic or aspartic acid is found at position 3x32; a tyrosine or 

serine at 5x43 and 5x461, both of which have polar side chains; an asparagine at 6x55, 
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and an asparagine or glutamine at 7x38, suggesting perhaps that aminergic ligands may 

also interact with GPR37L1. With an understanding of the chemical features of the 

putative GPR37L1 binding site, I sought to see if there were potentially complementary 

features in the N-terminus.  

 
 
 
 

 
 

Figure 4-2. Key contact residue similarities between GPR37L1 and the β2-adrenoceptor.  

A GPR37L1 homology model was built based on the OX2 receptor crystal structure (PDB: 

4S0V; sequence identity: 21%) and shown in ribbon with green carbons. The β2-adrenoceptor 

crystal structure (PDB: 2RH1) is shown in ribbon with blue carbons. 
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4.3.3 A positively charged region in GPR37L1’s N-terminus is conserved 

Given that the N-terminus of GPR37L1 is necessary for receptor signalling, it is 

possible that its N-terminus interacts directly with its binding pocket to cause receptor 

activation. To address this issue, sequences annotated across various species as being 

GPR37L1 in the Uniprot were extracted and aligned. The analysis of GPR37L1 

sequences across evolution not only provided greater confidence for sequence 

alignment, but also reflects a possible conserved mechanism of receptor activation. 

Within the N-terminus, there is a region of positive charged residues, representing a 

Rx(K/R)R motif, that is conserved across various species (Figure 4-3). I hypothesised 

that this motif could potentially interact with the glutamic acids in the putative binding 

site or be critical to GPR37L1’s function. In fact, this motif represents a Furin 

consensus cleavage site (Molloy et al., 1992). Furin is a general intra- and extracellular 

endopeptidase, which processes a diverse group of precursor proteins. More 

intriguingly, this region aligned with the C-terminus of the Tethered-1 peptide 

(Chapter 3). However, the C-terminus of a peptide or protein is generally a carboxylic 

acid group (COO-), which would oppose the negatively charged nature of GPR37L1’s 

putative binding site and not allow the positively charged conserved motif to interact.  
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Figure 4-3. Alignment of GPR37L1’s N-terminus reveals conserved regions across many 

species. Reviewed or unreviewed Uniprot entries annotated as GPR37L1 were aligned in ICM 

(sequences not named starting with “ETBR2” are unreviewed). Residues with conserved 

identity (with a 70% cutoff) are listed above the alignment and have been coloured by their 

chemical nature: hydrophobic (green), polar (light blue), positively charged (blue) and 

negatively charged (red). A fully conserved Rx(K/R)R region in GPR37L1’s N-terminus is 

highlighted.  
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It is well established that the carboxylic acid of many neuropeptide precursors is 

processed by peptidylglycine α-amidating monooxygenase to reveal an amidated 

peptide C-terminus, including that of bombesin, orexin and vasopressin peptides 

(Eipper et al., 1992; Kim & Seong, 2001). The consensus sequence for peptidylglycine 

α-amidating monooxygenase processing is G(K/R)(K/R) whereas in GPR37L1’s N-

terminus, a glycine residue immediately follows the last arginine of the Rx(K/R)R motif 

(Figure 4-3). In spite of that, the cleaved N-terminal peptides of PARs are also C-

terminally amidated but do not share the consensus sequence for peptidylglycine α-

amidating monooxygenase processing (Zhao et al., 2014). This demonstrates that 

protein cleavage products are often susceptible to C-terminal modifications. Therefore, I 

hypothesised that the Tethered-1 peptide is C-terminally amidated (Teth 1-NH2) and is 

potentially the biologically active form of the peptide. This would result in a neutral (if 

not slightly positive) charge at the C-terminus and thus allow positively charged groups 

to interact with the negatively charged glutamic acids of GPR37L1’s putative binding 

site. However, like the COO- version of the peptide, the C-terminally amidated peptide 

was also inactive at GPR37L1 (Figure 4-4). In the SRE-luciferase assay, both versions 

of the Tethered-1 peptide at 10 µM reduced SRE-luciferase levels generated specifically 

at GPR37L1 WT and Δ122 GPR37L1 (Figure 4-4b), however this was comparable to 

what was observed at higher concentrations (100–400 µM) for the COO- version of the 

peptide (Figure 3-8d). High concentrations of Teth 1-NH2 also reduced SRE-luciferase 

to a similar level (although this data is preliminary due to reagent availability; Figure 4-

4d). As in Chapter 3, given there was a reduction in SRE-luciferase levels but no 

increase in CRE-luciferase, these effects are unlikely due to a direct GPR37L1 

signalling event and that neither the COO- or amidated forms of Tethered 1 peptide is 

the endogenous ligand for the receptor. 

 



 

 60 

 
 
 
 
 
 
 
 

 
 

Figure 4-4. Non-specific effects of Tethered 1 peptide were not affected by C-terminal 

amidation. HEK293 cells were transiently transfected with pcDNA3.1, GPR37L1 or Δ122 and 

a cAMP or serum response element luciferase reporter (CRE- or SRE-luciferase) 24 h prior to 

the addition of the amidated Tethered 1 peptide at the indicated concentrations (a–b). n = 4. The 

mean and s.e.m is reported for each point. High concentrations of the amidated Tethered 1 

peptide showed similar effects (c–d). n = 1. The mean of the experimental duplicates is 

reported. 
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4.3.4 Mutation of the conserved motif did not affect GPR37L1’s function 

Although the Teth 1-NH2 peptide was inactive at GPR37L1, the fully conserved furin 

Rx(K/R)R motif could potentially be involved in GPR37L1’s signalling. To this end, a 

triple alanine (AAA) mutation of residues 45 to 47 coding for KRG (45Ala47) was 

introduced to disrupt the KR residues of the conserved motif. However, co-expression 

of the 45Ala47 mutant with either CRE- or SRE-luciferase, failed to show any effect on 

the amount of luciferase generated with this mutant as compared to the wild-type 

receptor (Figure 4-5). These results suggest that despite the evolutionary conservation 

of the Rx(K/R)R motif, it is not important for the constitutive receptor signalling driven 

by the N-terminus of GPR37L1 (Chapter 3) (Coleman et al., 2016). 

 
 

 
Figure 4-5. Triple alanine mutation of the conserved N-terminal region did not affect 

GPR37L1's constitutive activity. Residues 45 to 47 (KRG motif) were mutated to alanine 

(AAA). HEK293 cells were transiently transfected with pcDNA3.1, GPR37L1 or 45Ala47 and a 

cAMP or serum response element luciferase reporter (CRE- or SRE-luciferase) (a–b). n = 4. 

The mean and s.e.m is reported for each point. 
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4.4 Discussion 

In the absence of ligand, defining the binding site of an orphan GPCR is challenging. In 

this chapter, I used an annotated database of all current Class A GPCR crystal structures 

to define a generic binding site of GPCRs. This consensus binding site differed from 

previous examples in that it accounted for both the frequency and the strength of contact 

between co-crystallised ligands and the residue positions. Projecting these residue 

positions onto GPR37L1, it was found that the putative GPR37L1 binding site was 

overall negatively charged with two uncompensated glutamic acids at positions 3x32 

and 6x51. Because the N-terminus was found to be necessary for constitutive activity of 

the receptor, I then examined possible N-terminal motifs that could interact with the 

proposed binding site. A conserved positively charged N-terminal motif Rx(K/R)R was 

tested in the CRE and SRE luciferase assays but was not found to affect constitutive 

receptor signalling.  

 

Previously, Gloriam et al. (2009) defined a reference set of 43 residue positions as being 

involved in forming a generic Class A GPCR ligand-binding site. From careful manual 

visualisation of seven crystal structures solved at the time of the study, residues were 

included if they were ligand-accessible, that is, they are present in the extracellular TM 

region and consistently facing inward into the TM bundle (Gloriam et al., 2009). Whilst 

this provided an overview of the residues outlining the putative TM binding region, not 

all of these residues necessarily interact with the ligand and there was no cut-off in the 

frequency with which the residues at those positions were considered ligand-accessible 

or not [for example, the position 6.57 (B&W numbering) (Ballesteros et al., 1995) was 

included despite facing towards the ligand binding pocket in only two out of seven 

crystal structures]. Here, I have used the collection of Class A GPCRs found in the 

Pocketome database, and generated a consensus binding site fingerprint of Class A 

GPCRs. Over 100 GPCR structures in which the proteins were crystallised in complex 

with a ligand were analysed in the contact map (Figure 4-1), revealing a common core 

of 9 residue positions (namely positions 3x32, 3x33, 3x36, 5x43, 6x48, 6x51, 6x55 and 

7x38) that are involved in ligand binding in at least 70% of the Class A GPCR binding 

site fingerprints. Moreover, these residue positions have been experimentally 

determined to be in contact with the ligand, and not simply ligand accessible. From this 

analysis, 61 unique residue positions were identified to be in contact with the co-

crystallised ligand at least once (of which 32 overlap with the original 43 reference set). 
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However, it is unreasonable to include all of these positions into a generic binding site 

definition of Class A GPCRs, as the importance of residue positions in frequent contact 

is lost. Moreover, using the definition of 43 residue positions, previous family wide 

binding site comparisons of Class A GPCRs were very similar to full length 

phylogenetic comparisons (Gloriam et al., 2009), and did not provide further insight 

into the off-target activity of many ligands (Lin et al., 2013). It is perhaps more sensible 

to limit the set to these 9 residue positions, which are in consensus and have the greatest 

contact strength across all the Class A GPCR fingerprints, for future studies in GPCR 

binding site comparisons (see Chapter 6; for further discussion on GPCR binding site 

definitions, see Section 7.5).  

 

The analysis of known GPCR binding sites and derivation of a consensus binding site 

fingerprint for Class A GPCRs allows the projection of these key residue positions onto 

orphan GPCRs, in this case GPR37L1. Four of these key positions have previously been 

described as the GPCR ‘ligand-binding cradle’, with contact pairs 3.36–6.48 [3x36–

6x48 (GPCRdb numbering)] and 6.51–7.39 (6x51–7x38) participating in both ligand 

binding and an inter-TM network of highly conserved structural residues 

(Venkatakrishnan et al., 2013). In GPR37L1, this ligand binding cradle comprises 

L3x36:T6x48 and E6x51:Q7x39. The highly conserved position 3x32 is a glutamic acid 

in GPR37L1, which is of interest, since an acidic residue is only found in this position 

in three subfamilies of the entire human GPCR family. Biogenic amine receptors (and 

opioid receptors) have an aspartic acid at 3x32 that enables recognition of N+ of the 

endogenous amine (Huang, 2003), while GPR37 and GPR37L1 have a glutamic acid 

that would also facilitate interactions with N+, basic residues or the N-terminus of a 

peptide. According to the GPR37L1 homology model, E6x51 is located directly 

opposite E3x32, and both residues are uncompensated in the binding pocket making 

them suitable for coordinating ligand interactions. These observations can also help to 

explain why others and I were unable to validate binding of the proposed endogenous 

ligand for GPR37L1, prosaptide (Chapter 3) (Meyer et al., 2013; Southern et al., 2013; 

Coleman et al., 2016). Despite the presence of negatively charged E3x32 and E6x51 

within the putative binding site, which would theoretically facilitate binding of a small 

peptide agonist through its N-terminus, prosaptide contains multiple negative charges 

that render this interaction electrostatically unlikely. However, even prosaptideK, with 

the addition of the endogenous lysines, did not activate GPR37L1.    
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Many biological peptides are post-translationally modified into their active form, in 

particular by amidation of their C-terminal residue [see Merkler (1994) for examples]. 

Notably, the free carboxylic acid form of neuropeptide Y is completely biologically 

inactive compared to the carboxamide form (Allen et al., 1987; Boublik et al., 1989). 

On the other hand, endothelin-1’s C-terminal amidation reduces its binding and activity 

at both the endothelin A- and B- (ET) receptors (Maggi et al., 1989; Rovero et al., 

1990). This demonstrates the importance of the chemical nature of peptide C-termini for 

peptide:receptor interactions. I was able to identify a fully conserved furin Rx(K/R)R 

motif in the GPR37L1 N-terminus that was potentially important to the receptor’s 

function and, intriguingly, aligned to the C-terminus of the Tethered-1 peptide. It 

remains to be determined if the Tethered 1 and CSF2 peptides, or indeed GPR37L1’s 

N-terminus is directly processed by furin, a proprotein endopeptidase. It is also yet to be 

determined if C-terminal amidation of the other CSF peptides would reveal a 

biologically active conformation with CSF1 and CSF3 having positively charged 

residues close to their C-terminus (see Chapter 3 for sequences). Intriguingly, N-

terminal cleavage of GPR37 was inhibited by the addition of the furin inhibitor 

decanoyl-RVKR-chloromethylketone but this was attributed to an indirect effect, as 

GPR37’s N-terminus does not contain a furin cleavage motif (Mattila et al., 2016)  

Moreover, the relative surface expression of the triple alanine mutant 45Ala47 

compared to WT GPR37L1, as well as the effect of the mutation on receptor cleavage is 

yet to be determined and may well masks the effects of the mutant on receptor 

signalling.  

 

In summary, a set of key TM residue positions forming a consensus binding site for 

Class A GPCRs was determined by analysis of all Class A GPCR crystal structures. 

This was used to define the putative binding site of GPR37L1, which was 

predominantly negatively charged with two uncompensated glutamic acids. Lastly, I 

was unable to gain further insight into GPR37L1’s activation mechanism. Given my 

unsuccessful attempts to identify endogenous ligands for GPR37L1, I began to search 

for surrogate ligands, which have structures and properties that are complementary to 

the residues forming the putative GPR37L1 binding site.    
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Chapter 5:  

Identification of GPR37L1 surrogate ligands by various 

ligand screening and computational approaches 
 

5.1 Introduction 

In the previous chapters, there was a focus on trying to identify potential endogenous 

ligands for GPR37L1, which was unsuccessful. This also reflects the slowing down of 

confirmed ligand:receptor pairings in recent years, evident by the deorphanisation of 

only 15 Class A GPCRs since the initial publication of IUPHAR’s receptor list (86 

Class A orphans remain) (Foord et al., 2005; Davenport et al., 2013). As a result, the 

field has shifted away from identifying endogenous ligands and towards finding 

surrogate ligands with two large screening efforts published, with libraries containing 

clinically-tested small molecules, on a panel of orphan GPCRs (Southern et al., 2013; 

Kroeze et al., 2015). Surrogate ligands act as important tool compounds to study the 

pharmacology and physiology of orphan GPCRs. In this chapter, I focused on 

identifying surrogate ligands for GPR37L1 using various approaches. 

 

The question is where do we start looking for surrogate ligands? As a consequence of 

the increasing availability of GPCR structural information, it has allowed the field of 

GPCR drug discovery to shift from traditional HTS methods to cheaper and efficient 

VLS approaches. This generally involves docking millions of compounds to predict 

favourable interactions with the receptor ligand binding pocket. Ligand discovery by 

VLS using GPCR crystal structures has been very successful to date but for orphan 

GPCRs, the applicability of VLS will heavily rely on the use of homology models 

(discussed in General Introduction). It is estimated that a receptor must have at least 

30 - 35% sequence identity to its template for accurate homology modelling in the 

absence of additional refinement (Kufareva et al., 2011; Beuming et al., 2012; Katritch 

et al., 2012). However, at the time of this study, only 10 of 86 remaining Class A 

orphans have ≥35% identity to a GPCR with a solved structure (see General 

Introduction) (Ngo et al., 2016). Furthermore, given the lack of ligand information for 

orphan GPCRs, many of the current ligand-guided model optimisation and validation 

techniques are inaccessible. Thus, a reasonable question concerning orphan GPCRs is 
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whether a crude and unrefined homology model may actually be sufficient to retrieve 

hits, without ligand optimisation and validation of the model beforehand. 

 

From another point of view, it is well established that many drugs and ligands display 

polypharmacology and have off-target effects (Keiser et al., 2009; Lin et al., 2013). 

With this in mind, Roth and colleagues recently developed a modified β-arrestin Tango 

assay screening platform (named PRESTO-Tango), which artificially promotes β-

arrestin coupling to GPCRs and allows multiple GPCRs to be screened in a parallel and 

simultaneous fashion (Kroeze et al., 2015). They screened the NIH Clinical Collection 

(NCC) library (containing FDA-approved drugs) at a panel of 91 orphan and poorly 

characterised GPCRs, where they were able to identify and confirm that the KATP-

channel blocker, nateglinide, is a surrogate ligand for the orphan, MRGPRX4 (Kroeze 

et al., 2015). This demonstrates that ligand screening still has a place for orphan GPCR 

surrogate ligand discovery. Importantly, their platform is open-source and the results 

were made freely accessible; their PRESTO-Tango screen proposed potential surrogate 

ligands for many other orphan GPCRs, including GPR37L1, however they are 

unconfirmed at this stage. This provided an invaluable starting point for the scientific 

community in their quest to study orphan GPCRs (Kroeze et al., 2015). Here, I 

hypothesised that GPR37L1 surrogate ligands could be identified by VLS using an 

unrefined homology model, by predicting ligands that complement the binding site 

features of GPR37L1 as described in the previous chapter. I also aimed to confirm the 

initial GPR37L1 hits identified by PRESTO-Tango and following on the theme of 

polypharmacology and off-target activity, compounds associated with cardiovascular 

disease were also screened at GPR37L1.  
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5.2 Methods 

General methods are described in Chapter 2. 

5.2.1 Plasmid constructs 

pcDNA3.1-GPR37L1 and pGL4 CRE- and SRE-luciferase constructs were used, as 

described in Chapter 3.  

5.2.2 Docking and virtual ligand screening 

For VLS, a drug-like subset of the eMolecules database was used (3,699,121 

compounds) and ligands were docked into the unrefined GPR37L1 homology model 

(developed in Chapter 4) for prediction of ligand-receptor complexes using the 

standard ICM procedure (Neves et al., 2012). The grid potential map boundaries for 

docking were defined by residues E210 (3x32), Y313 (5x43), E375 (6x51), N376 

(6x52), N379 (6x55) and Q402 (7x38) (GPCRdb numbering). Compounds that 

displayed a docking score of less than -32 were retained for hit selection. VLS was 

performed on a ~400 CPU private cluster located at the San Diego Supercomputer 

Center, maintained by the Abagyan Lab. For docking naltrindole into GPR37L1, 

stochastic side chain torsion angle sampling of key residues, namely E210, Y313, E375, 

N376, N379 and Q402, was permitted (Abagyan & Totrov, 1994a).  

5.2.3 Materials 

The compounds were purchased from various suppliers as listed. For the eMolecules 

screen: 5227338, 7032780, 7033498 (ChemBridge, San Diego, CA); F782-0917, F782-

0947, F782-1004, L495-0303, L495-0306, L495-0311, L495-0366 (ChemDiv, San 

Diego, CA); Z15392816, Z24123459, Z25065793, Z352526732 (Enamine, Kiev, UA). 

The PRESTO-Tango compounds were from: Amlexanox (AdipoGen, San Diego, CA); 

Homoharringtonine (Toronto Research Chemicals, North York, ON); Honokiol, 

Sertraline, Tegaserod maleate, Naltrindole, Triptolide (Cayman Chemicals, Ann Arbor, 

MI); Bestatin, Duloxetine, Paroxetine (Selleck Chemicals, Houston, TX). The 

cardiovascular-related compounds: Amino-1-phenylethanol, Aminophylline, 

Angiotensin II, Butaclamol, Captopril, CGP12177A, Clonidine, Clozapine, 

Dexamethasone, Dobutamine, Dopamine, Haloperidol, ICI-118551, Isoproterenol, 

Lofexidine, Mibefradil, Niguldipine, Octopamine, Pargyline, Phenethylamine, 

Phenoxybenzamine, Phenylephrine, Phenylpropanolamine, Prazosin, Propanolol, 

Prostaglandin D2, Prostaglandin E1, Reserpine, Synephrine, Tamsulosin, Terazosin, 
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Trimazosin, Urapidil (Sigma-Aldrich, St Louis, MO); A61603, Aminopyridine, 

Cirazoline, Glibenclamide, L-365260, LY 225910, Omeprazole, Oxymetazoline, 

Sulfisoxazole, Losartan (Tocris Bioscience, Bristol, UK); Amino-4-methylpyridine, 

BAPTA/AM, Calpeptin, PD150606 (Calbiochem, San Diego, CA); Dihydroergotamine, 

Methylsergide maleate (Sandoz, Basel, CH).  

 

5.3 Results 

5.3.1 Virtual screening with an unrefined GPR37L1 homology model identifies 

small molecule ligands  

The question remains whether orphan GPCR homology models without optimisation 

are sufficient to retrieve and identify novel ligands. Using an unrefined GPR37L1 

homology model, the eMolecules database was docked to predict ligands that 

complement the unique pocket features of GPR37L1. It should be noted that without 

side chain optimisation, the key glutamic acid E210 at position 3x32 was exposed in the 

binding site and accessible to ligand interactions. Of the 3,699,121 compounds docked, 

18 compounds displayed an ICM docking score of < -32, of which 14 were available to 

purchase. The compounds were first tested at a single concentration in the CRE-

luciferase reporter assay, which I have previously shown to generate a sufficient 

window to detect both activation and inhibition of the receptor (Chapter 3). It was 

found that the addition of compounds 5227338, 7032780, 7033498, L495-0303, L495-

0306, L495-0366, Z25065793, and Z352526732 reduced CRE-luciferase levels 

generated by GPR37L1 (Figure 5-1a). Upon generation of concentration-response 

curves, only compounds 7032780 (half-maximal inhibitory concentration pIC50 = 

4.77±0.46, Imax = 62.8%, n=4), L495-0303 (pIC50 = 6.10±0.44, Imax = 53.3%, n=6) and 

L495-0366 (pIC50 = 6.13±0.38, Imax = 57.0%, n=4) were confirmed as low potency 

partial inverse agonists, displaying a concentration-dependent effect that was specific to 

GPR37L1 (Figure 5-1b-d). The identification of inverse agonists is unsurprising since 

GPR37L1 was modelled using the inactive state OX2 crystal structure. As hypothesised, 

the eMolecule ligands were docked and predicted in an orientation to interact with key 

residues identified in the previous chapter, with prominent contacts at E210, E375, 

N376 and N379 (Figure 5-1e). Overall, this represents a 21.4% hit rate (3/14) for the 

VLS approach.  
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Figure 5-1. GPR37L1 surrogate ligands identified from virtual screening of the eMolecules 

database. HEK293 cells were transiently transfected with pcDNA3.1 or GPR37L1 and a cAMP 

response element luciferase reporter (CRE-luciferase) 24 h prior to the addition of ligands at 10 

µM final concentration (a). n = 3 independent biological replicates. Chemical structures and 

concentration-response curves for compounds 7032780 (b), L495-0303 (c), and L495-0366 (d). 

n = 4–6 independent biological replicates. The mean and s.e.m is reported for each point. (e) 

The predicted binding mode of 7032780 and L495-0366 in an unrefined GPR37L1 homology 

model (green ribbon). The predicted interactions of L495-0303 were similar to L495-0366. The 

interaction fingerprint of the three GPR37L1 surrogate ligands showed prominent contacts with 

key residue positions observed in Class A GPCR crystal structures. Contact strength is 

calculated as in Chapter 4. GPCRdb numbering is used. 
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Since I have shown previously that GPR37L1 could also couple to Gαi/o (Chapter 3), 

the compounds were screened in the serum response element luciferase (SRE-

luciferase) reporter assay as well, of which Z15392816, Z25065793 and Z353536732 

were promising (Figure 5-2a). However, all compounds tested in concentration-

response curves were non-specific (Figure 5-2b-d). Therefore, although the inhibition 

of GPR37L1 activity was moderate in the CRE-luciferase assay, the three eMolecules 

ligands represent the first surrogate ligands for this receptor.  

 

 
 

 
 
Figure 5-2. The eMolecule ligands were not GPR37L1 surrogate ligands downstream of 

Gαi/o. HEK293 cells were transiently transfected with pcDNA3.1 or GPR37L1 and a serum 

response element luciferase reporter (SRE-luciferase) 24 h prior to the addition of ligands at 10 

µM final concentration (a). n = 3 independent biological replicates. Concentration-response 

curves for Z15392816, n = 3 (b), Z25065793, n = 5 (c), and Z353536732, n = 4 (d). The 

compounds were non-specific, reducing SRE-luciferase generated by vector-transfected cells to 

a similar extent. The mean and s.e.m is reported for each point. 
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5.3.2 Identification of Naltrindole as a weak GPR37L1 inverse agonist  

Recently, the ligand screening efforts using the PRESTO-Tango assay at a panel of 

orphan GPCRs, including GPR37L1, by the Roth laboratory was published for the 

community to confirm and validate surrogate ligands at their orphan GPCR of interest 

(Kroeze et al., 2015). After searching through various chemical vendors, I purchased 10 

out of 23 compounds, which showed an effect at a single concentration at GPR37L1 in 

the PRESTO-Tango assay (Appendix Table 1). Since the PRESTO-Tango assay is a 

luciferase reporter gene readout, like the assays used in this work, the effects of DNA 

intercalators or compounds that affect the transcription or translation machinery were 

most likely false positives, interrupting with the entire cell system. Thus, these 

compounds were avoided, though homoharringtonine was mistakenly purchased.  

 

The compounds were first tested at a single concentration (10 µM) and it was found that 

naltrindole and bestatin reduced CRE-luciferase levels by greater than 2-fold (Figure 5-

3a). Triptolide, duloxetine, paroxetine and homoharringtonine had non-specific effects 

and reduced CRE-luciferase levels in both pcDNA3.1 and GPR37L1 transfected cells 

whilst sertraline and tegaserod were cytotoxic (Figure 5-3a). Next, GPR37L1 inhibition 

by naltrindole and bestatin was confirmed with concentration-response curves. I found 

naltrindole to be a partial inverse agonist (pIC50 = 6.61±0.37, Imax = 49.4%, n=4) 

(Figure 5-3b) whereas bestatin showed a very weak effect at GPR37L1. In fact, at 

higher concentrations, bestatin displayed non-specific activity (reaching 49.95±4.84% 

of maximal CRE-luciferase in vector-transfected cells, n=4), masking any specific 

effect at GPR37L1 (Figure 5-3c). In the SRE-luciferase assay, similar effects of the 

compounds were found in comparison to the CRE-luciferase assay screen, where 

amlexanox, triptolide, sertraline, tegaserod, duloxetine, paroxetine and 

homoharringtonine were either non-specific or toxic to the cells (Figure 5-3d). 

Honokiol and bestatin reduced SRE-luciferase accumulation, however this was not 

significant, whilst naltrindole was non-specific in this assay. Upon docking naltrindole 

into the binding site of GPR37L1, it was predicted to interact with GPR37L1 higher in 

the binding pocket compared to the eMolecule ligands, however it displayed contacts 

with similar residue positions (Figure 5-4). These results confirm naltrindole as a 

GPR37L1 surrogate ligand with a 10% hit rate (1/10) (though this was a positive hit 

selection from 446 compounds in the initial PRESTO-Tango screen) in the CRE-

luciferase assay, further adding to GPR37L1’s ligand tool chest.  
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Figure 5-3. Naltrindole identified from PRESTO-Tango is a partial GPR37L1 inverse 

agonist. HEK293 cells were transiently transfected with pcDNA3.1 or GPR37L1 and a cAMP 

response element luciferase reporter (CRE-luciferase) 24 h prior to the addition of ligands at 10 

µM final concentration (a). n = 3 independent biological replicates. Concentration-response 

curves for naltrindole, n = 4 (b) and bestatin, n = 3 (c). The compounds were also tested at a 

single concentration for GPR37L1 activity downstream of Gαi/o, in the serum response element 

luciferase (SRE-luciferase) assay (d). n = 3. The mean and s.e.m is reported for each point. 
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Figure 5-4. The predicted interactions between naltrindole and GPR37L1. Naltrindole was 

docked into GPR37L1’s putative binding pocket with flexibility and sampling of key residues. 

The generation of the GPR37L1 homology model and calculation of contact strength was 

described in Chapter 4. GPCRdb numbering is used. 

 

5.3.3 Low throughput screening of cardiovascular-related compounds did not 

reveal off-target activity at GPR37L1 

For the third approach, a series of cardiovascular-related ligands was tested for off-

target activity at GPR37L1, based upon the reported role of GPR37L1 as a mediator of 

blood pressure control (Min et al., 2010). From the initial single concentration screen, 

there were a few promising hits highlighted in black (Figure 5-5a). Of the four 

compounds tested so far, glibenclamide and L-365260 did not show an effect (Figure 5-

5b-c), while both LY 225910 and reserpine were non-specific (Figure 5-5d-e). 

Concentration-response curves for LY 225910 displayed similar pIC50 values at both 

vector-transfected and GPR37L1-transfected cells (pIC50 = 5.10±0.37 and 5.16±0.35 

respectively, n=4) and the same decrease in relative CRE-luciferase levels when 

normalised to its own baseline. A similar non-specific effect was observed for reserpine 

when the data was normalised to its own baseline; there was a left shift at GPR37L1-

transfected cells compared to vector-transfected cells (pIC50 = 5.17±0.27 and 4.13±2.52 

respectively, n=4), which suggest specific pharmacology however, the minor specificity 

window questions what extent of the effect could be truly ascribed to GPR37L1. 

Preliminary results for losartan did not show any effect (data not shown) while 
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clozapine, haloperidol, ICI-18551 and trimasozin have yet to be tested. Given surrogate 

ligand identification with the SRE-luciferase assay has been unsuccessful in the 

previous approaches, the compounds were not screened in that assay.   

 

 
 
Figure 5-5. Screening cardiovascular-related compounds did not reveal GPR37L1 

surrogate ligands. HEK293 cells were transiently transfected with pcDNA3.1 or GPR37L1 and 

a cAMP response element luciferase reporter (CRE-luciferase) 24 h prior to the addition of 

ligands at 10 µM final concentration (a). n = 3–5 independent biological replicates. Compounds 

highlighted in black are potential candidates for further testing. Concentration-response curves 

for glibenclamide, n = 4 (b), L-365260, n = 5 (c), LY 225910, n = 4 (d), and reserpine, n = 4 (e) 

showed no effect or were non-specific. The mean and s.e.m is reported for each point. 
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5.4 Discussion 

This chapter investigated various approaches to identify surrogate ligands for 

GPR37L1. Firstly, novel ligands for GPR37L1 were identified by VLS using an 

unrefined homology model (21.4% hit rate). Secondly, traditional screening approaches 

yielded variable success; naltrindole was confirmed as a partial GPR37L1 inverse 

agonist, which was initially identified in a large screening campaign (10% hit rate) 

while no ligands were identified in a small in-house screen. Overall, these approaches 

led to the identification of the first surrogate ligands for GPR37L1.  

 

Despite the increasing number of high resolution GPCR crystal structures, the use of 

SBDD approaches, including VLS for orphan GPCRs, is still in its infancy (Ngo et al., 

2016). This is perhaps due to the low levels of confidence of building accurate orphan 

GPCR homology models, where only a limited number of orphans reach the threshold 

of 30 – 35% sequence identity to crystal structure templates for model accuracy without 

refinement (Kufareva et al., 2011; Beuming et al., 2012; Katritch et al., 2012; Ngo et al., 

2016). The question remains, however, is it really necessary to optimise and validate 

your homology model before conducting a virtual screening campaign? Certainly, such 

an approach was successful for the orphan receptor GPR171, where VLS using a 

GPR171 homology model identified a novel small molecule partial agonist with a 7.7% 

hit rate (1/13) (Wardman et al., 2016). The GPR171 homology model was based on the 

P2Y12 crystal structure (PDB: 4PXZ) and was only subject to energy minimisation 

functions in MODELLER (Wardman et al., 2016). However, GPR171 displays 34% 

sequence identity (44% sequence similarity) with the P2Y12 template, within the range 

of accurate homology modelling. In another study, 5 novel GPR17 ligands, based on 

[35S]GTPγS binding, were identified by VLS using a multi-template-based homology 

model with rhodopsin as the TM region template (PDB: 1U19; 20% sequence identity), 

which was only subjected to energy minimisation (Eberini et al., 2011). However, these 

ligand hits could not be validated using dynamic mass redistribution (DMR) and Ca2+ 

mobilisation assays (Hennen et al., 2013). In this study, an unrefined GPR37L1 

homology model based on the OX2 crystal structure (PDB: 4S0V, 21% identity) was 

successfully used to identify the first reported synthetic ligands for GPR37L1. The 

ligands had low potency and efficacy at the receptor, although this would be expected 

given the crude nature of the homology model used as a screening template. Despite 
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this, they now can serve as tools to guide homology model refinement in the hope that 

this will lead to GPR37L1 ligands with improved potency (described below).  

 

Whilst VLS using an unrefined model of an orphan GPCR is feasible, an integrated 

experimental and computational approach, established for well-characterised GPCRs, is 

more widely accepted for orphans (Ngo et al., 2016). This is where ligand-screening 

campaigns can play a complementary role to SBDD, as any identified surrogate ligands 

can populate a ligand training set for model optimisation. This strategy is exemplified 

by the identification of novel ligands for the proton-sensing receptor, GPR68 (Huang et 

al., 2015), which was published during this study. First, a subset of the NCC library was 

screened, in which 5 out of 440 ligands were identified as GPR68 surrogate ligands. 

This ligand collection, along with 176 decoys generated by DUD-e (Mysinger et al., 

2012a), was then used as the ligand benchmarking set for the initial 3307 GPR68 

models built based on the CXCR4 receptor crystal structure. The best model that 

discriminated the known active ligands from the inactive was chosen as the final 

GPR68 model. Following thorough experimental validation of the model by site-

directed mutagenesis, VLS identified a novel GPR68 ligand with in vivo efficacy and, 

more importantly, had a new chemical scaffold from the original surrogates (Huang et 

al., 2015). This integrated approach was repeated for GPR65 and GPR34 (described in 

the General Introduction) demonstrating the wide applicability for orphan GPCR 

surrogate ligand discovery (Diaz et al., 2013; Huang et al., 2015). Understandably, there 

remains a major roadblock in that ligands must first be identified at the screening stage. 

This was particular seen in our off-target screen of cardiovascular related drugs where 

despite the similar binding pocket features (Chapter 4), many ligands for bioaminergic 

receptors, particularly the adrenoceptors, were included and contained N+ amine groups 

but did not display off-target activity at GPR37L1.  

 

Identification of surrogate ligands may be the first step towards real deorphanisation of 

a receptor in the sense of finding the cognate endogenous ligand. Previously, 

pharmacophores built from GPR139 surrogate agonists helped identify L-Trp and L-Phe 

amino acids as the endogenous ligands for this orphan GPCR (Isberg et al., 2014; Liu et 

al., 2015). Alternatively, surrogate ligands themselves can provide a stepping-stone 

towards drug discovery and understanding in vivo pharmacology, as recently 

exemplified for the two orphan GPCRs, GPR68 and GPR171, already mentioned above. 
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For GPR68, the novel ligand (named ogerin), identified by using an integrated HTS and 

VLS approach, attenuated context-based fear memory in mice, potentially providing a 

new avenue to treat anxiety (Huang et al., 2015) while the partial GPR171 agonist 

identified by VLS, MS0015203 increased the food intake and subsequent body mass of 

mice, suggesting GPR171 could be a new therapeutic target for the eating disorders, 

anorexia and bulimia (Wardman et al., 2016). These tool compounds, in particular the 

partial GPR171 agonist [when compared to the proposed endogenous ligand bigLEN 

(Gomes et al., 2013; Wardman et al., 2016)], had remarkable affinity and efficacy with 

little or no medicinal chemistry involved. Nevertheless, the low potency GPR37L1 

surrogate ligands identified in this study provide the basis for future medicinal 

chemistry efforts to improve their affinity before proceeding into GPR37L1 animal 

models.   

 

The identification of GPR37L1 surrogate ligands with low potency should not be a 

deterrent. These ligands now provide an opportunity to conduct site-directed 

mutagenesis studies of the predicted interacting residues, in particularly E210 (3x32), 

E365 (6x51) and N379 (6x55), which were consistent for all of the surrogate ligands. 

The disruption of ligand activity at these mutant receptors will be indicative of an 

interaction between the residue and the ligand and provide experimental evidence of 

GPR37L1’s binding site. This information can then be used to guide optimisation and 

refinement of the binding site in the GPR37L1 homology model. It is hypothesised that 

this side chain refined model will identify higher affinity ligands, following a second 

round of VLS of the eMolecules database. Once there are a sufficient number of 

GPR37L1 active ligands for a training set, full ligand-guided backbone and side chain 

refinement of the model can be conducted using techniques such as ALiBERO (see 

Section 7.6 for further discussion) (Rueda et al., 2012).   

 

Notwithstanding the success in identifying the first surrogate ligands for GPR37L1, 

there are several considerations in the study. Although the VLS approach was 

successful, in actual hindsight, it was poorly designed. Of the 3,699,121 compounds 

docked, only 18 compounds displayed a docking score of < -32, representing 0.0005% 

retention of the ligand database and too strict hit selection criteria. It is common practice 

for docking benchmarking studies to enrich for actives in the top 1% of the 

benchmarking set, which when applied to prospective virtual screening studies should 
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theoretically identify hits in the top 1% of the compound database, that is, 1% of the 

compound database should be retained (Huang et al., 2006; Mysinger et al., 2012a). 

Results could not be reanalysed, as the option to keep all docking scores of compounds 

was not flagged in the virtual screening job submission script. It could be argued that 

this strict cut-off criterion resulted in the excellent hit rate but perhaps many more 

GPR37L1 ligands could have been identified in a broader set, with greater chemical 

complexity. Another consideration is that many compounds purchased as a result of the 

PRESTO-Tango screen were either non-specific or cytotoxic in HEK293 cells. It is 

possible these compounds also affected the luciferase readout in the PRESTO-Tango 

screen systemically as it also uses a HEK293 background, however these effects were 

not observed across the whole panel of GPCRs (Kroeze et al., 2015). Therefore, the 

compounds seem to be disrupting CRE-luciferase translation or there were differences 

in the HEK293 cells used here, and thus a different cellular assay should be used to re-

evaluate these compounds.  

 

In summary, the first surrogate ligands for GPR37L1 were identified by VLS of an 

unrefined GPR37L1 homology model and initial compounds identified by PRESTO-

Tango were confirmed. Despite the success, these approaches in principle require heavy 

resources including a ligand screening platform and computing power for virtual 

screening, which is not always easily accessible. Moreover, the success rates are often 

variable as we saw here in our attempt to screen cardiovascular-related compounds at 

GPR37L1. In the next chapter, to bypass ligand screening and SBDD approaches to 

identify ligands for orphan GPCRs, I describe the development of a new approach that 

is knowledge-driven and can quickly facilitate the application of integrated 

experimental and computational approaches.  
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Chapter 6:  
GPCR-CoINPocket: pickpocketing pharmacological 
neighbours reveals orphan receptor ligands 

 

6.1 Introduction  
In the previous chapter, four surrogate ligands were successfully identified for 

GPR37L1 based on traditional approaches. However, this was buoyed by the fact that 

the Roth laboratory openly published their ligand screening efforts whilst VLS using an 

unrefined homology model has yet to be adopted by the field. Moreover, the success of 

these approaches is often serendipitous. Thus, I reasoned that there is a need to develop 

alternative hypothesis-driven approaches to orphan receptor surrogate ligand 

identification.  

 

Given that several homology-related receptor subgroups, such as the muscarinic or 

adrenergic receptors, share endogenous and often small molecule ligands, 

pharmacologically-characterised receptors that are homologous to a specific orphan 

GPCR potentially represent a source of surrogate ligand candidates. Such homologs are 

traditionally determined by sequence alignment and calculation of amino acid identity 

or similarity at each position. Phylogenetic relationships are largely sensible 

(Fredriksson et al., 2003) and underlie classification systems for the wider GPCR 

superfamily (Schioth & Fredriksson, 2005); however, they are not always predictive of 

pharmacological similarities where ligands are shared between receptors. 

Phylogenetically-unrelated GPCRs frequently share ligands; for example, astemizole, 

an antagonist of the bioaminergic histamine H1 receptor, also antagonises the 

somatostatin peptide receptor (sst) 5, sst5 (Guba et al., 2007; Martin et al., 2007). On the 

other hand, homology-related receptors frequently differ substantially in their ligand 

selectivity [exemplified by the chemokine receptor subfamily (Scholten et al., 2012)]. 

 

A breakthrough in understanding pharmacological relatedness of GPCRs came from 

arranging GPCRs by their ligand similarities (Lin et al., 2013). This chemogenomics 

approach not only explained known off-target effects of certain ligands, but also 

predicted relationships unseen by phylogeny alone. These newly-predicted relationships 

were experimentally validated, extending previous computational efforts to organise 

GPCRs by their ligand similarity (van der Horst et al., 2010). Although a major advance 



 

 82 

in the field, the approach cannot identify pharmacological neighbours for orphan 

GPCRs because it relies upon existing ligand:receptor pairings and we only have orphan 

receptor sequences to work with. 

 

Intuitively, pharmacological similarity of GPCRs implies similar binding-site features. 

However, various attempts at organising GPCRs by binding site comparisons largely 

reproduced phylogenetic relationships (Jacoby, 2001; Surgand et al., 2006; Gloriam et 

al., 2009; van der Horst et al., 2010; Lin et al., 2013). This may reflect shortcomings in 

the definitions of the binding site, which lack sufficient texture to reveal the true ligand 

interaction pharmacophores. Of importance, Gloriam et al (2009) defined 43 solvent-

accessible residue positions as a generic GPCR binding site. I hypothesised that 

alignment-based recognition of pharmacological similarities can be improved by 

accounting for the importance and/or strength of individual residue:ligand interactions. 

Here, the comparisons of GPCR binding sites were refined by analysing both the 

persistence and strength of residue:ligand interactions observed across the GPCR 

Pocketome – the set of annotated GPCR binding pockets that have been 

crystallographically characterised to date (Kufareva et al., 2012b). By enriching the 

binding site comparisons with ligand contact strengths, a method termed GPCR-

CoINPocket (GPCR Contact-Informed Neighbouring Pocket), Class A GPCRs 

organised and clustered into a hierarchical structure that closely reproduced previously 

characterised pharmacological relationships. Furthermore, surrogate ligands for 

GPR37L1 were discovered in a directed manner, by transferring pharmacology of its 

neighbours identified by GPCR-CoINPocket and devoid of high throughput screening. 

Hence, this approach not only complements the phylogenetic and pharmacological 

organisation of GPCRs, but also uniquely enables the discovery of surrogate ligands for 

orphan receptors. 
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6.2 Methods 

General methods are described in Chapter 2. The ligand receptor interaction 

fingerprints were calculated as described in Chapter 4. 

6.2.1 Family-wide comparison of Class A GPCRs using the calculated ligand 

contact strength profiles 

Pairwise comparison of projected binding pockets in Class A GPCR sequences was 

performed as follows. Given a pairwise sequence alignment and a projected binding site 

positional fingerprint vector (one of the 27 fingerprints calculated from the Pocketome 

Class A GPCR entries as described in Chapter 4), a vector of pairwise per-residue 

similarities was first calculated using Sij = Mij / Sqrt(Mii×Mjj) where i and j are amino-

acids at the given position in the two sequences and M is the Gonnet residue comparison 

matrix (Gonnet et al., 1992). The similarity was then calculated as the sum of this vector 

multiplied, element-wise, by the binding site fingerprint vector of contact strengths. 

When calculated like this, the similarities of different sequences to themselves ranged 

from 14.19 to 35.18, depending on the receptor and the binding site fingerprint used, 

while the similarities between non-identical binding site sequences reached -19.67 at a 

minimum (for very dissimilar sequences and pockets) and 34.87 at a maximum (based 

on the binding pockets of US28 and LPA1 respectively; Appendix Table 2).  

 

The procedure was applied across an alignment of the TM domains of 285 non-

olfactory Class A GPCRs, anchored around the highly conserved residues within each 

TM. The initial TM sequences of Class A GPCRs was provided by Dr Peter Riek, 

which were aligned and refined by manual adjustment, guided by the GPCRdb 

numbering scheme (Isberg et al., 2015). Due to the different lengths of the TM domains 

observed in the crystal structures, contacts at residues numbered 5x33, 7x24, 7x27 and 

7x30 (CXCR4, NTS1, PAR1, US28 contacts) could not be propagated. The obtained 

family-wide distribution of pairwise similarities varied for different binding site 

fingerprints, reflecting their size and the degree of overall conservation within the Class 

A family; for example, the average pairwise similarity within the family was 

significantly higher for the fingerprints derived from the deep, well-conserved ligand 

binding pocket of tRho, than for the superficial P2Y1. To avoid this kind of bias, the 

profiled similarity scores were standardised into Z-scores for each binding site 

fingerprint: z = (raw similarity score – µ) / σ where µ is the mean of the raw similarity 
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scores of each pairwise GPCR comparison based on a binding site fingerprint and σ is 

the standard deviation of those similarity scores (Appendix Table 2). The final profiled 

similarity score between two Class A GPCR sequences was calculated as the average of 

the Z-scores across the 27 GPCR binding site profiles calculated from the Pocketome 

(values ranged from -2.89 to 5.47). For pairwise comparison between Class A GPCR 

TM domains and a generic GPCR binding site definition, residue positions were 

projected onto the alignment and sequence similarities were calculated using the Gonnet 

residue comparison matrix (Gonnet et al., 1992), without an additional multiplication of 

a binding site fingerprint vector.  

 

The similarity scores were converted into distances and used to cluster all Class A 

GPCRs using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) 

algorithm (Sokal & Michener, 1958), implemented in ICM (Abagyan et al., 1994b) 

(Molsoft LLC, La Jolla, CA). Unrooted dendrogram representation was generated using 

the Analysis of Phylogenetics and Evolution (ape) package (Paradis et al., 2004) in R 

and nodes were expanded in Adobe Illustrator for clarity. 

6.2.2 ChEMBL dataset generation and benchmarking 

Dr Andrey Ilatovskiy generated the ChEMBL ligand dataset. Briefly, ligand sets for 

human Class A GPCRs were extracted from the ChEMBL database (Bento et al., 2014), 

(release 21), with the following filters: activities from binding assays with single protein 

targets with high confidence score (9), without known validity issues (as specified in 

data_validity_comment field), that are not duplicates and have a pChEMBL value of 6 

or better. After receptors without at least 10 distinct ligands were discarded, there were 

163 unique Class A GPCRs.  

 

For ligand set comparison, the chemical distance d between two ligands was calculated 

as Tanimoto distance between chemical fingerprints as implemented in ICM. Similarity 

of ligand set A to ligand set B (SAB) was defined as weighted sum of chemical distances 

between ligands of set A and most similar ligands from set B, using a weight function 

exp(-200⋅d4) as previously described (Abagyan et al., 2012): in cases where the 

Tanimoto distance between two chemicals is 0 ≤ d < 0.2, it is assigned ~ 1, quickly 

degrades to zero for 0.2 ≤ d < 0.4 and is equal to zero for d ≥ 0.4. Two receptors were 
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considered to have common ligands if both SAB and SBA was ≥ 20 (1125 pairs), and to 

be dissimilar if SAB and SBA < 1 (8520 pairs).  

 

TM domain similarity, unweighted binding site sequence similarity, and GPCR-

CoINPocket were assessed for their ability to discriminate those receptor pairs that 

share ChEMBL ligands among the remaining pairs and its subset with TM similarity 

from 20 to 35% (4796 pairs). Performance was quantified using the area under the 

receiver operating characteristic (ROC AUC).  

6.2.3 Plasmid constructs 

pcDNA3.1-GPR37L1 and pGL4 CRE-luciferase constructs were used, as described in 

Chapter 3.  

6.2.4 Materials 

Compounds were purchased from various suppliers, as listed: ACT 335827, BQ-123, CI 

1020, EMPA, JNJ 10397049, PD 176252, SB 674042, SHA 68 and TCS 1102 (Tocris 

Bioscience, Bristol, UK), Ambrisentan, SB 334867 and Zibotentan (AdooQ Bioscience, 

Irvine, CA), Bosentan (Cayman Chemical, Ann Harbor, MI), Head Activator (Bachem, 

Bubendorf, CH), SB 408124 (Selleck Chemicals, Houston, TX) and TCS OX2 29 

(Abcam, Cambridge, UK). All compounds were >98% pure as determined by the 

manufacturer and were resuspended in DMSO at stock concentration of 10 mM and 

stored at -20°C until required. 

6.2.5 Colloidal aggregation counter-screen 

To rule out colloidal aggregation as the mechanism for non-specific GPR37L1 

inhibition, dynamic light scattering and centrifugation treatment experiments were 

performed in this study. From concentrated 10 mM stocks, compounds were diluted into 

serum-free DMEM to 50 µM (0.5% DMSO final concentration). Samples were run in 

quadruplicate and averaged for analysis. All measurements were made at room 

temperature using a DynaPro NanoStar (Wyatt Technology, Santa Barbara, CA) with a 

laser wavelength of 658 nm. The laser power was 100%, and the detector angle was 

90°. To validate the formation of ligand aggregates, we also performed centrifugation 

experiments where the ligands were spun at 13 000 g for 20 min and the resulting 

supernatant was used to stimulate the cells. Drs Alastair Stewart and Nicola Smith 
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performed dynamic light scattering experiments and centrifugation experiments 

respectively.  

 

6.3 Results 

6.3.1 Organisation of Class A GPCRs using GPCR-CoINPocket 

In Chapter 4, I described the ligand:receptor interaction patterns or binding site 

fingerprints observed across Class A GPCRs that have been experimentally-determined. 

With these fingerprints and given a sequence alignment of two GPCRs, their similarity 

can now be calculated with greater emphasis on important binding site residues. Using a 

global alignment of GPCR TM domains, the pairwise sequence similarities for all 

GPCRs were calculated using the ligand interaction patterns observed in all Pocketome 

entries. These similarities were then normalised to balance the contribution of pockets 

located within evolutionarily-conserved regions of the TM domains (Figure 6-1), and 

the results averaged to generate a final similarity score for every pair of GPCRs 

(Appendix Table 3). The calculation is described in detail in the Methods section. This 

method was named GPCR-CoINPocket: GPCR Contact-Informed Neighbouring Pocket 

where the similarity of contact strength-profiled binding sites is designed to capture the 

pharmacological similarities of GPCRs by focusing on residue positions that provide 

specific and important ligand interaction hotspots.  
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Figure 6-1. Distribution of raw binding site similarities calculated using GPCR-

CoINPocket for each of the 27 Class A GPCR Pocketome entries. The similarities are 

distributed normally but the mean and the standard deviation vary for different GPCR-derived 

GPCR-CoINPocket scores, reflecting the location, size and overall conservation of the binding 

site residues. To balance these effects out, the similarity values were converted to Z-scores prior 

to combining into the final GPCR-CoINPocket score. Receptors have been named according to 

the IUPHAR/BPS Concise Guide to PHARMACOLOGY. 
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For visualisation and comparison purposes, I produced a heat map based on the 

unweighted TM sequence similarities across all Class A GPCRs (Figure 6-2a). 

Receptors were clustered and ordered according to the UPGMA algorithm (Sokal et al., 

1958) (Figure 6-2a). In this organisation, homologous receptors group together as 

expected. Even when restricted to the uniformly defined generic GPCR binding site [in 

the spirit of Gloriam et al. (2009)], but taking into account the new GPCR crystal 

structure contacts), amino acid comparison leads to an organisation where receptors 

display very little similarity outside of their subfamily (Figure 6-2b). In contrast, in the 

GPCR-CoINPocket heat map, some GPCRs share high similarities outside of their 

clustered subgroup (Figure 6-2c), likely reflecting pharmacological relationships. 

 
 
 
 

 
Figure 6-2. Comparison matrix of Class A GPCR binding site and transmembrane 

sequence similarities compared to GPCR-CoINPocket. Heat map representation of GPCR 

sequence similarities based on transmembrane (TM) domains (a), unweighted generic GPCR 

binding site residues (b), or contact profiling of GPCR binding sites using GPCR-CoINPocket 

(c). In the heat maps, the GPCRs have been ordered according to TM sequence similarity 

clustering, with orphan clusters coloured in red. The matrix diagonals are coloured in grey. 

SOG, somatostatin, opioids, and galanin. 
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Next, I probed the ability of GPCR-CoINPocket to capture established pharmacological 

similarities, particularly those identified chemogenomically (Lin et al., 2013). GPCR-

CoINPocket correctly predicted the relationship between sst5 and various biogenic 

amine receptors with very high scores (Table 6-1), reflecting the fact that an aspartic 

acid at position 3x32 is not only conserved across these receptors but is also one of the 

strongest contacts found in GPCRs (Figure 4-1). Likewise, a phenylalanine residue at 

position 6x52 is also conserved across these receptors, perhaps explaining off-target 

activity of H1 receptor ligands at sst5 receptors (Guba et al., 2007; Martin et al., 2007; 

Lin et al., 2013). High degree of similarity was detected between the melatonin MT2 

and neuropeptide Y5 receptors, between the muscarinic M1 and melanin-concentrating 

hormone MCH1 receptors, and between M2 and CCR5 (Table 6-1). Additionally, the 

opioid, CCR3 and other chemokine receptors consistently ranked as pharmacological 

neighbours of the muscarinic receptors, confirming their previously described 

pharmacological similarities (Keiser et al., 2009; Lin et al., 2013) (Table 6-1, Figure 6-

3). Finally, despite the peptide melanocortin receptors (MCR) being phylogenetically 

related to lysophospholipid receptors, they exhibited a high degree of similarity with 

other peptide receptors, such as the oxytocin and vasopressin receptors; this 

corroborates the discovery of activity of MCR agonists on oxytocin-mediated signalling 

pathways (Modi et al., 2015) (Table 6-1, Figure 6-4). These observations demonstrate 

the ability of GPCR-CoINPocket to identify pharmacological similarities of GPCRs 

without any knowledge of their ligands. 
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Figure 6-3. Pharmacological neighbours of the muscarinic receptors according to GPCR-

CoINPocket scores. Outside of the phylogenetically-related biogenic amine receptors 

(excluded), the muscarinic receptors displayed high similarity to opioid receptors and various 

chemokine receptors. Highlighted in red are those receptors that clustered with the muscarinic 

receptors in the Lin et al (2013) paper. Highlighted in blue are experimentally-validated 

pharmacological relationships. Receptors have been named according to the IUPHAR/BPS 

Concise Guide to PHARMACOLOGY. 
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Figure 6-4. Top 20 ranked pharmacological neighbours of the melanocortin receptors 

according to GPCR-CoINPocket scores. In addition to the phylogenetically-related 

lysophospholipid receptors, the melanocortin receptors showed high similarity to peptide 

receptors and consistently with the oxytocin (OT) and vasopressin (V) receptors highlighted in 

red. The dotted line represents the top 20 cut off and the OT/V receptors numbered by their rank 

(within top 50). Receptors have been named per the IUPHAR/BPS Concise Guide to 

PHARMACOLOGY. 
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Given that the previous examples were handpicked from the literature, it was important 

to further validate the ability of GPCR-CoINPocket to identify known pharmacological 

similarities on a larger scale and in an unbiased manner, using a dataset of GPCR pairs 

with chemically-similar or ‘shared’ ligands, as annotated in the ChEMBL database 

(Bento et al., 2014). Different metrics were tested in their ability to discriminate such 

receptor pairs from all other pairs, with the performance quantified as ROC AUC. When 

applied globally, GPCR-CoINPocket scores identified these GPCR pairs with the same 

level of accuracy as TM and the unweighted binding site similarity (Figure 6-5a). This 

is not surprising: the ChEMBL data is inherently biased towards closest phylogenetic 

relatives due to the common practice of testing ligand selectivity profiles only on 

homologous receptors. Consequently, for the majority of receptor pairs sharing ligands 

in ChEMBL, all three of TM similarity, GPCR-CoINPocket score, and unweighted 

binding site similarity are trivially high. Yet the overarching aim of my work was to 

identify surrogate ligands for orphan GPCRs, which have low sequence similarity to 

either crystal structures or well-characterised receptors (see General Introduction; 

Table 1-1). Surrogate ligands are most needed for these unexplored receptors, as they 

enable both the biochemical characterisation of the receptors in vitro and ligand-guided 

homology model refinement in silico. Thus, it was essential to benchmark the 

performance of GPCR-CoINPocket when the TM similarity of the annotated GPCR 

pairs was between 20% and 35%, outside the cut-off for high precision homology 

modelling, but high enough to construct an accurate sequence alignment (Kufareva et 

al., 2011; Kufareva et al., 2014). In this range, GPCR-CoINPocket outperformed TM 

similarity and the unweighted binding site measure with a ROC AUC of 71.9, 62.0 and 

56.3, respectively (Figure 6-5b). This further supports the ability of GPCR-CoINPocket 

to explain pharmacological similarities seen between dissimilar GPCRs retrospectively. 
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Figure 6-5. Benchmarking GPCR-CoINPocket against GPCR pairs with known 

pharmacological similarities, annotated in the ChEMBL database. The ROC curves for 

GPCR-CoINPocket (navy), transmembrane (TM) similarity (red), and the unweighted generic 

GPCR binding site (orange) benchmarked against all GPCR pairs with shared ligands. GPCR-

CoINPocket scores discriminated these GPCR pairs to the same level as TM and the 

unweighted binding site similarity (a). When challenged with GPCR pairs in the range of 20 to 

35% TM similarity, GPCR-CoINPocket outperformed TM and the unweighted GPCR binding 

site similarity in discriminating these known pharmacological similarities (b). The TM 

similarity range lies outside the cut-off for high precision homology modelling, but high enough 

to construct an accurate sequence alignment. Dr Andrey Ilatovskiy generated the ChEMBL 

dataset. 

 
I next portrayed the hierarchal clustering of the GPCRs via unweighted binding site 

similarities or via GPCR-CoINPocket scores as dendrograms (Figure 6-6). Whilst 

dendrograms provide a simple way to visualise GPCR relationships, be they 

chemogenomic, TM sequence-based, or contact strength-profiled, many interesting and 

subtle observations seen in Table 6-1 are lost. In the GPCR-CoINPocket dendrogram, 

many known receptor subfamilies (e.g. biogenic amine or chemokine receptors) were 

clustered together (Figure 6-6a), similar to what was seen in the previous study by 

Gloriam et al. (2009) and the unweighted binding site relationships seen here (Figure 6-

6b). However, receptors in larger phylogenetic subgroups frequently diverged from one 

another in the GPCR-CoINPocket dendrogram, reflecting diverse pharmacology. For 

example, it recapitulated the shift of opioid, MCH and sst receptors towards the 
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biogenic amines (Lin et al., 2013), though there was no separation of the biogenic amine 

receptors themselves (e.g., muscarinic and β-adrenergic receptors (Lin et al., 2013)). 

Overall, the new GPCR relationships that we identify appear intermediate between 

those based on phylogeny and/or TM sequence similarity, generic binding site 

definitions and those obtained through the chemogenomic approach (Lin et al., 2013). 

These observations also support the incorporation of contact strength into the binding 

site similarity calculation as the differentiating factor to previous GPCR binding site 

definitions. 
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Figure 6-6. Effect of GPCR-CoINPocket contact strength weighting on the organisation of 

Class A GPCRs. Dendrograms of Class A GPCRs based on (a) contact strength-profiled 

binding site sequence similarities (GPCR-CoINPocket) and (b) an unweighted GPCR binding 

site definition. All receptors have been named and abbreviated in accordance with the 

IUPHAR/BPS Concise Guide to PHARMACOLOGY (www.guidetopharmacology.org) except 

for the adrenoceptors where the suffix AR has been used for figure clarity. GPR37L1 is marked 

with a red asterisk. Receptor names are coloured according to the chemical class of the GPCR’s 

endogenous ligand: gold, retinal; blue, biogenic amines; red, nucleosides; green, lipids; purple, 

peptides; orange, melatonin; black, orphans. 

http://www.guidetopharmacology.org
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6.3.2 GPCR-CoINPocket characterises the pharmacological neighbourhood of 

orphan receptors 

Since GPCR-CoINPocket could pick up known pharmacological similarities, I reasoned 

that the newly defined binding site similarity of GPCRs would aid in finding 

pharmacological neighbours for orphan GPCRs (Appendix Table 3), and through these 

neighbours, in the identification of surrogate and/or endogenous ligands for these 

orphans. Retrospectively, GPCR-CoINPocket correctly identified pharmacological 

similarity between two phylogenetically-distant chemokine receptors, CXCR4 and 

ACKR3 (now deorphanised), which share the same endogenous ligand, CXCL12 

(Thelen et al., 2008; Davenport et al., 2013) (Figure 6-7a) – a relationship that was not 

identified in either the Gloriam binding site or chemogenomic approaches. To explore 

the prospective utility of GPCR-CoINPocket, I focused back onto GPR37L1.  

 

Phylogenetically, GPR37L1 (and its closest relative, the orphan GPR37) is most closely 

related to the endothelin (ET) receptors; therefore, it was originally named the 

endothelin B receptor-like protein-2 (Valdenaire et al., 1998; Leng et al., 1999; Smith, 

2015). However, GPR37L1 does not bind to nor is activated by ET or related ligands 

(Valdenaire et al., 1998; Leng et al., 1999). According to GPCR-CoINPocket, but not to 

the unweighted GPCR binding site definition, GPR37L1 actually clusters closer to the 

bombesin (BB) and several orphan GPCRs, while ET receptors are more distant (Figure 

6-6a). This contrasts the high TM similarity between the ET receptors and GPR37L1 

(Figure 6-7b). Moreover, while orexin (OX), pyroglutamylated RFamide peptide 

(QRFP) and neuropeptide S (NPS) receptors do not normally cluster with GPR37L1 and 

GPR37 by phylogeny, they displayed a relatively high degree of similarity to GPR37L1 

according to GPCR-CoINPocket (Figure 6-7b).  

 

Comparing the binding-site residues of GPR37L1 with those of ET and newly identified 

pharmacological neighbours, BB, OX and NPS receptors (Figure 6-7c), it became clear 

that ET binding sites are indeed very dissimilar to GPR37L1, especially in key residue 

positions heavily weighted by contact strength (Figure 6-7c). ET receptors have a 

lysine at position 3x33, a leucine at 6x51, an arginine at 6x55, an aspartate at 7x34, an 

isoleucine at 7x38, and a serine or a threonine at 7x42 – all dramatic non-conserved 

substitutions with respect to Val, Glu, Asn, Gly, Gln, and Phe found at the 

corresponding key positions of GPR37L1. The basic nature of several key residues in 
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the ET receptors reflects its pharmacology where both the C-terminus of the endothelin 

peptide and the majority of synthetic ET ligands carry a negatively charged carboxyl 

group (Shihoya et al., 2016); the corresponding features are completely absent from 

GPR37L1. In contrast to ET, OX, BB and NPS receptors have milder, less dramatic 

substitutions in key positions. Because their key pocket residues are not identical to 

those of GPR37L1, the obtained GPCR-CoINPocket scores between these receptors and 

GPR37L1 are only moderate (e.g. in comparison to high GPCR-CoINPocket scores for 

ACKR3 vs CXCR4; Figure 6-7a). However, OX, BB and NPS receptors represent the 

closest pharmacological neighbours of GPR37L1 among all examined receptors. 
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Figure 6-7. The pharmacological neighbourhood of orphan receptors, ACKR3 and 

GPR37L1. GPCR-CoINPocket and transmembrane (TM) similarity of receptors, relative to 

ACKR3 (a) and GPR37L1 (b), were plotted against each other. The top ranking binding site-

related receptors are highlighted in black, while in (b), the phylogenetically-related endothelin 

receptors are highlighted in red. Dotted line represents a linear regression of the data. For 

ACKR3, GPCR-CoINPocket correctly identified the pharmacological similarity with the 

distantly related CXCR4 receptor. However, for GPR37L1, we can see that receptors had rather 

moderate GPCR-CoINPocket scores. (c) The respective binding site residues are shown for 

GPR37L1 and its related receptors, as defined by contact strength fingerprints. The aggregated 

contact strength across the Class A GPCR Pocketome entries is represented by blue circles and 

by the colour intensity of the alignment in the respective positions. Receptors have been named 

according to the IUPHAR/BPS Concise Guide to PHARMACOLOGY.   
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6.3.3 Identification of surrogate ligands for GPR37L1 by transfer of neighbour 

pharmacology 

Although no Class A GPCR reproduces the GPR37L1/GPR37 binding site features with 

high similarity, known ligands of the closest pharmacological neighbours of GPR37L1, 

the BB, OX and NPS receptors, were examined. I was able to obtain eight OX receptor 

antagonists with varying selectivity for OX1 and OX2 receptors, one non-selective 

synthetic BB1/BB2 receptor antagonist, PD176252 [peptide agonists for the BB 

receptors did not bind to GPR37L1 (Valdenaire et al., 1998; Leng et al., 1999)] and one 

NPS receptor antagonist SHA-68. In Chapter 3, it was established that GPR37L1 is a 

constitutively active receptor predominantly coupled to the Gαs–cAMP pathway, so I 

tested each ligand for either agonism or antagonism using the CRE-luciferase assay 

(Ngo et al., 2015). Several OX receptor antagonists, namely ACT 335827, TCS 1102, 

JNJ 10397049 and SB 674042, and the NPS receptor antagonist SHA-68, showed 

promise as GPR37L1 inverse agonists, reducing GPR37L1-mediated CRE-luciferase 

levels (Figure 6-8a-b).  

 

Each of the five ligands demonstrated concentration-dependent inhibition of GPR37L1 

constitutive activity, albeit with low potency. However, their chemical composition 

(Figure 6-8a) suggested the possibility of non-specific inhibition through colloidal 

aggregation (Sassano et al., 2013). Thus, dynamic light scattering and centrifugation 

experiments were performed to further confirm the specificity of each ligand. SHA-68, 

JNJ 10397049 and SB 674042 had similar light scattering properties to buffer alone 

(Figure 6-9a), while TCS 1102 and ACT 335827 were visible only in the region where 

the positive aggregator control, quercetin (Sassano et al., 2013), was observed (Figure 

6-9b). The distinction between aggregating and non-aggregating ligands was further 

validated biologically by examining their pIC50 values either with or without 

centrifugation (Figure 6-9c). Through these control experiments, three compounds were 

confirmed specific for GPR37L1: SHA-68 and JNJ 10397049 were efficacious inverse 

agonists (SHA-68 pIC50 = 5.57±0.23, Imax = 100%, n=3; JNJ 10397049 pIC50 = 

5.34±0.49, Imax = 70.3%, n=4), while SB 674042 was a partial inverse agonist (Figure 

6-8c). TCS 1102 and ACT 335827 inverse agonist activity was attributed to a non-

specific colloidal aggregation mechanism. Furthermore, none of the reported 

compounds significantly affected vector-transfected cells. These results highlight the 
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utility of GPCR-CoINPocket, where the search for surrogate ligands was rationally 

narrowed down to 10 candidates, with a 30% success rate (3/10 ligands). In further 

validation, previous endogenous ligand screens (Valdenaire et al., 1998; Leng et al., 

1999) were also extended to synthetic ET receptor ligands and a reported GPR37 

ligand, head activator (Rezgaoui et al., 2006) (Figure 6-10), but this did not yield any 

hits. 
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Figure 6-8. Screening for GPR37L1 surrogate ligands. HEK293 cells were transiently 

transfected with pcDNA3.1 or GPR37L1 and a cAMP response element luciferase reporter 

(CRE-luciferase) 24 h prior to the addition of ligands. (a) Chemical structures of the five 

ligands that reduced GPR37L1-mediated CRE-luciferase levels. (b) Initial single concentration 

screen of various bombesin, orexin and neuropeptide S receptor antagonists, with triangles 

indicating increasing or decreasing selectivity for one OX receptor subtype over the other. n = 3 

independent biological replicates. Concentration-response curves for SHA-68, n = 3, (c), JNJ 

10397049, n = 4 (d) and SB 674042, n = 4 (e). The concentration-dependent inhibition of 

GPR37L1 activity by TCS 1102, n = 4 (f) and ACT 335827, n = 4 (g) were most likely due to a 

colloidal aggregation mechanism. The mean and s.e.m is reported for each point.   
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Figure 6-9. Counter-screening for non-specific receptor inhibition by ligand colloidal 

aggregates. To rule out colloidal aggregation as the mechanism for non-specific GPR37L1 

inhibition, dynamic light scattering was performed. Percent mass (% mass) indicates the 

percentage of ligand, which exists in solution, at that respective radii. SHA-68, JNJ 10397049 

and SB 674042 had similar light scattering properties to buffer alone (a), while TCS 1102 and 

ACT 335827 were visible only in the region where the positive aggregator control, quercetin, 

was observed (b). Samples were run in quadruplicate and averaged for analysis. To validate the 

formation of ligand aggregates, centrifugation experiments were also performed and we found a 

rightward shift for TCS 1102, but not for SHA-68, n = 3 (c). The mean and s.e.m is reported for 

each point. Drs Alastair Stewart and Nicola Smith performed dynamic light scattering and 

centrifugation experiments respectively.  
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Figure 6-10. Phylogeny-based screen of ligands at GPR37L1. HEK cells were transiently 

transfected with pcDNA3.1 or GPR37L1 and a cAMP response element luciferase reporter 

(CRE-luciferase) 24 h prior to the addition of ligands at 10 µM final concentration. n = 3 

independent biological replicates (a). Concentration-response curves were then constructed for 

BQ-123. n = 3 independent biological replicates (b). The mean and s.e.m are reported for each 

point. 
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6.4 Discussion 

Here, I describe the development of GPCR-CoINPocket: a new measure of GPCR 

binding site similarity. This metric, which is informed by structural data but can be 

applied to GPCRs without known structures, takes into account the expected relative 

importance of pocket residues for ligand binding and correctly predicts known 

pharmacological similarities of GPCRs without relying on the knowledge of their 

ligands. Using GPCR-CoINPocket, the pharmacological neighbourhood of GPR37L1 

was predicted, and despite moderate numerical similarity scores, identified the surrogate 

ligands for GPR37L1 by adopting the known ligands of its neighbours. I found that the 

binding cavity of GPR37L1 is more closely related to the BB, OX and NPS receptors 

than to its nearest full-length sequence homologues, the ET receptors. This was 

confirmed experimentally by the discovery that two OX receptor antagonists and one 

NPS receptor antagonist were efficacious partial or full inverse agonists at GPR37L1.   

 

Searching for endogenous ligands of orphan receptors is a daunting task. A more 

sensible approach is to identify surrogate ligands – small molecules that act at the 

orphan receptor but are not its cognate ligand; they can then be used as tools to probe 

both the pharmacology and physiology of the receptor. But the question is where to 

start? As seen in the previous chapters, various traditional approaches yield inconsistent 

results or one could simply test ligands from phylogenetically-related GPCRs 

(Fredriksson et al., 2003; Civelli et al., 2013). However, the chemogenomic 

rearrangement of GPCRs demonstrated that pharmacological relatedness of GPCRs can 

deviate drastically from phylogenetic similarity (Lin et al., 2013). This work 

demonstrated the need to revisit the comparison of GPCR binding sites. Previously, the 

general GPCR binding site defined by Gloriam et al. (2009) used a reference set of 43 

different ligand-accessible residues within the TM binding region from the published 

crystal structures at the time (bovine and squid rhodopsin, ligand-free opsin, β1- and β2-

adrenoceptors and the A2A receptor) (Gloriam et al., 2009). This did not lead to drastic 

changes in GPCR organisation, in contrast to the chemogenomic approaches (Gloriam 

et al., 2009; Lin et al., 2013). For our binding site definition, not only were the new 

ligand-receptor interaction positions included as observed in recent receptor X-ray 

structures, which largely overlaps with the Gloriam et al. (2009) binding site residues 

(32 residues out of 43), but also the crystallographically-observed contact strengths to 

emphasise the relative importance of specific residue positions for receptor:ligand 
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interactions. A hierarchical organisation of GPCRs built on such similarities 

recapitulates features from both the previous binding site- and ligand-based 

dendrograms. These observations build confidence in the general applicability of 

GPCR-CoINPocket to GPCRs, including orphan receptors.  

 

Predicting the most binding site-similar receptors successfully helped identify ligands 

with off-target activity at GPR37L1. GPCR-CoINPocket is a simple sequence-based 

approach, which considers the individual receptor binding sites as 2D renderings of a 

3D space. An alternative approach for consideration of spatial dimensions of the 

binding site is the use of pharmacophores. Recently, Pharmacophore-Map-Pick was 

developed to generate pharmacophore models for all human GPCRs, including orphans 

(Dai et al., 2016), where 39 GPCR crystal structure complexes were used to determine 

key residue positions involved in ligand interactions and their associated 

pharmacophore feature. These positions were propagated by structural alignment of all 

GPCR homology models [from the GPCRRD database (Zhang & Zhang, 2010)] onto 

the crystal structures and pharmacophores were generated. For GPR37L1, the 

pharmacophore generated contained a positive ionisable, a hydrogen bond acceptor and 

donor features, which potentially complements the negatively charged E210 (3x32) 

residue and other polar residues in GPR37L1’s putative binding pocket. However, it is 

difficult to determine which residue side chains these pharmacophore features are 

directed to without structural superimposition. Furthermore, of the >800 

pharmacophores generated, only 15 were retrospectively validated and no prospective 

study was conducted. Similarly PoLi was also recently developed, which identifies 3D 

pockets from protein structures similar to the input protein of interest and takes their 

ligands as a template for virtual screening (Roy et al., 2015). How well these 

approaches will translate to orphan GPCRs remain to be seen, as these methods rely 

heavily upon the quality of the receptor homology model as the initial input and this is 

known to be a challenge for orphan GPCRs (Ngo et al., 2016). Since GPCR-

CoINPocket is sequence-based and does not have the added complexity of three-

dimensions and has been experimentally validated, it remains the simplest and reliable 

approach for orphan receptor ligand discovery. 
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Despite the success of GPCR-CoINPocket in identifying pharmacological similarities of 

GPCRs, it could not predict all known relationships, for example, that of the Y5 receptor 

with the CB2 receptor (Lin et al., 2013) (Appendix Table 3) and from the ChEMBL 

benchmarking (Figure 6-5b), perhaps due to binding mode diversity, which is 

overlooked when defining a consensus binding site. Currently, the segregation of 

binding sites or modalities is limited by the number of available GPCR crystal 

structures, as many more will be required to provide the combinatorial power that 

allows unambiguous identification of agonist, antagonist or allosteric binding contacts. 

A further limitation is the reliance of GPCR–CoINPocket on good TM sequence 

alignment. In fact, I had to exclude contact sites within the ECL and N-termini because 

of ambiguities in aligning these regions across the family, even though they represent 

strong ligand-contacting regions, particularly for peptides (Figure 4-1) (see Section 7.5 

for further discussion). To mitigate these limitations, I included at least the first or last 

three residues of each TM to capture additional extracellular contacts. Still, various 

contacts at 5x33, 7x24, 7x27 and 7x30 could not be propagated onto the alignment due 

to differing lengths of the TM from which these contacts were derived. Finally, because 

it is based on sequence alignment, GPCR-CoINPocket is limited to transfer of ligands 

from other GPCRs (rather than between different protein families). However, GPCR-

CoINPocket should be easy to translate to other classes of GPCRs and other receptors, 

including non-mammalian targets. 

 

In summary, GPCR-CoINPocket is a novel knowledge-driven approach to aid the 

identification of surrogate ligands for orphan GPCRs. Based on the idea that “similar 

binding sites bind to similar ligands”, GPCR-CoINPocket predicts which GPCR 

binding sites are most similar and ligands of those receptors can be tested for off-target 

activity at the orphan GPCR of interest. GPR37L1 was used as the prototypical example 

of an orphan in this case. This approach bypasses the need for random HTS and instead 

narrows the search to a handful of ligands, which can quickly be used to refine and 

optimise orphan receptor homology models for VLS (see Section 7.6 for further 

discussion).   
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Chapter 7:  
General Discussion 

 
This study is the first to identify ligands for the orphan GPCR, GPR37L1. The 

pharmacological tool chests of orphan GPCRs are non-existent and as a result, their 

interesting cellular and physiological functions cannot be explored. Global deletion of 

GPR37L1 in mice has been reported to 1) lead to postnatal precocious development of 

the cerebellum, and subsequent improved motor learning and coordination in adult mice 

(Marazziti et al., 2013); and 2) exhibit a profound high blood pressure phenotype 

(though with experimental concerns) (Min et al., 2010). With these interesting 

phenotypes, where GPR37L1 could be speculated as a therapeutic target for 

neurological and cardiovascular disease, the identification of pharmacological tools or 

ligands to probe these phenotypes is imperative. After using various approaches, 

including the development of a novel method named GPCR-CoINPocket to predict 

binding site-similar receptors, surrogate GPR37L1 ligands were identified, albeit with 

low potency, while the endogenous ligand remains unknown. Nevertheless, this study 

has provided the foundation to develop high affinity synthetic ligands for this enigmatic 

receptor. More importantly, the development of GPCR-CoINPocket will allow the 

identification of surrogate ligands for any orphan receptor of interest. This section will 

review the key findings of this body of work and the outstanding questions that remain.   

 

7.1 GPR37L1 predominantly couples to Gαs in a heterologous system 

Before proceeding to ligand identification of orphan GPCRs, it is critical to identify a 

signalling assay to detect receptor activity. For G protein signalling assays, it is firstly 

important to elucidate the Gα subtype involved in orphan receptor coupling, as this 

would guide the development of a robust, facile and relatively high-throughput assay for 

ligand screening. Taking advantage of constitutive activity, an intrinsic feature of 

GPCRs where they signal in the absence of ligand, I found that GPR37L1 

predominantly coupled to Gαs, with only very minor coupling to Gαi/o in the CRE- and 

SRE-luciferase reporter gene assays, respectively. This supported our initial unbiased 

yeast chimeric G protein screen, where we showed that GPR37L1 coupled to the 

chimeras Gpa1:Gαs and Gpa1:Gα16 (Coleman et al., 2016). This is not due to non-native 

coupling to Gαs through receptor overexpression, as we have also shown that stable Flp-

In™ T-Rex™ HEK293 cells expressing GPR37L1-eYFP displayed a ~12% increase in 
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acute cAMP levels compared to uninduced cells, as measured in the cAMP 

AlphaScreen assay (Coleman et al., 2016). We did see marginal support of GPR37L1 

coupling to Gαi/o in the SRE-luciferase assays, as proposed by Meyer et al. (2013); 

however, the responses in these assays were moderate (and not statistically significant) 

and we did not see any evidence of such coupling in our yeast chimeric G protein assay. 

More importantly, organotypic cerebellar slices from GPR37L1-KO mice (generated in-

house on a C57BL/6J background) had reduced cAMP levels compared to WT 

C57BL/6J mice, suggestive of GPR37L1 coupling to Gαs in vivo (Coleman et al., 2016). 

In the end, the luciferase reporter assay was the most suitable for GPR37L1 ligand 

screening, rather than the cAMP AlphaScreen, as it is quickly amenable to screen 

downstream of Gαs and Gαi/o pathways and it generated a signalling window that 

allowed detection of potential GPR37L1 agonists and inverse agonists (the cAMP 

AlphaScreen is limited to short term stimulation due to IBMX cytotoxicity); these are 

significant characteristics. Certainly in the future, a more sensitive upstream secondary 

messenger assay will be required to reassess the potencies of the identified surrogate 

ligands and their inverse agonism, due to the downstream nature and ability of multiple 

signalling pathways to activate the response elements driving luciferase generation. 

However, this will be difficult given their low potency and apparent affinities detected 

by cumulative downstream CRE-luciferase assay and may be undetected in an endpoint 

assay measuring upstream of CRE. 

 

Despite the thorough efforts in this study to identify the G protein coupling capabilities 

of GPR37L1, unravelling the preferred G protein signalling pathway and identification 

of a suitable ligand-screening assay for orphan receptors remains a major stumbling 

block for characterising them in vitro and in vivo. This has led to discrepancies in 

proposed ligand-receptor pairings and also ambiguity in moving forward with drug 

discovery for orphan GPCRs including GPR17 and GPR37L1, among others (Qi et al., 

2013; Coleman et al., 2016; Ngo et al., 2016). In order to overcome exploring multiple 

functional endpoint assays, application of label-free technologies based on dynamic 

mass redistribution (DMR) are becoming more prominent for studying GPCRs 

(Schroder et al., 2010; Scott & Peters, 2010). Label-free assays detect DMR, resulting 

from cellular processes that affect the cell shape, adhesion and the cytoskeleton 

irrespective of a particular G protein signalling pathway. The pathways involved can 

then be deduced with the typical G protein inhibitors, namely pertussis toxin (Gαi/o), 
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cholera toxin (Gαs) and YM-254890 or FR900359 (Gαq). Recent application of label-

free assays has been successful for GPR17 (Hennen et al., 2013) and GPR55 ligand 

identification (Morales et al., 2016), overcoming the promiscuous G protein coupling 

nature of these two orphan receptors in an unbiased manner. However, label-free assays 

do require specialised HTS platforms.  

 

While label-free assays allow the detection of G protein signalling in a single assay, the 

contribution of β-arrestin-mediated signalling to these cellular responses cannot be 

determined. On this note, the signalling capacity of GPR37L1 via recruitment of β-

arrestin was not explored in this study. GPR37L1 has been reported to display basal 

coupling to β-arrestin in both the PathHunterTM β-arrestin and PRESTO-Tango assays 

(Southern et al., 2013; Kroeze et al., 2015). In the Tango constructs, each receptor 

sequence has been fused with the vasopressin V2 receptor C-terminal sequence to 

artificially promote β-arrestin recruitment but given GPR37L1 also recruited β-arrestin 

in the PathHunterTM cell line, this is most likely a true phenomenon of GPR37L1. In 

principle, ligand screening at β-arrestin should only capture agonists, as antagonists and 

inverse agonists do not efficiently activate this pathway. Moreover, in this age of biased 

signalling where a ligand preferentially activates G protein-dependent or G protein-

independent pathways (Reiter et al., 2012; Kenakin & Christopoulos, 2013), the 

compounds that did not display activity at the luciferase reporter assays downstream of 

G protein signalling, potentially could activate β-arrestin-mediated signalling and reveal 

themselves to be biased GPR37L1 ligands. In a broader context, biased ligands for β-

arrestin-mediated signalling pathways themselves could potentially be used to 

investigate the cellular effects in DMR assays and serve as references for future 

exploration of biased ligands.  

 

7.2 Cleavage of GPR37L1’s N-terminus by an ADAM reduces its 

constitutive activity 

In the absence of any pharmacological tools for GPR37L1, we described a new 

mechanism of receptor signalling regulation, whereby metalloprotease cleavage of 

GPR37L1’s N-terminus reduced its constitutive activity. It was curious to see that upon 

induction of GPR37L1.eYFP expression in Flp-In™ T-Rex™ HEK293 cells, the 

receptor resolved in two species upon SDS-PAGE fractionation as well as by 
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immunoblot analysis, with the size of the lower band corresponding to an N-terminally-

deficient receptor Δ122 GPR37L1. Indeed, these two species were in a precursor-

product relationship; when the receptor was induced in the presence of increasing 

amounts of non-specific MMP/ADAM inhibitors BB94, TAPI-1 and TAPI-2, there was 

a concomitant concentration-dependent increase in full-length species relative to the 

smaller species. I found that Δ122 GPR37L1 was inactive in the CRE- and SRE-

luciferase assays, and that inhibition of ADAMs enhanced WT GPR37L1 activity, 

indicating that the presence of the N-terminus is necessary for GPR37L1 signalling. 

This is a new paradigm in GPCR signalling whereby metalloprotease cleavage 

inactivates receptor signalling, in contrast to the PARs. Similar to the melanocortin-4 

receptor (Ersoy et al., 2012), it could be speculated that GPR37L1’s N-terminus acts as 

an auto-agonist, resulting in high constitutive activity, and that metalloprotease cleavage 

evolved as a regulatory process for this receptor. It is critical then to explore the 

exogenous addition of the full length N-terminus (and not short N-terminal fragments) 

to see whether GPR37L1 could be activated in that manner. Another aspect that has not 

been investigated is whether Δ122 GPR37L1 could signal via β-arrestin recruitment, as 

it does reach the cell surface even without a signal peptide (Coleman et al., 2016). 

Perhaps receptor cleavage results in a switch in GPR37L1 signalling towards β-arrestin 

and also prime the receptor for internalisation? Moreover, while we and other groups 

have demonstrated that GPR37L1 also resolves in two species ex vivo (Meyer et al., 

2013; Coleman et al., 2016), the physiological relevance of receptor cleavage remains to 

the determined.  

 

Recently, metalloprotease-mediated cleavage of GPR37’s N-terminus was also 

demonstrated (Mattila et al., 2016). To determine the receptor cleavage site, the authors 

subjected the cleaved receptor species to N-terminal sequencing by Edman degradation, 

which identified the first five amino acids as QSVxT, matching residues 168 to 172 of 

GPR37’s N-terminus (QSVKT) (Mattila et al., 2016). However, point mutations or 

deletion of the identified cleavage site could not fully prevent receptor cleavage (Mattila 

et al., 2016), though this is not surprising as metalloproteases do not have specific 

recognition motifs, but rather are dependent on the distance of the cleavage site from 

where they interact with the receptor (Overall & Blobel, 2007). In work not described in 

this thesis, I generated a series of triple alanine point mutations of GPR37L1 between 

the N-terminal glycosylation site (residue N105) and the top of the first TM domain and 
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also failed to disrupt N-terminal proteolysis, while N-terminal sequencing of purified 

receptor was inconclusive (data not shown). Moreover, the five amino acids identified 

for GPR37 do not align to any region of GPR37L1 N-terminus and, thus, the cleavage 

site of GPR37L1 also remains to be determined. It is interesting that the 

phylogenetically-related ETB receptor, GPR37 and GPR37L1 have all been proposed to 

be N-terminally cleaved by a metalloprotease (Grantcharova et al., 2002; Coleman et 

al., 2016; Mattila et al., 2016). However, whether the effect of N-terminal proteolysis on 

ETB receptor and GPR37 signalling is consistent with GPR37L1 has not been 

investigated further.  

 

7.3 Conserved ligand interactions patterns identified by analysis of the 

Class A GPCR Pocketome 

Previously, Gloriam et al. (2009) proposed a reference set of 43 residue positions, based 

on seven crystal structures, which defined a generic Class A GPCR binding pocket. 

From careful manual inspection, residue positions were included if they were ligand-

accessible and were facing inward into the TM bundle (Gloriam et al., 2009). Since that 

time, many more crystal structures have been solved, which presented an opportunity to 

update and refine the set of residue positions; in our definition, we accounted for both 

the frequency and the strength of contact between co-crystallised ligands and the 

residue positions. 

 

The inclusion criterion of ligand accessible residue positions in the original Gloriam et 

al. (2009) definition was necessarily broad, as so few crystal structures were available at 

the time to provide the rigour and confidence in judging whether a residue was ligand 

accessible of not. Subsequently, the identified residue positions in this broad definition 

were only theoretically accessible to ligand interactions, and secondly, eight residue 

positions were included, namely 2.58, 4.56, 4.57, 4.60, 4.61, 6.47, and 7.46 (B&W 

numbering), despite only facing inwards in no more than four of the seven crystal 

structures. Recently, Venkatakrishnan et al. (2013) generated ligand-receptor contact 

fingerprints for each individual Class A GPCR crystal structure (41 in total), to describe 

a consensus scaffold of the ligand binding pocket. Here, a contact was defined as 

ligand-receptor atom pairs within a distance of 4 Å. This contact definition is 

conceptually simple and can be readily calculated; however, this strict binary distance 
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cut off at 4 Å excludes many potentially important contacts (for example, if a ligand-

receptor atom pair is 4.01 Å apart). Likewise, the ligand-receptor interaction maps in 

the Schrödinger® software package define a salt-bridge interaction between oppositely 

charged atoms within 5 Å and a pi-pi interaction between aromatic rings within 4.4 Å 

(https://www.schrodinger.com/kb/1556). Nevertheless, Venkatakrishnan et al. (2013) 

noted residue positions 3.32, 3.33, 3.36, 6.48, 6.51 and 7.39 (B&W numbering) to form 

the Class A GPCR ligand binding pocket, based on the residue contact frequency 

observed across the analysed crystal structures, overcoming the ambiguous inclusion of 

residue positions in the Gloriam et al. (2009) definition.  

 

In our refined binding site definition for Class A GPCRs, we used a contact strength 

measure, which is a function of interatomic distance. To overcome the binary definition 

of inclusion/exclusion of a contact at 4 Å, the contact strength gradually decreases in a 

linear fashion between 3.23 to 4.63 Å (Kufareva et al., 2011; Kufareva et al., 2012a). 

Importantly, this gives two layers of information: 1) whether a contact is present 

between ligand and receptor and 2) an approximate strength of the ligand-receptor 

interaction. Using this ligand-receptor atomic contact definition, contact fingerprints of 

Class A GPCRs were generated and similar to the Venkatakrishnan et al. (2013) 

observations, this revealed a common core of 9 residue positions, namely positions 

3x32, 3x33, 3x36, 5x43, 6x48, 6x51, 6x55 and 7x38 (GPCRdb numbering; 7x38 is 

equivalent to 7.39) that are involved in ligand binding in at least 70% of the Class A 

GPCR binding site fingerprints. Moreover, the ligand interaction at these residue 

positions was strong in all cases, adding the extra element of ‘texture’ in the ligand 

binding pocket. The refinement of the Class A GPCR binding site definition formed the 

foundation of studying GPR37L1 and other orphan receptors in this work; it allowed 

GPR37L1 binding site characteristics to be hypothesised (Chapter 4) and was crucial to 

the development of GPCR-CoINPocket for family-wide comparisons (Chapter 6).  

 

7.4 Virtual screening of an unrefined GPR37L1 homology model identifies 

surrogate ligands  

From the crystal structure analysis, residue positions: 3x28, 3x32, 3x33, 5x43, 5x461, 

6x51, 6x52, 6x55, 7x38 and 7x42 were determined to be consistently involved in 

ligand-interactions across many Class A GPCRs. For GPR37L1, this corresponded to 

https://www.schrodinger.com/kb/1556
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residues: V206 (3x28), E210 (3x32), V211 (3x33), Y313 (5x43), Y317 (5x461), E375 

(6x51), N376 (6x52), N379 (6x55), Q402 (7x38) and F406 (7x42).  

 

Using an unrefined GPR37L1 homology model based on the antagonist-bound OX2 

crystal structure (21% identity), the eMolecules compound database was docked into 

this putative binding pocket, in which we were able to identify three inverse agonists for 

GPR37L1. Given the GPR37L1 homology model was built on a template with low 

sequence identity and in the inactive state, it was not surprising that the identified 

surrogate ligands were inhibitors and had low potency. At the completion of this study, 

the crystal structures of the ETB receptor in the apo state and in complex with the 

endogenous agonist endothelin-1 were published (Shihoya et al., 2016). Given that 

GPR37L1 is most phylogenetically-related to the ETB receptor (outside of GPR37), this 

will provide a better template for accurate GPR37L1 homology modelling. GPR37L1 

shares 27% sequence identity (33% similarity) with the crystal structure template 

including the loop regions and 32% identity (43% similarity) in the TM regions, 

reaching the threshold of accurate homology modelling without additional refinement. 

Whilst we have extensively demonstrated that the ETB receptor differs significantly in 

the amino acids in the binding pocket compared to GPR37L1 (Figure 6-7), the ETB 

receptor template will provide greater confidence in the backbone conformation of our 

GPR37L1 homology model compared with the OX2 receptor template, generating a 

more suitable binding pocket conformation. It will be interesting to see if VLS using a 

GPR37L1 homology model based on the ETB receptor will identify ligands with higher 

affinity than our original model based on the OX2 receptor [or the OX1 receptor which 

has also been solved in complex with suvorexant (Yin et al., 2016)]. Moreover, the 

crystal structure template is in the fully active state, which may help to identify small 

molecule agonists for GPR37L1 (though it will be difficult as activation of peptide 

receptors generally requires extensive contacts with the extracellular loop regions) 

(Venkatakrishnan et al., 2013; Burg et al., 2015; Qin et al., 2015; Shihoya et al., 2016).  

 

7.5 GPCR-CoINPocket identifies GPR37L1 surrogate ligands by 

predicting binding site-similar neighbours 

While traditional ligand screening and structure-based VLS are still crucial approaches 

to identify orphan receptor ligands, they are not easily accessible. This is why the 
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efforts of the Roth laboratory to make available not only the PRESTO-Tango screening 

results, but also the plasmid constructs, plates and the reagents for the assay 

(https://www.addgene.org/kits/roth-gpcr-presto-tango/), and the development of open-

source virtual screening web servers, for example, DOCK Blaster (Irwin et al., 2009) 

and MTiOpenScreen (Labbé et al., 2015) is commendable. In this study, I developed a 

novel Contact-Informed Neighbouring Pocket metric of GPCR binding-site similarity 

(GPCR-CoINPocket) that is informed by patterns of ligand–residue interactions 

observed in crystallographically characterised GPCRs.  

 

Prior to this study, there was a mismatch between binding site- and pharmacological 

similarity of Class A GPCRs (Gloriam et al., 2009; Lin et al., 2013). This was the first 

study since Gloriam et al. (2009) to revisit the binding site analysis of all Class A 

GPCRs. By weighting binding site sequence comparisons by ligand contact strengths to 

emphasise key interaction sites (termed GPCR-CoINPocket), Class A GPCRs were 

organised and clustered in a way that closely resembled aspects of known 

pharmacological relationships between receptors. GPCR-CoINPocket was able to 

recognise known pharmacological similarities in the literature and improved the 

recognition of ligand similarities annotated in the ChEMBL database. Crucially, orphan 

receptors were included in this analysis and thus allowed predictions of ligand off-target 

activity at these orphans. Using this approach for GPR37L1, the phylogenetically-

unrelated OX and NPS receptors were correctly predicted as pharmacological 

neighbours, with OX and NPS receptor antagonists identified as GPR37L1 surrogate 

ligands. It remains to be seen if predicted relationships for the other orphan receptors 

will reveal surrogate ligands (Appendix Table 3) but hopefully this will be a useful 

starting point for identifying orphan receptor ligands.  

 

Recently, the orphan receptor GPR139 was found to be activated by the MC4 receptor’s 

endogenous peptide agonists adrenocorticotropic and α- and β-melanocyte stimulating 

hormone (Nøhr et al., 2017), despite aromatic L-amino acids being proposed as its 

endogenous agonists (Isberg et al., 2014; Liu et al., 2015). The authors (including 

Gloriam) compared the binding site similarity of GPR139 and other receptors based on 

the Gloriam et al. (2009) binding site definition, and found that GPR139 shared 49% 

sequence similarity with the MC4 receptor [other relationships were described for 

GPR142 (80%), GPR34 (56%), GPER (61%), MC2 (49%) and the TRH1 receptors 

https://www.addgene.org/kits/roth-gpcr-presto-tango/
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(40% sequence similarity)] (Nøhr et al., 2017). The high similarity of GPR139 and the 

MC receptors prompted the authors to test the endogenous MC receptor ligands at 

GPR139. Based on our GPCR-CoINPocket measure for GPR139, the receptor clustered 

with GPR142, and surprisingly, GPR37L1, GPR37 and the bombesin receptors (Figure 

6-6a) and the MC receptors did not display high GPCR-CoINPocket scores (Appendix 

Table 3). Intriguingly, GPR139 clustered with GPR142 and the MC receptors in our 

unweighted binding site similarity organisation (Figure 6-6b) [GPR139 was not 

included in the original analysis by Gloriam et al. (2009)]. This is perhaps reflective of 

higher contacts in the extracellular surface regions where peptides generally make 

extensive interactions that are not outweighed by strong contacts deeper in the TM 

region. This also reflects the bias of GPCR-CoINPocket towards a small molecule 

binding pocket given that many Class A GPCRs are co-crystallised with a small 

molecule ligand. Additionally, it will be interesting to see the arrangement of Class A 

GPCRs if we begin to segregate the different contact fingerprints based on the 

endogenous ligand classes, that is, biogenic amines, lipids and peptides etcetera (in the 

peptide Class A GPCRs, there is a conserved and strong interaction at residue position 

2x60) (Figure 4-1).   

 

7.6 Ligand-guided optimisation of GPR37L1 homology models 

The overarching goal is to identify or develop high affinity GPR37L1 ligands, whether 

they are agonists or inverse agonists. Using the various approaches throughout this PhD, 

I’ve been able to identify seven surrogate ligands for GPR37L1, though they had low 

potency with a range of efficacies. However, we can now take these active compounds 

and populate ligand-training sets for ligand-guided optimisation of our GPR37L1 

homology model. This is where the inactive compounds identified are just as important. 

Since we have predicted the binding site residues involved in ligand interactions, it 

would be useful to verify these by site-directed mutagenesis before proceeding to 

homology model optimisation, as this can provide useful experiment-based distance 

constraints for ligand docking. However, there also needs to be careful interpretation of 

site-directed mutagenesis data as residue mutations outside the binding pocket can 

indirectly affect the ligand binding pocket conformation (Katritch et al., 2010b). In the 

future, we aim to optimise our homology models using the method ALiBERO, which 

introduces backbone flexibility via Normal Mode Analysis and can explicitly sample 
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residue side chains in the binding pocket (Rueda et al., 2012). It performs retrospective 

docking on an ensemble of homology models, selects the models that can best 

discriminate actives from inactives and generates new model conformations until there 

is no improvement in docking performance. This final ligand-guided optimised model 

will then be subjected to VLS of chemically-diverse compound databases in hope to 

identify higher affinity ligands with entirely new scaffolds, moving away from known 

scaffolds of binding site-related receptors. 

 

In summary, the major contribution of this work is the development of a new binding 

site similarity metric for Class A GPCRs, GPCR-CoINPocket. By enriching the residue 

similarity calculation by ligand contact strength at the respective residue positions, 

GPCR-CoINPocket accurately predicts known and new pharmacological similarities. I 

envisage that GPCR-CoINPocket may complement HTS and the integrated 

experimental and computational VLS approaches, by guiding and narrowing the 

selection of potential surrogate ligands to test at any orphan receptor of interest. This 

was successfully applied to GPR37L1. I also identified GPR37L1 surrogate ligands 

through traditional ligand screening and VLS approaches. The identified surrogates 

using all these various approaches can now be used to populate ligand-training sets to 

refine and validate GPR37L1 homology models. Using a refined homology model, I 

hypothesise that high affinity ligands can be identified, which will facilitate parallel in 

vitro and in vivo studies into GPR37L1 pharmacology and pathophysiology. 
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Appendices 
Appendix Table 1. List of compounds identified as potential GPR37L1 surrogate 

ligands in the PRESTO-Tango assay. 

Compound name Compound class PRESTO-Tango 
response (log2) Purchased? 

Amlexanox Unknown; anti-
inflammatory -1.129 Y 

Bestatin Protease inhibitor 1.34 Y 

Duloxetine 5-HT-NE Reuptake 
Inhibitor (RI) -1.483 Y 

Homoharringtonine Translation inhibitor -2.432 Y 

Honokiol Broad range of targets -2.113 Y 

Naltrindole Delta opioid antagonist -1 Y 

Paroxetine Selective 5HT-RI -1.18 Y 

Sertraline SSRI -1.27 Y 

Tegaserod maleate 5HT4 agonist -1.651 Y 

Triptolide Broad -1.576 Y 
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Appendix Table 1. Continued 

Compound name Compound class PRESTO-Tango 
response (log2) Purchased? 

Linopiridine KCNQ2/3 inhibitor -1.413 N 

Otenzepad M2 antagonist -1.176 N 

Carvedilol Nonselective beta/alpha1 
blocker 1.784 N 

Dactinomycin Transcription inhibitor -1.526 N 

Doxorubicin 
hydrochloride DNA intercalator -1.663 N 

Epirubicin 
hydrochloride DNA intercalator -1.15 N 

Idarubicin 
hydrochloride 

DNA intercalator/ 
Topoisomerase inhibitor -1.13 N 

Indatraline Non-selective monoamine 
transporter inhibitor -1.285 N 

Piceid Resveratrol derivative -1.374 N 

Resveratrol Unclear -2.386 N 

SDM25N Delta antagonist -1.871 N 

Topotecan 
hydrochloride Topoisomerase inhibitor -1.062 N 

Tranilast Antiallergic; inhibits 
collagen synthesis -1.62 N 

 
 
The Appendix Tables 2 and 3 are the upper triangular of 285x285 square similarity 
matrices. 
 
Appendix Table 2. Raw pairwise contact strength profiled binding site similarities 

between Class A GPCRs.  

Appendix Table 2 can be downloaded at:  

wwww-ablab.ucsd.edu.au/~tony/Appendix_Table_2.xlsx 

Or: http://www.nature.com/nchembio/journal/v13/n2/extref/nchembio.2266-S2.xlsx 

 
Appendix Table 3. Pairwise comparison of GPCR-CoINPocket scores between 

Class A GPCRs. 

Appendix Table 3 can be downloaded at:  

wwww-ablab.ucsd.edu.au/~tony/Appendix_Table_3.xlsx 

Or http://www.nature.com/nchembio/journal/v13/n2/extref/nchembio.2266-S3.xlsx 

http://www.nature.com/nchembio/journal/v13/n2/extref/nchembio.2266-S2.xlsx
http://www.nature.com/nchembio/journal/v13/n2/extref/nchembio.2266-S3.xlsx
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