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Abstract

G protein–coupled receptors (GPCRs) are major regulators of intercellular interactions. They 

initiate these actions by being activated by a wide variety of natural ligands. Historically, ligands 

were discovered first, but the advent of molecular biology reversed this trend. Most GPCRs are 

identified on the basis of their DNA sequences and thus are initially unmatched to known natural 

ligands. They are termed orphan GPCRs. Discovering their ligands—i.e., “deorphanizing” the 

GPCRs—gave birth to the field of reverse pharmacology. This review discusses the present status 

of GPCR deorphanization, presents a few examples of successes and surprises, and highlights 

difficulties encountered in these efforts.
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INTRODUCTION

Signaling between cells, which is fundamental to physiology, relies on the transmitter-

receptor interaction. Transmitters, as defined in this review, are mostly small molecules. 

They include biogenic amines, amino acids and derivatives, neuropeptides, chemokines, 

lipid mediators, nucleotides, polypeptide hormones, olfactory and gustatory molecules, and 

some other naturally occurring chemicals such as calcium ions and protons. Transmitter-

receptor interactions initiate intracellular biochemical pathways that lead to cellular 

responses and ultimately to physiological changes. Because only a limited number of 

intracellular biochemical pathways exist, the extracellular recognition process must provide 

the complexity and diversity that are required to direct the numerous physiological responses 
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of an organism. Yet because this interaction is based on a binary mechanism, diversity must 

rely on the molecules that can take part. Discovering novel transmitters and receptors is thus 

of basic interest to biology.

The discovery that the β2-adrenergic receptor and the opsins share a seven-transmembrane 

(7TM) domain topology (1) led to the concept that receptors that couple to heterotrimeric 

(αβγ) G proteins form a supergene family, thereafter known as the G protein–coupled 

receptors (GPCRs) (2). These receptors sense extracellular transmitter molecules, i.e., 

ligands that are released from one cell to carry a message to another cell. GPCRs are 

expressed on the plasma membrane of the signal-receiving cell and, when activated by the 

transmitter, induce intracellular biochemical pathways that lead to a cellular response. 

Although the 7TM topology has evolved to include receptors that do not couple to 

heterotrimeric G proteins, and although receptor activation is complex and includes proteins 

other than G proteins (3–7), one tenet of the basic concept has remained constant over the 

years: The vast majority of transmitter molecules that have evolved to direct intercellular 

interactions interact with GPCRs (7TM receptors). This concept positions the GPCRs at the 

center of signal transmission and endows them with an extraordinary importance in an 

organism’s life and survival. Consistent with this biological importance, approximately 36% 

of all currently marketed drugs target approximately 82 GPCRs, making them the most 

commonly exploited class of drug targets (8).

The GPCRs form the largest family of cell surface receptor molecules. Members of this 

superfamily were first found by homology screening approaches, such as low-stringency 

hybridization and degenerate polymerase chain reaction (9, 10). By definition, the receptors 

cloned by these strategies are in search of their pharmacological identities, in particular of 

their natural ligands. They are thus termed orphan receptors (11). The quest to unravel these 

identities began in the second part of the 1980s, once molecular biological approaches (such 

as those noted above) began to identify orphan receptors.

At that time, there existed approximately 50 transmitters that were potential GPCR ligands, 

most of which had no identified cognate receptors. Such transmitters had traditionally been 

discovered on the basis of their ability to regulate physiological responses in organ or tissue 

preparations. For example, the classical neurotransmitters—e.g., the biogenic amines, 

acetylcholine, and certain neuropeptides—were discovered this way. Receptors for these 

molecular entities had been characterized pharmacologically but their molecular structures 

were unknown. The cloning of the orphan GPCRs offered a solution to this problem. The 

experimental approach was to express an orphan GPCR in a heterologous cell system and 

then test it in signal transduction assays with possible transmitters. Some thought that this 

approach was an unsolvable task. However, insights in interpreting the orphan GPCR tissue 

expression profiles, as well as random testing with possible ligands, proved successful in 

matching many of the first identified orphan GPCRs to known transmitters. The first 

deorphanized GPCRs, the 5HT1A and D2 dopamine receptors, were reported in 1988 (12). 

This strategy is known as reverse pharmacology (11, 13) because it is directed from a 

receptor to its natural ligand. Over a five-year span, more than 50 transmitters were matched 

to orphan GPCRs (14). It is important to note that, because most GPCRs have been matched 
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to transmitters by using this strategy, the vast majority of the GPCRs started indeed as 

orphan receptors (Table 1).

During the first part of the 1990s, application of the reverse pharmacology strategy matched 

many GPCRs to known transmitters. Receptors for many neurotransmitters, neuropeptides, 

hormones, and other first messengers were identified through the use of this approach (14). 

Moreover, when it was extended to identify receptors that are related on the basis of their 

primary sequences, the GPCR subfamilies were often found to be more complex than 

expected (Table 1).

In 1992, the GPCR that binds Δ9-tetrahydrocannabinol, although not an orphan GPCR in the 

strictest sense, was used as bait to identify anandamide (N-arachidonylethanolamide) (15) as 

the first novel lipid mediator found by reverse pharmacology. At that time, the number of 

orphan GPCRs was steadily increasing, as a result of the mining of the database of 

expressed-sequence-tagged cDNAs (16, 17). There was a paucity of known transmitters to 

match to all these receptors. Thus, it was proposed that many orphan receptors must bind 

ligands that had not been characterized because inactive receptors would be expected to have 

been evolutionarily discarded. This idea was the underlying reason for utilizing orphan 

GPCRs to isolate their natural ligands and discover novel transmitters (18). The later 

completion of the human genome (and other genomes) revealed the full extent of GPCR 

diversity and confirmed the conclusion that the GPCRs outnumbered the then-known 

potential ligands; thus, many novel transmitters are still to be found.

DEORPHANIZING GPCRs TO DISCOVER NOVEL TRANSMITTERS

The concept that an orphan receptor could be used as bait to identify a novel transmitter 

required the application of two technologies (18, 19): (a) preparing and purifying active 

compounds from tissue extracts and (b) monitoring receptor activation. Because of a lack of 

prior knowledge about the structure or activity of the transmitter, the success of this 

approach relies on the ability to carry out repetitive assays.

Regarding the purification of active compounds, we recognized that GPCRs are activated by 

a plethora of ligands (18, 20); most of these are small molecules, and a few are larger 

polypeptides (Table 2). Ligands of GPCRs include the following: GABA and glutamate, 

acetylcholine, biogenic amines, neuropeptides, chemokines, lipid mediators, nucleotides, 

polypeptide hormones, olfactory and gustatory molecules, and other naturally occurring 

chemicals such as calcium and hydrogen ions (protons). Thus, the ligand of an orphan 

GPCR can exhibit a spectrum of chemical compositions; it may be hydrophilic or 

hydrophobic and small or large. Because GPCRs whose sequences are related likely bind 

transmitters from the same chemical class, phylogenetic analyses of orphan receptors can 

help direct purification strategies. Another consideration is that GPCRs initiate responses 

that may be endocrine, paracrine, or exocrine in nature. Consequently, the transmitter may 

not be synthesized in the same tissue where the orphan receptor is expressed.

Quantifying receptor reactivity is also necessary. An orphan GPCR is typically expressed in 

a heterologous cell line in which its activation is recorded by one or more biochemical 
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assays. Numerous intracellular signaling pathways can be assessed (21), but one hurdle 

remains. When investigators transfect a GPCR cDNA into a heterologous cell, the 

heterologous receptor is typically expressed under the regulation of a strong promoter, which 

directs the synthesis of high, often unnatural, amounts of the receptor protein. Although this 

approach can ensure the generation of readily detectable intracellular responses, it can also 

induce unexpected biochemical reactions. Activation of a highly expressed GPCR may spill 

into a signaling pathway that is not its canonical one (22). This secondary activation can 

result in the “discovery” of a low-affinity ligand, especially if it is present in high amounts; 

however, this ligand is not the true, primary one for that receptor. Artifactual interactions 

constitute another caveat of monitoring overexpressed receptor proteins. All GPCRs are 

hydrophobic molecules that have the potential, at least to a certain extent, to interact with 

one another. Such dimerization, including heterodimerization (23), can be an issue when 

deorphanizing GPCRs because an orphan GPCR coupled to a known GPCR can mistakenly 

lead one to conclude that the ligand of the known GPCR is also the ligand of the orphan 

GPCR. These caveats are particularly important when synthetic ligands are matched to 

orphan GPCRs because the cutoff of an acceptable affinity is defined by the investigator.

The deorphanization of GPCRs requires the application of numerous repetitive assays, many 

examples of which exist (e.g., 24, 25). Because screening large libraries of synthetic 

compounds is the mainstay of the pharmaceutical industry, recent years have seen the 

development of high-throughput technologies, many of which can be used or adapted for 

monitoring GPCR reactivity.

IMPACT OF THE DEORPHANIZATION OF GPCRs

The Salient Successes: The Novel Neuropeptides

The first attempt at finding a novel transmitter through an orphan GPCR led to the discovery 

of a neuropeptide (26, 27). The orphan GPCR ORL-1 (opioid receptor-like 1) (28) had been 

cloned through its homology to the opioid receptors (29). Its activation was monitored by 

quantifying decreases in intracellular cAMP levels. Because phylogenic analyses classified 

ORL-1 as a peptidergic GPCR and because ORL-1 is expressed in the central nervous 

system, peptidic brain tissue extracts were prepared, purified, and fractionated. Fractions 

were tested for their abilities to inhibit adenylyl cyclase activity in cells that were stably 

transfected with ORL-1. A peptide with 17 amino acids was ultimately isolated and named 

orphanin FQ or nociceptin (OFQ/N) (26, 27). Its structural similarities to the opioid peptides 

made it of immediate interest, yet it was proven not to bind to opioid receptors (30).

The second successful attempt at discovering novel transmitters through orphan GPCRs 

involved the screening of more than 50 different orphan GPCRs by assaying their ability to 

induce intracellular calcium release when subjected to peptidic extracts. Two peaks of 

activities were detected when the receptor HFGAN72 was challenged by purified extract 

fractions. This led to the characterization of two sequentially related peptides, orexin A and 

B (31). These peptides were identified independently as hypocretins by use of an RNA-

subtraction approach (32). The discovery of orexins was rapidly followed by that of two 

other novel peptides, prolactin-releasing peptide and apelin, as the natural ligands of the 

orphan GPCRs GPR10 and APJ, respectively (33, 34). That discovery, in turn, was followed 
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by the discovery of ghrelin as the endogenous ligand of the growth hormone secretagogue 

receptor (35). In the first decade of the millennium, kisspeptin/metastin was identified as the 

ligand of GPR54 (36); the prokineticins PK1 and PK2 were identified as the ligands of two 

highly related receptors, GPR73a and GPR73b (37, 38); and neuropeptide B and 

neuropeptide W were identified as the ligands of the primary sequence–related GPR7 and 

GPR8 (39–41). Neuropeptide S was later shown to be the natural ligand of GPR154 (42, 43), 

and neuromedin S was identified as that of the FM-4/TGR-1 receptor (44). In addition, 

relaxin-3 [also matched to the orphan LGR7 (45)] was found to be the ligand of GPCR142 

(46). Finally, the R-spondins (a family of secreted proteins that activate Wnt/β-catenin 

signaling) were identified as endogenous ligands of LGR4, LGR5, and LGR6 (47, 48).

Discovery of each novel neuropeptide has resulted in a flurry of subsequent studies. Over the 

years, much has been learned from each of these new systems, although much still remains 

to be discovered. Studies have investigated the pharmacological profiles of those 

neuropeptides and the anatomical pathways of these newly recognized peptide/receptor 

systems. Altogether, they have helped provide information about a large number of 

physiological processes, ranging from higher brain function and peripheral nervous system–

mediated organ control to immunological and endocrine functions. It would require much 

more space than is available here to enumerate all the roles that have been attributed to the 

new neuropeptides, so we encourage readers to consult recent reviews that discuss their 

biology (49–61). Notably, ghrelin has been shown to be a major regulator of energy 

homeostasis and growth hormone release (54, 62, 63). Furthermore, discovery of the orexin/

hypocretin and kisspeptin/GPR54 neuropeptide systems has helped reveal the long-sought 

basis of particular genetic disorders: The former is critically involved in the etiology of 

narcolepsy (64, 65), and mutations in the latter reveal its role in the regulation of 

gonadotropins and in the induction of puberty (66).

All of these novel neuropeptide systems have been the focus of drug discovery efforts by the 

pharmaceutical industry. With the availability of synthetic agonists and antagonists, an 

understanding of their physiological functions and potential therapeutic applications is 

expected to substantially increase in the coming years. In fact, drugs targeting the OFQ/N 

system (50) and the orexin/hypocretin system (67, 68) have already entered clinical trials. Of 

note, these were the earliest discoveries related to deorphanization, and the development 

cycles for drugs, especially for ones directed at new targets, often require more than 10 

years.

The Surprises: The Unexpected Transmitters

A so-called unexpected transmitter can be defined as a naturally occurring molecule that was 

not expected to exert its action through a specific receptor. Uridine is the major form of 

pyrimidine nucleoside taken up by the brain. It is phosphorylated to nucleotides, which are 

used for RNA synthesis as well as for the synthesis of membrane constituents and 

glycosylation. In addition, uracil nucleotides may be released from neuronal and glial cells, 

and GPCRs that recognize UTP and UDP (P2Y2, P2Y4, P2Y6) have been identified. A 

surprise was the discovery that the orphan GPCR KIAA0001 is activated not by UTP or 

UDP, but instead by UDP-glucose at an affinity in the 100-nM range (69). UDP-glucose was 
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previously thought only to be a glucosyl donor in the biosynthesis of carbohydrates and not 

to be a transmitter. Consequently, KIAA0001 became P2Y14, whose physiological agonist 

is UDP-glucose.

Other surprises as unexpected transmitters are succinate and α-ketoglutarate, which activate 

the orphan GPCRs GPR91 and GPR99, respectively, with affinities in the 25–70-μM range 

(70). Succinic acid was identified as the agonist of GPR91 through its isolation and 

purification from renal extracts. Succinate had been previously shown to have a role in the 

reabsorption of phosphate and glucose in the proximal tubule and to stimulate 

gluconeogenesis (70). In GPR91-deficient mice, succinate was unable to induce an increase 

in blood pressure, a response that occurred in wild-type mice, thus implying that this activity 

of succinate relies on GPR91 activation. This was a surprising result because succinate is a 

tricarboxylic acid cycle intermediate that is not expected to be secreted from cells or to act 

extracellularly. Succinate, which can be released upon mechanical stress or cell death, acts 

through GPR91 to govern retinal angiogenesis and to participate in the ability of retinal 

ganglion neurons to act as sensors of ischemic stress (71).

The Promiscuous GPCRs

Several transmitters found via the deorphanization of GPCRs have led to a revision of ideas 

regarding pharmacological specificity. GPCRs are traditionally expected to exhibit 

specificity for one particular natural ligand (72), as a result of evolutionary processes that 

aim at diversifying the regulation of intercellular interactions. The one ligand–one receptor 

rule was known not to be absolute, as exemplified by the numerous receptors for 

catecholamines, acetylcholine, histamine, and serotonin. On the one hand, a GPCR may bind 

more than one naturally occurring transmitter (e.g., norepinephrine and epinephrine bind to 

multiple α1- and α2-adrenergic receptors and to β 1-adrenergic receptors), but such 

transmitters also share structural similarities and are often part of the same synthesis 

pathway (e.g., the neuropeptides synthesized from the same precursor) (73). On the other 

hand, a natural ligand may activate more than one GPCR, but those receptors generally share 

a higher degree of sequence homology such that they are grouped into a subfamily.

Such a relationship does not occur for the family of the MAS-related GPCRs (also known as 

Mrgs or sensory neuron–specific receptors). This family of orphan GPCRs, which is 

predominantly expressed in dorsal root ganglia, may have a role in nociception. A variable 

number of Mrgs exist in humans, rats, and mice, making it difficult to classify the receptors 

on the basis of orthologous relationships (74). Being part of a subfamily, the Mrgs might be 

expected to bind similar transmitters. Instead, physiological agonists for the Mrgs include 

structurally diverse transmitters: RFamide peptides for some mouse Mrgs (75); BAM22 (76) 

and cortistatin (77) for two human Mrgs; adenine (78) for a rat Mrg; and β-alanine (79) for 

an Mrg found in humans, rats, and mice. These transmitters were generally identified by 

random matching, which revealed specificity and efficiency in their activation of particular 

Mrgs. For example, the RFamides and BAM22 peptides have affinities in the low-nanomolar 

range (76, 80), as expected for peptides binding to GPCRs. In this respect, it is remarkable 

that one of the Mrg receptors, MrgA3, is activated by chloroquine, an agent that induces an 

itch response. Mice lacking a cluster of Mrg genes, including MrgA3, have significant 
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deficits in chloroquine-induced itch, suggesting that some Mrg receptors may act as itch 

receptors (81) (Figure 1). These results indicate that some GPCR subfamilies may have 

broad pharmacological profiles, which may result from the organism’s need to have 

responses that can be considered pleiotropic, such as the one caused by itch.

WHERE DOES DEORPHANIZATION STAND NOW?

The human genome contains approximately 800 GPCR genes (and approximately 600 

GPCR pseudogenes), more than 400 of which are classified as chemosensory because they 

recognize signals of external origin such as odors, pheromones, and tastes. On the basis of 

their nucleotide and inferred amino acid sequences, the GPCRs can be classified according 

to the GRAFS system (82) (Figure 2a), named on the basis of its five main classes: 

Glutamate, Rhodopsin, Adhesion, Frizzled, and Secretin. The Rhodopsin family can be 

further divided into four groups: the α-group, the β-group, the γ-group, and the δ-group 

(Figure 2b).

Approximately 67 orphan GPCRs share structural relationships with the Rhodopsin families, 

32 of which fall into the phylogenetic trees (Figure 1). In addition, 17 exhibit enough 

similarities to known GPCRs to be assigned to the different tree classes but not to particular 

branches. Analyses of the sequences of these 49 GPCRs lead us to propose putative types of 

ligands for them (Table 2). The other orphan GPCRs are only distantly related. Additional 

highly divergent orphan GPCRs are only distantly related to the Rhodopsin family (83, 85) 

(Figure 2).

Discrepancies Between the Phylogenetic Clusters and the Ligand Class

The common way to initiate a search for a novel transmitter is for the experimenter to 

choose a purification strategy that depends on the chemical nature of the expected ligand. 

GPCRs that are related by sequence are thought to bind ligands from the same chemical 

class; consequently, receptor phylogenetic analyses can help direct the purification strategy. 

However, the deorphanization of the GPCRs that bind lipid mediators is an example that 

shows how GPCRs that bind one chemical type of transmitter may not be closely related 

phylogenetically.

Lysophosphatidic acid (LPA) is a phospholipid that acts as a lipid mediator. Its first receptor 

was the orphan GPCR Edg-2, now renamed LPA1 (86). The discovery of LPA1 led to a 

search for other Edg-like receptors, and seven more were found. Edg-4 and Edg-7 are LPA 

receptors (LPA2 and LPA3), and Edg-1 (which has 33% identity with Edg-2) binds the 

structurally similar lipid sphingosine 1-phosphate, often termed S1P. On the basis of their 

sequences, the GPCRs closest to the Edg receptors are the cannabinoid receptors; those two 

groups represent a cluster of GPCRs activated by lipid mediators. However, another orphan, 

GPR23, was shown to also bind LPA (and is termed LPA4) (87, 88). GPR23 shares only 

10% amino acid identity with LPA1 and is closely related to the purinergic P2Y receptors. 

P2Y5, the receptor most closely related to GPR23, was shown to bind purines but is also 

activated by LPA. In addition, the orphan GPR92, which is related to GPR23 and P2Y5, is 

also activated by LPA (and is termed LPA6). LPA6 is activated by uncharacteristically high 

concentrations of LPA (EC50 in the low micromolar range), which provides an example of 
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the difficulty in defining the extent of the non-Edg-like LPA receptor cluster. GPR23, LPA5, 

and LPA6 therefore form such a cluster that is phylogenetically separated from the originally 

identified LPA receptors. Receptors that bind lipid mediators are found in at least three 

different phylogenetic clusters among the Rhodopsin receptors. It is possible that the 

ancestral Rhodopsin receptors were promiscuous in binding both lipids and other ligands 

and that the differences found for LPA receptors, for example, result from evolutionary 

subspecification. This is in line with the ability of GPR23 to bind LPA and purines or in line 

with GPR17, a dual uracil-nucleotide and cysteinyl-leukotriene receptor that is intermediate 

in its phylogenetic position between P2Y and CysLT receptors (89).

Another example of discrepancy between the phylogenetic clustering and the chemical 

nature of the ligand is found among the GPCRs that bind peptides. The Secretin receptors 

are activated by peptides but are most closely related to the Adhesion receptor family, as 

shown by the long evolutionary relationship among the common ancestors of these families. 

Yet the Adhesion receptors do not bind peptides (90). Moreover, the majority of peptide 

binding receptors are found among the Rhodopsin receptors in three different phylogenetic 

clusters: the peptide, the MECA family, and the SOG family. The MECA family includes 

GPCRs that bind peptide (melanin-concentrating hormone), lipids (cannabinoid and LPA), 

and purine ligands (adenosine). Such evolutionary “flip-flopping” between ligand classes 

highlights the difficulty of interpreting phylogenetic analyses.

The Reluctant Deorphanizations: One Example, Bombesin Receptor Subtype-3

A large group of GPCRs have not yet been deorphanized. Excluding the olfactory receptors, 

this group is composed of 53 receptors in the Rhodopsin family. Undoubtedly, many of these 

have been subjected to (as-yet unsuccessful) attempts at deorphanization. Below we discuss 

bombesin receptor subtype-3 (BRS-3) as an example of the difficulties that one can 

encounter in the deorphanization process.

The mammalian bombesin receptor family is composed of three GPCRs: neuromedin B 

receptor (NMB-R, or BB1), whose endogenous ligand is neuromedin B (NMB); gastrin-

releasing peptide receptor (GRP-R, or BB2), which binds gastrin-releasing peptide (GRP); 

and the orphan GPCR BRS-3 (or BB3) (91). BRS-3 does not interact with high affinity with 

NMB, GRP, or any of the naturally occurring bombesin-like peptides (92). BRS-3-deficient 

mice develop late-onset mild obesity, partially attributed to a reduced metabolic rate (93). 

These mice also have hyperphagia, hypertension, insulin resistance, leptin resistance, and 

defects in glucose metabolism. Although the mechanism by which the lack of BRS-3 

contributes to these metabolic syndromes is largely unknown, the potential role of BRS-3 in 

the regulation of energy homeostasis makes it a new target for therapeutic interventions 

related to obesity and diabetes. Furthermore, BRS-3 is expressed predominantly in the 

hypothalamus, which regulates homeostasis. Therefore, BRS-3 agonists have been 

synthesized and used to demonstrate that activation of BRS-3 leads to coupling with the Gq 

class of heterotrimeric G proteins and to calcium signaling (91).

Several groups, including ours, have attempted to identify the natural ligand of BRS-3. On 

the basis of its sequence, we expected that its ligand would be a peptide. The availability of 

synthetic agonists can assist in studies by being able to show that BRS-3 is expressed on cell 
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surface membranes, that it can be activated, and that its activation can be monitored. Brain, 

as well as peripheral tissue, extracts prepared from different species have been tested. 

Because of the possible role of BRS-3 in the regulation of feeding, tissues from fed and 

starved animals have been studied. The possibility that BRS-3 would form dimers in order to 

be active has also been investigated, in particular by coexpressing BRS-3 with the BB1 or 

BB2 receptor. Unfortunately, though, the natural ligand of BRS-3 has thus far not been 

identified.

Some Caveats

In view of the difficulties that are encountered in deorphanizing GPCRs, it is not surprising 

that some efforts to identify ligands of orphan GPCRs led to claims of ligand-receptor 

pairings that could not be replicated and that remain controversial. Probably the earliest 

example was the claim that dynorphin A might be the endogenous ligand of ORL-1 (94), 

only to be corrected a few months later by the isolation and publication of the OFQ/N 

structure Another example was the pairing of obestatin with GPR39 (95). Obestatin is 

predicted to be a product of the processing of the ghrelin precursor protein, and GPR39 is 

structurally related to the receptors for ghrelin, motilin, and neuromedin U. However, 

subsequent reports did not verify the interaction of obestatin with GPR39 (96–101), and the 

original authors later reported that they were unable to reproduce their initial findings (102), 

even though another report also claimed that obestatin interacts with GPR39 (103). Other 

data then indicated that Zn2+ ions activate GPR39, and one study isolated Zn2+ from tissue 

extracts (98, 104). As indicated above for BRS-3, GPR39 is predicted to be a peptide 

receptor, making it difficult to imagine how it could evolve to be activated by an inorganic 

heavy metal ion. However, an olfactory receptor uses copper as a cofactor to recognize the 

volatile odorant (methylthio)methanethiol (105), indicating that metal ions may act as 

cofactors in the activation of GPCRs.

The pairing of the head activator peptide with GPR37 is more elusive (106). Head activator, 

a protein originally isolated from hydra, was claimed to exist in mammals (107), although a 

precursor for head activator has not been found in mammalian genomes. As a final example, 

Arg8-vasotocin, the teleost fish homolog of vasopressin, was proposed as a ligand for 

GPR154 (108), even though GPR154 is a receptor for neuropeptide S (42, 43). These 

examples highlight some of the obstacles and pitfalls in the search for the natural ligands of 

orphan GPCRs.

CONCLUSIONS AND PERSPECTIVE

Tremendous efforts have been directed at deorphanizing GPCRs. Striking successes have 

been achieved, and greater understanding of many physiological responses has resulted from 

this success. Many GPCRs remain to be deorphanized, and the number of successful 

deorphanizations has drastically decreased in recent years. BRS-3 provides an example of 

the problems that one encounters during GPCR deorphanization.

The most formidable challenge is ligand availability. Extremely limited quantities of a ligand 

can render the search fruitless. An example is the isolation of urotensin II–related peptide 

(109), which required the use of 400 rat brains as starting material. Another hurdle exists if 
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the location of the orphan GPCR does not coincide with the site of synthesis of its ligand. 

The discovery of ghrelin (35) is an example: The receptor is in the brain, but its ligand is 

produced in the stomach. Limited availability of the ligand may also occur if the expression 

of the ligand is tightly regulated—for example, if its expression is low (and essentially 

nondetectable) under resting conditions but significantly increased in response to 

environmental or homeostatic factors, such as development, food restriction, reproductive 

status, circadian events, injury, or infection.

Another challenge is functionality of the orphan GPCR. An example is the requirement of an 

orphan GPCR to form functional heterodimers, as occurs for the GABAB receptor (110). 

Although the heterodimeric GABAB receptor may be an exception, relative to the large 

number of GPCRs that are functional by themselves, this possibility cannot be excluded, 

especially when studying orphan GPCRs. Additional accessory proteins may also be 

required; for example, the calcitonin/adrenomedullin GPCR changes its ligand selectivity 

and gains functionality by association with receptor activity-modifying proteins (RAMPs) 

(111). Although this form of heterodimerization has thus far been observed only among 

class B GPCRs, potentially as-yet undiscovered RAMPs of unrelated structures exist and are 

required by certain orphan GPCRs to form functional receptors. It is also possible that 

certain orphan GPCRs are not activated by ligands but instead act to modulate the activity of 

other GPCRs, as occurs for the interaction between the melatonin 1 receptor and GPR50, a 

related orphan GPCR (112).

A requirement of more than one ligand molecule to simultaneously bind to a GPCR might 

also explain unsuccessful attempts to discover natural ligands for certain orphan GPCRs. 

Some GPCRs bind dimeric ligands (glycoprotein hormones) and ligand-gated ion channels, 

e.g., the N-methyl-D-aspartate receptors, and are examples of multiple ligands modulating 

receptor protein activity. Moreover, secretory vesicles often contain neuropeptides together 

with a small-molecule transmitter, such as biogenic amines, glutamate, or nucleotides (e.g., 

ATP). Owing to the large number of possible combinations of such constituents along with 

“traditional” neuropeptide and small-molecule neurotransmitters, it will be difficult to 

include all such possibilities in a screening protocol. To date, there has been no identification 

of a ligand for an orphan receptor that would fit one of the scenarios just outlined, but each 

suggests starting points for new experimental approaches.

Finally, we believe it is important to consider the evolutionary perspective. The Rhodopsin 
GPCR family has undergone large expansion during vertebrate evolution; this expansion 

coincides with development of so-called higher brain functions. A characteristic of many of 

the Rhodopsin receptor genes is their lack of introns, a property that contrasts with those of 

the other GPCR families. Evolutionary events, driven by RNA-based mechanisms instead of 

classical gene duplications, may be responsible for the lack of introns (113), allowing for the 

appearance of chimeric proteins that contain sequences originating from different receptors. 

This might contribute to the discrepancies between phylogenetic clusters and ligand 

preferences and help explain the ligand promiscuity found for several GPCRs. Such 

relatively rapid evolution may also create greater opportunities for new GPCRs to act in 

noncanonical ways. In this respect, the lack of a specific ligand removes the evolutionary 
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constraint essential to receptor function and may speed its evolution. Therefore, it is possible 

that some orphan GPCRs do not act via the typical transmitter-receptor binary model.

The experience described above for BRS-3 reflects some of the problems encountered in 

GPCR deorphanization. It is thus far unique in one aspect: Even though the natural agonist 

of BRS-3 in not known, a drug targeted to this receptor entered clinical trials (114). The 

pharmacological properties of an orally active, potent, and selective BRS-3 agonist has been 

tested in a double-blind, randomized, placebo-controlled study in healthy and obese male 

volunteers. A single dose transiently increased blood pressure and led to penile erection, 

feelings of hot or cold, and/or jitteriness but not to changes in body temperature, heart rate, 

plasma glucose levels, or feelings of hunger or satiety. These effects could be attributed to 

BRS-3 activation. To our knowledge, BRS-3 is the only orphan GPCR that has led to the 

development of a drug administered to humans. Thus, even if orphan receptors cannot be 

deorphanized, using them as therapeutic targets may still be possible. This is a testament to 

the importance of orphan GPCRs in pharmaceutical research.
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SUMMARY POINTS

1. GPCR deorphanization dates from 1988, when the first two orphan GPCRs 

were identified as the 5-HT1A and D2 dopamine receptors.

2. Researchers initially deorphanized orphan GPCRs by matching them to 

known neurotransmitters.

3. In 1995, GPCR deorphanization gained a new dimension, when an orphan 

GPCR was used as a target to discover a novel neuropeptide, OFQ/N.

4. GPCR deorphanization has led to the discovery of a dozen new families of 

neuropeptides—including the orexin/hypocretin family, the kisspeptin family, 

and the ghrelin family—and thereby has enriched understanding of 

physiological responses such as metabolism and reproduction and disease 

states such as narcolepsy.

5. GPCR deorphanization has revealed that some previously known biochemical 

entities display unexpected intercellular signaling roles. Examples include 

UDP-glucose, succinate, and α-ketoglutarate.

6. The results of GPCR deorphanization have extended the concept of specificity 

among classes of GPCR ligands.

7. More than 800 human GPCRs exist, half of which are chemosensory 

receptors. The Rhodopsin GPCR family includes approximately 67 GPCRs 

that await deorphanization.
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Figure 1. 
Evolution of the pharmacological specificity concept. Abbreviations: GHS, growth hormone 

secretagogue; GPCR, G protein–coupled receptor; OFQ/N, orphanin FQ or nociceptin; NOP, 

OFQ/N receptor; NPS, neuropeptide S.
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Figure 2. 
(a) The G protein–coupled receptors (GPCRs) classified according to the GRAFS system 

(named on the basis of its five main classes: Glutamate, Rhodopsin, Adhesion, Frizzled, and 

Secretin). The numbers indicate the approximate numbers of receptors in the different 

classes. The ligands of the Glutamate and Secretin receptors are also indicated. (b) 

Schematic representation of the phylogenetic relationships of the human Rhodopsin GPCRs. 

The phylogenetic relationships are based on those discussed in Reference 83. Orphan 

GPCRs are shown in red. Some GPCR subgroups, analyzed as separate groups in Reference 

83, have been placed according to their phylogenetic positions as described in Reference 85. 
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Encircled areas outline phylogenetic clusters. Receptors with ambiguous relationships to 

other members are indicated by a dotted line.
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Table 1

History of GPCR deorphanizations

1986 GPCRs share sequence similarities; orphan GPCRs can be found by homology

1987 Report of the first reported orphan GPCR: G-21

1988 The first deorphanizations: G-21 as the 5-HT1A receptor and RGB-2 as the dopamine D2 receptor

1989 Introduction of the PCR-based screening approach for the discovery of orphan GPCRs

1995 The first novel transmitter as target of an orphan GPCR: orphanin FQ/nociceptin

1990–present Deorphanized GPCRs

Adenosine A1, A2A, A2B, A3

Adenosine diphosphate

Adrenergic α1A, α1D, α2B, α2C, β1, β3

Adrenomedullin

Anaphylatoxin C3a, C5a

β-alanine, Angiotensin AT1b

D-amino acids

Apelin, basic L-α amino acids

N-arachidonylglycine

Bile acids

Bradykinin

Bombesin BB1, BB3

Bovine adrenal medulla peptide 22

Cannabinoid CB1, CB2

Calcitonin gene related peptide

Chemokine CCR1, CCR2, CCR3, CCR4, CCR5, CXCR2, CXCR3, CXCR4

Cholecystokinin CCKa

Cortistatin

Dopamine D1, D2, D3, D4, D5

Eskine

Estrogen

5-oxo-ETE

Farnesyl pyrophosphate

Follicle-stimulating hormone

Formyl-peptide FPR2

Galanin type 2

Ghrelin

Gonadotropin-releasing hormone

Histamine H2, H3

α-ketoglutarate

Kynurenic acid

Kisspeptin/metastin

Lactate

Latrotoxin
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L-DOPA

Leukotriene B4,C4,D4

Lysophosphatidic acid

Lysophosphatidylcholine

Lysophosphatidylinositol

Medium- and long-chain fatty acids

Melanin-concentrating hormone

Melanocortin MC1, MC2, MC3, MC4, MC5

Melatonin MT1, MT2

3- and 4-methyl-valeric acid

Motilin

Muscarinic acetylcholine M3, M4, M5

Neurokinin NK1, NK3

Neuromedin S, U

Neuropeptides B/W

Neuropeptide FF, AF

Neuropeptide S

Neuropeptide YY1, YY1-like, YY4

Neurotensin NTR2

Nicotinic acid

Oleoylethanolamide

Opioid κ, μ

Orexins/hypocretins

Orphanin FQ/nociceptin

Oxysterols

D-phenylalanine

Prokineticins 1/2

Prolactin-releasing peptide

Prostaglandin DP1, DP2

Prostanoid EP1, EP2, EP3, EP4, FP, IP1, TP

Protease-activated 2,3

Proton

Purinoceptor P2Y1, P2Y3, P2Y4, P2Y6, P2Y8

Psychosine

RFamide-related protein 1,3

Pyroglutamylated arginine-phenylalanineamide peptide

R-spondins

Relaxin-1, -2, -3

Serotonin 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F, 5-HT2A, 5-HT2B, 5-HT4, 5-HT5A, 5-HT5B, 5-HT6, 5-HT7

Sphingosine 1-phosphate

Sphingosylphosphorylcholine

Somatostatin SST1, SST2, SST3, SST4, SST5

Succinate
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Trace amines

Thyrotropin-stimulating hormone

UDP-glucose

Unsaturated long-chain free fatty acids

Uracil nucleotide/cysteinyl leukotrienes

Urotensin II

Vasopressin V1b, V2

Zn2+

Derived from Reference 14.

Abbreviation: GPCR, G protein–coupled receptor; PCR, polymerase chain reaction.
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