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The prosperity of an organism relies on its ability to respond to
its ever changing environment. The mechanism for this adaptive
response is simple in theory; external stimuli are received and
integrated, thereby eliciting a concerted and appropriate response.
This cellular communication depends largely on the transmission
of signal couriers (i.e. “ligands”) from one cell, which are then
received via cell surface and intracellular recognition molecules
(i.e. “receptors”) on the recipient cell (1). The interaction of an
activating ligand (i.e. “agonist”) with the receptor ultimately re-
sults in transduction of the signal via a complex web of biochemical
interactions to produce the required response.

The diversity of physiological responses that occur in multicel-
lular organisms includes the modulation of the central and periph-
eral nervous system and cardiovascular, gastrointestinal, meta-
bolic, reproductive, genitourinary, and immunological functions
and reflects the number of ligand and receptor molecules that elicit
them. These ligands can include environmental stimulants such as
photons, odorants, tastants, pheromones, and viruses as well as
native molecules, including various small molecule neurotransmit-
ters, amino acids, polypeptides, hormones, nucleotides, ions, and
lipids. To accommodate the selective recognition of these diverse
ligands a number of large receptor superfamilies encompassing
both membrane receptors (e.g. G protein-coupled receptors, recep-
tor tyrosine kinases, ligand-gated ion channels, and integrins) and
intracellular nuclear receptors have evolved (2). Taken in its en-
tirety, that portion of the proteome dedicated to ligand reception
has been described as the “receptorome” (3) and encompasses more
than �5% of the human genome (2).

The richness in both number and diversity of physiological re-
sponses that receptors control, as well as the relative success in
developing clinically active small molecule ligands for them, has
made the receptorome the most successful target for therapeutic
drug discovery (4). However, the full therapeutic potential of the
receptorome remains untapped, especially when considering that
native ligands for many “orphan” receptors remain elusive (2, 4).
Furthermore, comprehensively screening existing drugs at the re-
ceptorome has revealed a previously unanticipated level of com-
plexity in terms of selectivity and diversity in the number of recep-
tors targeted by drugs (5). Together, identifying ligands for orphan
receptors (i.e. “deorphanization”) and profiling drug interactions at
deorphanized receptors will offer new insights into disease patho-
genesis and provide improved therapeutics.

To facilitate the discovery process, it is necessary to develop
means of high throughput screening (HTS)1 for drug-like com-
pounds against the receptorome. These screens take advantage of
receptor properties (e.g. sequence content, ligand binding, and sig-
nal transduction) that can be screened virtually (in silico) or em-

pirically (physical HTS assays). This review will focus on various
approaches for mining the G protein-coupled receptor (GPCR) re-
ceptorome superfamily. The GPCR superfamily is one of the largest
protein constituents of the genome and is a significant portion of
current pharmaceutical targets (2, 4, 6). Importantly, the princi-
ples described herein toward mining the GPCR receptorome may
be applied to other receptorome superfamilies.

The GPCR Receptorome
Analysis of the human genome has revealed the existence of

735–802 GPCR open reading frames, of which �375 are neither
olfactory nor taste receptors (3, 7). Based on sequence homology
and, to a lesser extent, pharmacological similarities, human
GPCRs fall into one of five families: A (rhodopsin), B (secretin), C
(glutamate), adhesion, and Frizzled/Smoothen/Taste2 (7). Family A
is the largest family, and its members recognize a diverse array of
ligands including odorants, biogenic amines, neuropeptides and
peptidergic hormones, lipids, nucleotides, proteases, or in the case
of the prototypical family A receptor, rhodopsin, photons (8). The
family B receptors are responsive to hormones and peptides. The
family C receptors are activated by amino acids, ions, and tastants.
Adhesion receptors are hypothesized to interact with extracellular
matrix or membrane-bound proteins whereas Frizzled and Taste2
receptors are activated by Wnt proteins and tastants, respectively.

GPCRs, which differ vastly in primary sequence, share a com-
mon hydrophobic arrangement indicative of a seven-transmem-
brane topology and, therefore, are also referred to as seven-trans-
membrane (7TM) or heptahelical receptors (Fig. 1). The crystal
structure of bovine rhodopsin demonstrates, as predicted, 7TM
helices oriented such that the N terminus is extracellular and the
C terminus of the receptor is intracellular with the 7TM helices
being separated by three intracellular and three extracellular loops
(9). Common binding sites for endogenous ligands include the N
terminus and/or extracellular loops for endogenous peptide ligands
or, in the case of small molecules like biogenic amines, a hydro-
philic pocket formed between the TMs near the extracellular face
(8). Most small molecule drugs are directed toward this hydrophilic
pocket that is suitable for controlling the activity of receptors in
which native ligands bind within or even outside this pocket (8).

The vast majority of 7TM receptors couple to and activate het-
erotrimeric G proteins to stimulate production of second messen-
gers (8). The heterotrimeric G protein consists of a G� subunit and
the G�� complex, both of which can activate effectors. Including
splice variants, there are 18 G�, 6 G�, and 12 G� subunits in
humans (10). The theoretical combinational complexity of receptor
and G protein associations is likely constrained through preferen-
tial interactions between receptors and G proteins in conjunction
with cell type-specific expression patterns (10, 11). GPCRs couple
to and activate one or more of the four distinct G protein classes
defined by the G� subunit (G�s, G�i/o, G�q/11, or G�12/13) leading to
activation of distinct effectors (Fig. 1 and Refs. 8 and 12).

A range of responses (including cell proliferation, differentiation,
contraction, and neurotransmitter release) is dependent upon cell
type, specificity of G protein coupling, and the duration and inten-
sity of receptor activation (13). Many of these responses are a
consequence of modified gene expression resulting from the quasi-
universal activation of MAPK pathways by GPCRs (13, 14). A
number of receptor-associated proteins, particularly scaffold pro-
teins (e.g. PDZ-containing proteins, �-arrestins, caveolins, etc.), are
likely to also differentially organize responses (8, 15, 16). Thus,
depending on the expression profile of these proteins, different cell
types may respond differently to receptor activation by the same
ligand-receptor pair.

“Receptor-omics”: Computationally Screening
the Receptorome

Bioinformatics Approaches to Deorphanize GPCRs—The human
genome project and EST data bases have accelerated the identifi-
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cation of potential members of the various receptor superfamilies,
including the GPCR superfamily. As a result, there is an increasing
emphasis on “reverse pharmacology”-based approaches to identify
endogenous ligands (“deorphanize”) and assign physiological func-
tions to the �160 non-olfactory orphan GPCRs (oGPCRs) (2–4, 7).
Several bioinformatic approaches have been employed to identify
ligands for oGPCRs. A first approach to narrow possible ligands for
oGPCRs is to match oGPCRs with GPCRs with known ligands
using sequence homology. BLAST, or more sophisticated and accu-
rate programs designed to decipher relationships between family
members based on consensus domain profiling and hidden Markov
models, have been used to identify closely related receptors and
have even been successful at providing hints to the identity of
ligands for some receptors (17, 18). The bioinformatic analysis of
receptor sequences has recently revealed the potential to predict G
protein associations, which if applied to oGPCRs may help to
identify the best experimental platform (see below) for their
deorphanization (19). As well as aiding to deorphanize receptors,
computational genomics approaches are likely to link receptor

dysfunction with disease and provide insight into population vari-
ances in therapeutic responsiveness by identifying genetic mutations
and polymorphisms (20). In addition to receptor homology, creating a
data base of tissue expression profiles for GPCRs, their signaling
components, and potential ligand transcripts is one means of deter-
mining potential oGPCR ligands and functions or a means to bestow
insights into which GPCRs (e.g. GABAB(1a) and GABAB (2) receptors
heterodimerize to form a functional receptor) dimerize in vivo (Fig.
2S, A) (reviewed in Ref. 21).

Computational Approaches—Molecular modeling is another in
silico method that has classically been used to study receptor
structure-function and, more recently, to virtually screen com-
pound libraries for both deorphanization and drug discovery efforts
(Fig. 2S, B). Most GPCR molecular models have been created by
homology modeling with the crystal structure of inactive bovine
rhodopsin (22, 23). These models have been successful in identify-
ing known antagonists and agonists from seeded libraries (24).
Furthermore, computational development of ligand pharmaco-
phores to virtually screen drug libraries has successfully identified

FIG. 1. Functional assays based on diverse signaling and regulation of GPCRs. 1, G protein activation. Agonist-induced GPCR activation results
in the exchange of GDP with GTP within G� and can be monitored using non-hydrolyzable [35S]GTP�S. The intrinsic GTPase activity of G� (release of 32Pi
from [�-32P]GTP), which is enhanced by RGS proteins, has also been assayed. 2, second messenger production by G protein-activated effectors. The
modulation of G protein effectors (e.g. G�s stimulation and G�i/o inhibition of AC-stimulated cAMP production or activation of PLC� by G�q/11) is well
established as are the principal assays for examining GPCR activation. Fluorescent measurement of intracellular Ca2� release resulting from PLC�-driven
IP3 production is a convenient functional assay platform. Similarly, other G protein-activated effectors, such as ion channels, may be monitored by fluorescent
dyes that bind to ions and/or respond to changes in membrane potential or pH. 3, GPCR desensitization and receptor membrane expression. Following agonist
activation, GPCRs are desensitized via phosphorylation and internalization into endosomes and are either recycled back to the cell surface or degraded in
lysosomes. HTS assays have been designed to monitor transitions in cellular localization of proteins involved in desensitization (e.g. transient redistribution
of �-arrestins from the cytosol to the membrane following agonist treatment (48)) or enhanced cell surface expression of wild-type and constitutively active
GPCRs by inverse agonists (31, 49). 4, transcriptional activation following GPCR stimulation. A number of reporter assays have been developed to monitor
the transcriptional activation of reporter genes and/or cell proliferation in response to GPCR-mediated activation of MAPK pathways (50, 51). 5,
ligand-induced GPCR dimerization. Co-expression of GPCRs differentially tagged with fluorescent markers has been used in combination with resonance
energy transfer methods, such as fluorescence resonance energy transfer (FRET) and bioluminescence resonance energy transfer (BRET), to identify agonists
based on spectrum shifts resulting from ligand-induced receptor dimerization and/or G protein dissociation (52). GIRK, G-protein-activated inwardly
rectifying K� channel; VDCC, voltage-dependent Ca2� channel; GRK, G-protein-coupled receptor kinase; �ARR, �-arrestin; PIP2, phosphatidylinositol; DAG,
diacylglycerol; RAF1, MEK1, and ERK1/2, mitogen-activated protein kinases; RGS, regulator of G protein signaling.
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lead compounds and assisted the subsequent development of useful
analogs (25). As more validated molecular models accumulate, drug
candidates may be screened in silico against a “virtual recep-
torome” to identify possible drug interactions.

Data bases, such as the NIMH-PDSP web site (pdsp.cwru.edu/
pdsp.htm) that hosts a data base comprising over 29,300 Ki values
compiled from the literature and the NIMH-PDSP screening initi-
ative, allow users to quickly identify commonalities among drug-
receptor interactions. Such data bases may be used to find receptor-
specific drugs, identify lead compounds, and elucidate the
structural features of ligands.

Receptoromics: Physically Screening the Receptorome
Various approaches are, at least theoretically, available for phys-

ically screening the receptorome. Ideally, receptoromics profiling
could be utilized both to identify the molecular targets for endog-
enous ligands and as a drug discovery tool. These approaches are
described in the following sections.

Ligand Binding Screens—Competition ligand binding experi-
ments between a test ligand and a receptor-specific high affinity
radiolabeled ligand using either whole cell or cell membrane prep-
arations in multiwell (96�) formats have been used to identify
ligand-receptor interactions. A distinct advantage of high through-
put binding assays is the ability to use frozen stocks of tissue or
cellular membranes as opposed to live specimens (which are re-
quired for most functional assays). However, several major draw-
backs to binding screens exist: 1) they primarily rely on radiola-
beled ligands; 2) they do not distinguish between the functional
properties of ligands (i.e. agonist, partial agonist, inverse agonist,
and antagonist); 3) they are not readily suitable for identifying
allosteric ligands that bind distinctly from the primary (ortho-
steric) binding site (26); and 4) they are not suited for deorphaniz-
ing receptors. To date, no commercial or public entities have the
resources to completely screen the receptorome, although with the
advent of the Molecular Libraries Initiative (nihroadmap.nih.gov/
molecularlibraries/index.asp) as part of the NIH Roadmap Initia-
tive, such a capacity may be available in the future. At present, in
the public domain, the NIH/NIMH-PDSP has the single largest
collection of receptors composed of receptorome superfamilies in-
cluding GPCRs, transporters, and ligand-gated ion channels for
which compounds may be physically screened. A unique property of
the NIH/NIMH-PDSP is that many receptors are probed simulta-
neously against a given ligand (Fig. 3S).

Functional Screens—Functional screens based on receptor acti-
vation/signaling represent a complementary approach to empiri-
cally identifying endogenous and exogenous receptor ligands. In
general, functional screening of GPCRs relies on receptor activa-
tion of G proteins to modulate effector activity and generate second
messengers, which provoke signaling cascades eliciting a cellular
response. As shown in Fig. 1, virtually every conceivable signal
transduction pathway has been “hijacked” for HTS (96� well for-
mat) functional screening.

Fluorescent measurements of Ca2� release induced by IP3 pro-
duced following activation of G�q/11-coupled receptors have become
a staple of HTS (27). Thus, there have been many successful efforts
to adopt non-G�q/11-coupled receptors and oGPCRs to universal
signaling through the PLC�/Ca2� pathway (18, 27). To achieve
this, investigators have taken advantage of “promiscuous” G�15

and G�16 proteins, which nonspecifically couple with a large num-
ber of GPCRs to activate PLC� (28). Additionally, chimeric G�q/11

proteins, which either have their extreme C-terminal amino acids
removed or exchanged with those of G�s or G�i/o, have been engi-
neered to allow pan-activation of PLC� by G�s- or G�i/o-coupled
receptors (18, 27, 28). However, to date no truly “universal coupling”
system exists (28). Furthermore, these artificial G protein coupling
systems may identify ligand potencies and efficacies that are non-
physiological (12, 29). Another concern in developing HTS screens,
especially when using heterologous expression systems, is whether a
receptor is expressed on the cell surface in a particular cellular
setting that may not contain the appropriate chaperone proteins (18,
30). With these concerns in mind, constitutively active GPCRs (i.e.
mutated receptors that are active in the absence of ligand) have
been used to establish which G proteins, cell system, or cellular
milieu is acceptable for screening a given receptor (18, 31–34).

A number of heterologous expression systems have also been
used to monitor ligand-dependent GPCR activation. GPCR-medi-
ated pheromone signaling in the budding yeast, Saccharomyces
cerevisiae, has been genetically manipulated to allow activated
mammalian GPCRs, heterologously expressed in these yeast, to
stimulate a MAPK pathway leading to transcriptional activation of
pheromone-responsive promoters to drive reporter gene expression
(35). As most mammalian cellular systems express a variety of
endogenous GPCRs, yeast offer the unique advantage of a “clean”
expression system. Xenopus laevis melanophores offer another het-
erologous expression system to screen for mammalian GPCR acti-
vation (18, 31, 34). Melanosomes, organelles containing dark mel-
anin pigment, found within melanophores will aggregate upon
inhibition of AC activity or disperse upon stimulation of PLC� and
AC resulting in cell lightening or darkening, respectively.

Validation of Molecular Targets—Assignment of the physiologi-
cal roles of GPCRs lags behind that of receptor deorphanization. To
designate likely physiological roles with oGPCRs, investigators
have determined expression profiles (Fig. 2S, A) as well as gener-
ated transgenic animals to either knock-out the receptor or
knock-in a constitutively active one at the native gene locus (31,
36). However, as a number of constitutively activated GPCRs are
prone to induce cellular hyperplasia, unexpected phenotypes may
arise simply because of cellular transformation in vivo (13, 37).
Moreover, although some receptors will have similar pharmacology
and phenotypes between mice and humans, others frequently dif-
fer, which may foster false assumptions about the role of specific
receptors in human disease (38). Therefore, studies in lower orga-
nisms should be cautiously interpreted.

Another emerging tool to decipher receptor physiology in vivo is
receptors activated solely by synthetic ligands (RASSLs) (39).
These are receptors engineered to be non-responsive to their en-
dogenous ligands and, instead, are selectively activated by foreign
small molecules. In combination with advanced transgenic tech-
niques (e.g. temporal and tissue-specific expression) these recep-
tors will be convenient molecular “switches” to turn on and off
cellular signaling. Additionally, ligand-activated chimeric recep-
tors consisting of the extracellular side (ligand binding) of one
receptor and intracellular side (G protein coupling) of another have
been made from divergent receptors, suggesting that these chime-
ras may be used to deorphanize oGPCRs or as RASSLs (40, 41).

Recent Receptorome-based Discoveries
Fen-Phen and the Valvulopathic Receptor—The anorectic drug

fenfluramine, found in the dietary supplement “fen-phen,” was
found to increase the risk of developing potentially fatal conditions
of pulmonary hypertension and valvular heart disease in individ-
uals prescribed these medications to treat obesity (42). The discov-
eries that 5-HT2B receptors were 1) abundantly expressed in heart
valves 2) activated by fenfluramine and its metabolite, norfenflu-
ramine, and 3) activated by other valvulopathic drugs suggested
that 5-HT2B receptors were involved in valvulopathy etiology (43,
44). Subsequently several other 5-HT2B agonists were also found to
be valvulopathogenic (Fig. 3S) (45). As 5-HT2B agonists are thera-
peutically liable, we have suggested all pharmaceuticals should be
screened for activity at 5-HT2B receptors prior to further commer-
cial development (44, 45).

The “Magic Mint” Hallucinogen—The benefit of broad recep-
torome screening can be appreciated in the case of identification of
the molecular target of salvinorin A, a naturally occurring and
potent hallucinogen from the sage Salvia divinorum (46). Interest-
ingly, salvinorin A, a non-nitrogenous diterpenoid, is structurally
distinct from other hallucinogens (46). When salvinorin A was
profiled, it was found to have high affinity and be a potent agonist
for the � opioid receptor (KOR) (46). This interaction was specific
for KOR, as salvinorin A did not have appreciable affinity for either
� or � opioid receptors, and unlike lysergic acid diethylamide
(LSD), salvinorin A has no affinity for 5-HT2A receptors, which are
classically associated with hallucinations and psychosis (46). This
finding suggests that the disease states associated with alterations
in perception (e.g. schizophrenia, Alzheimer disease, etc.) could
potentially be treated with KOR-specific antagonists or modifica-
tion of traditional antipsychotics to include inhibition of KOR (46).

The Human Polyomavirus, JCV, Co-receptor—A recent study by
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Elphick et al. (47) investigating the inhibition of JCV infection by
antipsychotics highlights the importance of pharmacological pro-
filing in discovering roles of receptors in diseases. Infection of
oligodendrocytes by the human polyomavirus, JCV, results in neu-
ronal demyelenation, which is responsible for the fatal disease of
progressive multifocal leukoencephalopathy (PML). Although per-
sistent JCV infection is common in the general population, spread
of the infection to the central nervous system, leading to PML,
occurs primarily in immunosuppressed AIDS or cancer patients. It
was appreciated that the �2,6-linked sialic acid glycoprotein is a
component of the JCV receptor; however, the recent identification
that antipsychotics, such as clozapine, inhibit JCV infection sug-
gested that one of the several receptors having an affinity for such
drugs may be a JCV co-receptor. In the initial attempt to decipher
which of these receptors is the JCV co-receptor, the investigators
used a combination of glial cell receptor expression profiling as well
as receptor-specific small molecules and antibodies. These and
further experiments pointed to a subclass of serotonin receptors,
which help to internalize JCV bound to the �2,6-linked sialic acid
protein. Importantly, by identifying novel receptors involved in the
infection of JCV this study may offer the first available preventive
treatment for PML (47).

Conclusion
The wealth of sequence information compiled from the human

genome project has allowed for the identification of most compo-
nents of the receptorome. The challenge, as for most proteome
superfamilies, is to use this information as a launching point to
better understand the physiological roles of each receptor. Broad,
unbiased receptorome screens, such as those described above that
simultaneously identify ligand interactions for a panel of receptors,
have led to the discovery of novel drug-receptor interactions. Deci-
phering these interactions will identify additional therapeutic tar-
gets and receptors responsible for the side effects of currently
marketed drugs. Finally, receptorome screening frequently refutes
the notion that the “one drug-one receptor” approach is appropriate
for designing drugs for complex diseases (5).
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