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Preface

G-protein-coupled receptors (GPCRs) play a major role in regulating
the overall homeostasis of complex organisms such as mammals but are
also found in primitive species such as Dictyostelium (slime mold) and
yeast. The GPCR superfamily is quite diverse and sequencing has re-
vealed more than 850 genes comprising approximately 3% of the human
genome. The diversity of the GPCRs is equally matched by the variety of
ligands that activate them, which include odorants, taste ligands, light,
metals, biogenic amines, fatty acids, amino acids, peptides, proteins,
nucleotides, lipids, Krebs cycle intermediates, and steroids. Because of
their central role in regulating normal physiological responses, GPCRs
have attracted considerable attention from the pharmaceutical industry
as targets for disease. This large superfamily of proteins remains one
of the most druggable targets, accounting for more than 40% of all
marketed therapeutics.

Based on their ever-growing importance, as outlined above, a recent
Ernst Schering Research Foundation Workshop held in Berlin, Ger-
many, focused on GPCRs. Entitled “GPCRs: From Deorphanization to
Lead Structure Identification,” the workshop brought together leading
experts from a variety of areas to discuss recent advances in the field.
Professor Henry Bourne of UCSF gave an enthralling keynote lecture
entitled “G-Proteins and GPCRs: From the Beginning” This lecture
chronicled the progress made from Earl Sutherland’s original Nobel
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Prize-winning achievement in discovering cyclic AMP as a second mes-
senger molecule to the discovery of G-proteins and Gapers. As Professor
Bourne reminded us, these breakthroughs were all the more remarkable
because they were achieved in the absence of many of the breakthrough
technologies we all take for granted nowadays such as molecular cloning
and PCR.

The formal presentations on the second day began with a lecture from
Professor Hartman Michel of the Max Planck Institute in Frankfurt, Ger-
many, who discussed approaches to obtain protein crystals of GPCRs. As
Professor Michel reminded us, despite massive efforts only one GPCR,
bovine rhodopsin, has so far succumbed to this approach. Professor
Michel’s presentation centered on the methods that he and other groups
are using with expression systems to try to overcome some of the hur-
dles in obtaining sufficient active protein to enable crystallization. At this
point, the workshop shifted gears and switched from discussing models
determined from a protein crystal of a GPCR to models derived from
analysis of GPCRs by in silico methods. First up was Professor Gert
Vriend of the CMBI at Nijmegen with a thought-provoking presentation
centered on molecular modeling of GPCRs. Comparing predictions of
GPCR structure, Professor Vriend noted that numerous problems and
errors remain inherent in most of these models, even those based on
the crystal structure of bovine rhodopsin. He pointed out that although
homology modeling of GPCRs has reached a vogue in drug discovery, it
needs to be approached with some caution and is not quite as predictable
as its proponents would have us believe. Following this controversial
viewpoint, Professor Alex Tropsha of UNC Chapel Hill continued in a
similar vein, albeit more optimistically, with a presentation that exam-
ined the role of QSAR in aiding and abetting drug discovery for GPCRs.
Here the idea is that known small molecule ligands for a given GPCR
can be used to build models with which to interrogate the chemical
universe to discover new structures for that receptor. Professor Tropsha
pointed out that ligand-based modeling has been successfully applied
to a number of receptors, including those from the dopaminergic and
serotinergic receptor families, which he used as examples.

The well-established idea that particular classes of ligand substruc-
tures seem to occur quite frequently in pharmacologically success-
ful small molecules was the theme developed by Dr. Robert Bywater
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of Magdalen College, Oxford. The notion of privileged structures in
GPCRs has been exploited in drug design and, as pointed out by Dr. By-
water, has been useful to generate both receptor agonists and antagonists.
He concluded his seminar by suggesting that the concept of privileged
structures might be useful in designing drugs for orphan GPCRs whose
natural ligands have not yet been identified. Two further speakers high-
lighted the treasure trove of targets that have yet to be discovered from
the large pool of orphan GPCRs. Dr. Alan Wise of GSK, Harlow, UK,
gave several examples of receptor deorphanization approaches used at
GSK. In particular he pointed out the use of a knowledge-based ap-
proach for the successful pairing of nicotinic acid with the receptor
HM74. Nicotinic acid has been used clinically for over 40 years to treat
dyslipidemia acting on adipose cells. Expression analysis revealed that
ten orphan GPCRs were expressed in adipose tissue. These were recom-
binantly expressed and binding experiments revealed that HM74 was the
nicotinic acid receptor. Professor Marc Parmentier from the University
of Brussels, Belgium, continued along the same lines, highlighting the
successful strategies for deorphanizing GPCRs currently employed in
his group. Reverse pharmacological approaches that involve extraction
of putative ligands for GPCRs from tissue extracts then testing them for
activity on orphan GPCRs were a feature of his presentation. An exam-
ple of this was the identification of nocipeptin as the ligand for ORL1
and apelin as the ligand for the APJ receptor. Dr. Parmentier finished
his seminar by pointing out that some orphan GPCRs might only exist
as receptor heterodimers, which would be incredibly difficult to deor-
phanize. The concept of GPCR dimers was amply illustrated from his
own work with chemokine receptors, for example CCR2/CCR5, which
he showed can exist as heterodimers.

Clearly, the existence of chemokine receptors as dimers will have a
profound effect on drug discovery since many existing paradigms and
concepts will have to be altered if we are to be successful in finding drugs
that target these complexes. Professor Graeme Milligan of the Univer-
sity of Glasgow, Scotland, UK, took us down this new avenue with his
presentation looking at the role of GPCR dimerization in receptor signal-
ing. Professor Milligan reminded us that the only established example
of GPCR dimers comes from atomic force microscopy of murine rod
outer-segment discs that reveal that rhodopsin is organized in a series
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of parallel arrays of dimers. This organization of GPCRs as homo- or
heterodimers may be more common than we imagine and Professor Mil-
ligan illustrated this with examples such as the alpha adrenergic receptor
and the interesting heterodimer formed between the cannabinoid 1 and
the orexin receptors, which explain the pharmacological action of the
appetite suppressant Rimonabant.

Dr. Rob Leurs of the Vrije Universiteit Amsterdam, The Nether-
lands, reminded us that viruses have exploited human GPCRs very
effectively to overcome host defense mechanisms so that they can prop-
agate. A chilling example is the use of the chemokine receptors CCR5
and CXCR4 as vehicles of entry for HIV-1, which gives rise to the deadly
disease AIDS. Dr. Leurs showed that viruses could also express GPCRs,
potentially pirated from their hosts. An example of this was the human
cytomegalovirus virus US28, which has been associated with chronic
diseases and malignancies. Examples of targeting these and other viruses
with small molecule antagonists might open up new avenues of treatment
for some human diseases.

Professor Eric Prossnitz of the University of New Mexico, Albu-
querque, returned us right back to Henry Bourne’s opening address with
his discussion of receptor signaling. His theme was that GPCRs exist
in a large variety of conformations. These can be ligand-induced or can
be induced by post-translational modifications. As Professor Prossnitz
reminded us, these conformations are unique and might represent novel
targets for drug discovery and therapeutic intervention.

Two excellent presentations by representatives from the pharmaceu-
tical industry highlighted approaches in drug discovery for GPCRs.
The first by Dr. Ralf Heilker from Boehringer Ingelheim, Biberach an
der Riss, Germany, explained the advantages of high-content screen-
ing to monitor G-protein-coupled receptor internalization as a means of
drug discovery. High-content screening is a combination of fluorescence
microscopic imaging and automated image analysis, and has found in-
creasing use in monitoring the effects of compounds in cellular systems,
for example receptor desensitization, in which receptors internalize after
ligand stimulation. The use of such assays to pharmacologically profile
compounds was very nicely demonstrated by Dr. Heilker. Dr. Andreas
Sewing of Pfizer outlined drug discovery approaches employed in his
company to generate therapeutics targeting GPCRs. His seminar cen-
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tered on high-throughput screening approaches for rapidly discovering
lead compounds. The choice of the assay employed is obviously impor-
tant for success, as already discussed by the previous speaker. There was
further discussion on reagent generation and supply and lead-finding
strategies applied to biological screening. Finally, the hit-to-lead and
lead-optimization processes were discussed.

All in all, the meeting greatly exceeded all of our expectations and
lived up to the ideals of the Ernst Schering Research Foundation Work-
shop to sponsor meetings that bring together a critical mass of top
scientists working in important areas in an intimate setting that fosters
the free exchange of knowledge and ideas.

H. Bourne
R. Horuk
J. Kuhnke
H. Michel
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Abstract. From the point of view of a participant observer, I tell the discov-
ery stories of trimeric G-proteins and GPCRs, beginning in the 1970s. As in
most such stories, formidable obstacles, confusion, and mistakes make even-
tual triumphs even more exciting. Because these pivotally important signaling
molecules were discovered before the recombinant DNA revolution, today’s
well-trained molecular biologist may find it amazing that we learned anything
at all.

Born three decades ago and now grown to robust maturity, trimeric
G-proteins and G-protein-coupled receptors (GPCRs) continue to gen-
erate exciting advances in biology and drug discovery. Here I recount
the story of their births, from the point of view of a participant observer.
As in most discovery stories, formidable obstacles, confusion, and mis-
takes make eventual triumphs even more satisfying.
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Two unrelated events—Sutherland’s discovery of cAMP in the 1950s
and the Vietnam war of the 1960s—brought me into the story. To avoid
military service, I spent two years at the National Institutes of Health
(NIH), in Bethesda, Maryland, where I learned to measure cAMP syn-
thesis in fat cell extracts. In 1969 I moved to the University of California
San Francisco (UCSF) as a research fellow, and began to study cAMP in
human leukocytes, a choice that reflected widespread interest in cAMP
as a second messenger, plus the fact that no one else west of the Missis-
sippi river knew the adenylyl cyclase assay. Neither I nor my colleagues
could have foreseen the delights cAMP would eventually bring.

Indeed, signaling research in the 1960s and 1970s would be almost
unrecognizable to scientists trained after the recombinant DNA revo-
lution of the 1980s. The cutting edge was hard-core biochemistry, but
many experiments focused on bio-assays using animal tissues or en-
zyme assays in extracts. In multiple laboratories from 1964 to 1972,
I never heard the words “genetics”, “DNA”, or “evolution” mentioned,
much less used in planning an actual experiment. Today’s molecular
biologists will find it astonishing that we learned anything at all.

I shall tell the birth stories of G-proteins and GPCRs in more or less
chronological order, emphasizing what investigators thought and imag-
ined at the time and explicitly labeling explanations based on hindsight.
A caveat is in order: more memoir than scholarly treatise, these stories
necessarily reflect a personal point of view, replete with limitations of
observer bias, faulty memory, and ignorant omission. Nonetheless, the
message is as true as I can make it, even if some details are wrong.

1 Prologue: GTP Enters the Picture

In the early 1970s, Martin Rodbell’s laboratory at the NIH was as-
saying adenylyl cyclase and binding of radioactive glucagon in liver
membranes. Lutz Birnbaumer, who was responsible for many of the ex-
periments, tells me (L. Birnbaumer, personal communication) that they
were pleased when the EC50 for glucagon’s activation of adenyl cy-
clase appeared identical to its Kd for binding to membrane sites. But
Lutz reminded his colleagues that the cyclase assay contained Mg2+

and ATP, while the binding assay did not. Repeating the binding as-
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Fig. 1. The receptor and adenylyl cyclase in the early 1970s. The diagram is
taken from a slide presented in seminars by the author in 1973–1975

says in the presence of Mg2+ and ATP produced a disconcerting result:
the glucagon binding curve shifted to the right, with a higher Kd. As-
tutely, they tested other nucleotides: GTP shifted the binding curve more
potently than ATP (Rodbell et al. 1971b). (The “pure” ATP they used
turned out later to be contaminated by GTP.) A chemically pure syn-
thetic ATP analog did not shift the binding curve, but did serve as an
effective substrate for glucagon-stimulated cAMP synthesis, but only if
GTP was added to the assay (Rodbell et al. 1971a).

These observations triggered fanciful speculations, but investigators
were slow to realize that the evidence might point to a GTP-binding
protein distinct from both receptor and adenylyl cyclase. Now we know
that GTP reduced the receptor’s affinity for glucagon by preventing the
trimeric G-protein, Gs, from enhancing the GPCR’s affinity for ago-
nist: agonist affinity was reduced because GTP binding to Gs caused it
to dissociate from the GPCR (De Lean et al. 1980; Ross and Gilman,
1980). At the time, however, many were not even convinced, despite ac-
cumulating evidence, that receptors and adenylyl cyclase were separate
molecules (see Fig. 1). In 1975, Al Gilman’s laboratory summarized
their failed attempts to purify adenylyl cyclase in the title of a paper:
“Frustration and adenylate cyclase” (Maguire et al. 1975).

Key insights into the mysterious relation between GTP and adeny-
lyl cyclase came from Zvi Selinger’s laboratory (Cassel et al. 1977;
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Cassel and Selinger, 1976). He and his colleagues were intrigued by
a report from the Rodbell laboratory (Londos et al. 1974) showing that
a hydrolysis-resistant GTP analog, Gpp(NH)p, activated adenylyl cy-
clase on its own, and to an extent greater than GTP; moreover,
Gpp(NH)p cooperated with hormones to further stimulate cAMP syn-
thesis. If resistance to hydrolysis made GTP more effective, they rea-
soned that hormones might regulate GTPase activity. Soon the Selinger
lab found that a GTPase activity in turkey erythrocyte membranes was
stimulated by isoproterenol, and that this stimulation was blocked by
propranolol. They proposed that cAMP synthesis depended on agonist-
stimulated binding of GTP to a component of the adenylyl cyclase com-
plex, that GTP hydrolysis terminated stimulation, and that continued
cAMP synthesis required repeated agonist-stimulated cycles of GTP
binding and hydrolysis. Their proposals were not greeted with enthu-
siasm. The Journal of Biological Chemistry rejected the first Selinger
paper, which was deemed “prejudice not science”, because “if anything,
the hormone should inhibit GTP hydrolysis” (Z. Selinger, personal com-
munication). In 1976, a respected senior investigator—perhaps a re-
viewer of the Selinger paper—admonished me to “be very cautious
about accepting such a strange interpretation”.

2 The Stimulatory Regulator of Adenylyl Cyclase

In 1972, I struck up a commute bus conversation with Gordon Tomkins,
a UCSF faculty member. Gordon told me that somatic genetics—an en-
tire field that was news to me—could furnish valuable clues to under-
standing hormone action. A postdoc in his laboratory had found that S49
mouse lymphoma cells die when exposed to a cAMP analog, and was
beginning to isolate cAMP-resistant S49 variants (Daniel et al. 1973).
cAMP resistance, Gordon suspected, resulted from mutation of a gene
encoding a key protein in the cAMP response pathway. I jumped at the
chance to join the project.

Soon I found myself working with Phil Coffino, an immensely tal-
ented postdoc in Gordon’s lab. We isolated cAMP-resistant clones car-
rying mutations that inactivated protein kinase A (Bourne et al. 1975b;
Coffino et al. 1975; Insel et al. 1975). Then we looked for an S49
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clone lacking the β-adrenoceptor (β-AR). We imagined that such cells
would die in the presence of cAMP analogs but resist killing by iso-
proterenol. To our surprise, clones that met these criteria also failed to
die, or even to accumulate cAMP, in response to two additional stimula-
tors of adenylyl cyclase, prostaglandin-E1 and cholera toxin. We called
these cells cyc–, to indicate a deficiency of adenylyl cyclase (Bourne
et al. 1975a), unaware that somatic genetics was hinting at existence of
a protein we could not then imagine.

Later in 1974, Gordon received a postdoctoral application from
a Cornell graduate student, Elliott Ross. Elliott’s letter proposed to re-
constitute hormone-sensitive adenylyl cyclase in cyc– membranes, us-
ing wild type S49 membranes as a source for purifying the component
missing in cyc–. Gordon promptly invited Elliott to join his lab, but it
was not to be: a few months later, Gordon died after a brain operation,
and Elliott joined Al Gilman’s laboratory instead. We had sent cyc– cells
to the Gilman laboratory as part of a separate collaboration, resulting in
a paper (Insel et al. 1976) whose title revealed the meager state of our
knowledge: “β-adrenergic receptors and adenylate cyclase: Products of
separate genes?” (We got the right answer, all the while ignoring the
fact that cyc– cells are not deficient in adenylyl cyclase.)

Much more important, with cyc– cells in hand Elliott could begin
to tackle reconstitution of isoproterenol-stimulated adenylyl cyclase.
It was not easy. Elliott and Al plowed through myriad detergent extrac-
tions and reconstitution strategies before they showed that cyc– can be
persuaded—by addition of a membrane extract from wild type cells—
to synthesize cAMP in response to isoproterenol (Ross and Gilman
1977a). Then came the critical observations: cyc– membranes do not
lack adenylyl cyclase, and wild type extracts supplied to the recon-
stituted mixture an activity that was neither adenylyl cyclase nor the
β-AR, both of which were already present in cyc–; instead, the wild type
extract supplied a new entity, whose thermal stability was increased by
a GTP analog (Ross and Gilman 1977b).

By 1980 painstaking efforts in the Gilman laboratory had purified
this entity, showing that the cyc– mutation inactivates a protein they
named Gs, the stimulatory regulator of adenylyl cyclase (Ross and Gil-
man 1980). Discovery of the αβγ structure of Gs led rapidly to new
insights, including the pathogenesis of three diseases. The ability of
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whooping cough (pertussis) toxin to inhibit GTP-dependent hormonal
inhibition of adenylyl cyclase and catalyze covalent modification of
a Gα protein distinct from αs (Murayama and Ui 1983) led to discovery
and purification of a second putative trimeric G-protein, which we now
call Gi (reviewed in Gilman 1987). (Now we know that this effect of
pertussis toxin inhibits Gi activation, thereby causing the bronchial irri-
tability of whooping cough.) Gαs, the target of the cyc– mutation, turned
out to be the target of two diseases. Cholera is caused by a toxin that el-
evates cAMP in gut cells by covalently modifying αs, thereby turning
off its GTPase activity and stabilizing it in its active form (Cassel and
Pfeuffer 1978; Cassel and Selinger 1977; Johnson et al. 1978). Muta-
tional inactivation of one αs allele causes the second disorder, pseudo-
hypoparathyroidism, in which patients respond poorly to hormones that
activate Gs-coupled receptors (Farfel et al. 1980).

3 Rhodopsin and Transducin

The extraordinary abundance of rhodopsin and transducin in retinal rod
cells facilitated their initial discovery, and eventually made them the
best-understood receptor-G-protein pair, at the levels of 3D structure,
biochemical properties, and downstream signals. Rhodopsin was iden-
tified as a photosensitive pigment in the 1870s (reviewed in Hsia 1965),
and in 1933 George Wald discovered retinal, rhodopsin’s covalently
bound ligand, and began to trace its light-induced chemical transfor-
mations (reviewed in Wald 1968). While the Gs and transducin sto-
ries evolved during the same time frame (Table 1), many aficionados of
adenylyl cyclase and photoreception were barely aware of each other’s
findings until about 1980.

The transducin story began with three key findings: cGMP phospho-
diesterase (PDE) was shown to be the light-activated effector (Biten-
sky et al. 1975); light increased the phosphodiesterase activity only
in the presence of GTP and photoactivated rhodopsin (Yee and Lieb-
man 1978); and light activated a GTPase activity in rod cell extracts
(Wheeler and Bitensky 1977). Then Godchaux and Zimmerman (1979)
purified from rod cell extracts a soluble guanine nucleotide binding pro-
tein that exhibited light-dependent stimulation of GTP-GDP exchange
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in the presence of membranes. They identified two polypeptide compo-
nents of the soluble protein, which we now know as the α and β subunits
of transducin, but did not mention adenylyl cyclase or GTP’s role in its
hormonal activation.

By 1981, reports from Lubert Stryer’s laboratory made it impossi-
ble to ignore striking parallels between retinal phototransduction and
hormone-stimulated cAMP synthesis. Lubert and his colleagues showed
that the photon signal is enormously amplified: a single photon, ac-
tivating a single rhodopsin, triggers binding of a hydrolysis-resistant
GTP analog to 500 GTP-binding sites in rod cell extracts (Fung and
Stryer, 1980). They then purified the GTP-binding protein, identified its
α, β, and γ polypeptides, named it transducin (hereafter, Gt), and used
it and rhodopsin to reconstitute light-stimulated binding and hydrolysis
of GTP (Fung et al. 1981).

At this point, the two previously unrelated fields of investigation be-
gan to coalesce, each providing knowledge and insights to the other. Gs
and Gt would quickly give rise to a larger family of trimeric G-proteins
as well as a growing retinue of effectors and auxiliary regulators (for
examples, see Table 1). Why then did I (and, I suspect, many of my col-
leagues) find family resemblances between Gs and Gt so surprising in
1980? One reason may be that laboratories focusing on different prob-
lems communicated less often with one another in 1980 than they do
in the 21st century. More likely, we were simply not ready to imagine
close parallels between disparate biological functions: why, after all,
should cells in the liver and retina use nearly identical machinery to de-
tect glucagon vs photons? Now such a revelation would not come as
a surprise, because we have learned that evolution makes each new sig-
naling machine by modifying and cobbling together parts of machines
already in use somewhere else. For many of us, Gs and Gt furnished the
first inkling of this principle.

4 Confusion, Error, Truth: Discovering the β-AR

By the early 1970s, investigators were beginning to transform puta-
tive hormone receptors into biochemical entities by binding radioac-
tive agonist peptides to receptors in tissue extracts. In 1948, Ahlquist
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had postulated the existence of two classes of catecholamine receptors,
which he called α and β (Ahlquist 1948). Bob Lefkowitz and Gerry Au-
rbach, among others, saw a straightforward route to identifying these
receptors: assess binding of 3H-labelled catecholamines to particulate
extracts of tissues with catecholamine-sensitive adenylyl cyclase activ-
ity. Unfortunately, a good idea may stir up confusion rather than shed
light. The β-AR story unfolded much as predicted by the pioneer of sci-
entific induction 400 years ago: “. . . truth will sooner come out from er-
ror than from confusion,” wrote Francis Bacon in his Novum Organum
(1620).

First came an era of confusion: in the early 1970s the Aurbach and
Lefkowitz laboratories found plenty of 3H-norepinephrine binding sites,
with binding that was usually reversible and competed by nonradioac-
tive catecholamine agonists (Bilezikian and Aurbach 1973a; Lefkowitz
and Haber 1971); some reports even claimed receptor solubilization,
affinity chromatography, and partial purification (Bilezikian and Aur-
bach 1973b; Lefkowitz 1973; Lefkowitz et al. 1972). These investiga-
tors also found disturbing mismatches between patterns of agonist bind-
ing and response: agents without agonist or antagonist activity, such
as inactive optimal isomers of norepinephrine or dihydroxymandelic
acid, efficiently competed against 3H-norepinephrine for binding, while
β-AR antagonists such as propranolol competed poorly, even at concen-
trations orders of magnitude greater than propranolol’s IC50 (summa-
rized in Lefkowitz 1974).

These discrepancies led to fanciful interpretations: perhaps the antag-
onist first associates with a necessary-but-not-sufficient “partial” bind-
ing site but does not activate the receptor unless it also interacts with one
or more additional sites; the first site would be detected by binding of
3H-norepinephrine, the second only by receptor activation (Bilezikian
and Aurbach 1973a; Lefkowitz 1974). One review even suggested that
perhaps there were “certain inherent limitations in relying solely on the
criteria of specificity and affinity of binding for identification of recep-
tors” (Lefkowitz 1974). The same review admitted, however, that “the
data available . . . are not . . . sufficient to prove or disprove the hypothe-
sis that these [binding] sites represent the β-adrenergic receptor binding
sites.” It was beginning to dawn on investigators that their confusion
might reflect what Francis Bacon referred to as “error.”
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This recognition allowed truth to emerge from error. Maguire and
co-workers (1974) showed that ascorbic acid and sodium metabisulfite
prevented 3H-norepinephrine binding, suggesting that the binding rep-
resented covalent attachment of oxidized radioactive products to macro-
molecules other than receptors. In the same year, three laboratories
(Aurbach et al. 1974; Lefkowitz et al. 1974; Levitzki et al. 1974) re-
ported that non-catechol β-AR antagonists bind to sites with specifici-
ties for competition by optical isomers, agonists, and other antagonists
that match those expected for the real β-AR.

Reliable binding assays for β-ARs allowed their biochemical charac-
terization and eventual purification. Because biochemistry can be hard,
the new “truth” did not make further advances easy. Undaunted, Caron,
Lefkowitz, and their colleagues eventually purified detergent-
solubilized β-AR protein by affinity chromatography (Benovic et al.
1984; Caron et al. 1979; Shorr et al. 1981). Availability of pure receptor
protein soon made it possible to reconstitute pure β-AR with Gs and
adenylyl cyclase (Cerione et al. 1984; May et al. 1985) and to iden-
tify β-AR kinase (Benovic et al. 1986). Most important, the β-AR story
was developing in the period when recombinant DNA technology was
beginning to hit its stride. Pure receptors made it possible to probe ge-
nomic DNA libraries with nucleotide probes based on receptor peptides.
Amino acid sequences of β2-ARs from hamster and from turkey ery-
throcytes led to cloning receptor cDNAs from these animals and predic-
tions of the receptors’ very similar amino acid sequences (Dixon et al.
1986; Yarden et al. 1986).

Some of us still remember the enormous excitement generated by the
obvious similarities between primary structures of rhodopsin (Nathans
and Hogness 1983) and the β2-AR (Dixon et al. 1986; Yarden et al.
1986). The seven homologous hydrophobic α helices heralded the birth
of a GPCR superfamily. Our delighted surprise paralleled the surprise
generated by the discoveries of Gs and Gt. Again we had failed to an-
ticipate evolution’s propensity to adapt a successful piece of machinery
to new uses. Delight and surprise were even greater this time, because
cDNA sequences of αs and αt had just been reported (see Table 1). For
us, the Gα and GPCR primary structures were harbingers of a torrent of
new discoveries, driven by the power of molecular biology.
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5 DNA: Revolution and Revelation

Rather than attempt a comprehensive account of the dazzling post-DNA
history of G-proteins and GPCRs, I shall end this essay with glancing
sketches of a few examples from this history, and point out how they
have altered our ways of posing and solving questions. Pre-DNA dis-
coveries contained the essential seeds of a series of new general con-
cepts (indicated below in italics). Without the DNA revolution, how-
ever, none of these would have reached its present level of explanatory
power. Now each of these ideas is an essential item of an investigator’s
intellectual furniture, necessary for designing and interpreting almost
every experiment.

One such general concept is that of the regulatory protein module.
The versatile R-G-E triad, comprising a GPCR, a trimeric G-protein,
and an effector, is one of the best-studied regulatory modules in biol-
ogy. The striking biochemical parallels between regulation of cAMP
synthesis and phototransduction, in combination with similar primary
structures of αs vs αt and of β-ARs vs rhodopsin, made R-G-E one of
the very first of these modules. This module, we now know, is responsi-
ble for the mating dance of yeast and for detecting sensory cues and in-
tercellular signals in flies, worms, mice, and humans. To see how far we
have come, contrast the puzzle of hormone-sensitive adenylyl cyclase
in the 1970s (Fig. 1) with the crystal-clear atomic structures of triad
members solved two decades later: rhodopsin’s transmembrane helices
(Fig. 2a) and a complex of αs with adenylyl cyclase (Fig. 2b).

Like MAP kinase cascades, cytokine receptor signaling via JAK/
STAT complexes, and many other modules, the R-G-E module is a set
of evolutionarily conserved proteins that uses a common mechanism to
transduce signals between different sets of inputs and outputs. From our
standpoint in the 21st century, it may seem extraordinary that the con-
cept of regulatory modules required a major shift in our way of look-
ing at the world. In essence, we rediscovered evolution. Before DNA
sequences came on the scene, scientists tended to imagine that their
question and the molecule they hoped would answer it were essentially
unique. In contrast, the R-G-E module showed us that duplication and
divergence of GPCR and GTPase genes, combined by selection of use-
ful gene products, had produced a module with interchangeable subunits
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Fig. 2a,b. Atomic structures of a GPCR and a Gα-effector complex.
a Rhodopsin, showing the seven transmembrane helices (colored and numbered
with Roman numerals), loops connecting them (extracellular at bottom, cyto-
plasmic at top), and retinal (yellow). (Reprinted with permission from Fig. 2A
of Palczewski et al. 2000, Science 289:739–745; copyright 2000 AAAS). b The
α subunit of Gs (left) interacting with the catalytic domains of adenylyl cyclase
(right). (Reprinted with permission from Fig. 4 of Tesmer et al. 1997; Science
278:1907–1916; copyright 1997 AAAS)
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Fig. 2a,b. (continued)

that can selectively link large numbers of distinct inputs to different out-
puts.

The DNA revolution also created the closely related idea of protein
families. Growing families and subfamilies of GPCRs and G-proteins
brought to light hundreds of targets for intensive research in hormone
action, vision, olfaction, neurobiology, immune responses, and embry-
onic development. A bevy of intriguing orphan GPCRs stands ready
to join their ranks. Conserved regions of primary structure in other
protein families revealed families of auxiliary proteins (e.g., RGS and
Goloco) that interact with the R-G-E module. Gα subunits share se-
quence and three-dimensional architecture with a huge superfamily of
GTPase switches, which also includes bacterial elongation factors, Ras,
a host of other small GTPases, and many others. Evolution found that
a good switch is worth conserving.

By linking R-G-E modules to other regulatory proteins (PDEs, ki-
nases, phosphatases, ion channels, and more), AKAPs and other scaf-
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folds create higher-order protein complexes, which in turn harness spe-
cific stimuli to an enormous variety of responses. In 1980, allostery and
covalent modification were recognized as the principal modes of signal
transduction. To them we now add a third, just as essential: regulated
proximity of proteins and signaling modules.

From pheromone receptors in yeast to rhodopsin and chemokine re-
ceptors in vertebrates, GPCR activation triggers densely complex reg-
ulatory circuits, replete with positive and negative feedback loops. We
can now begin to trace and manipulate such cellular signaling networks
in space and time, using recombinant fluorescent probes, mRNA arrays,
RNAi, the polymerase chain reaction, genomic sequences of many ani-
mals, and a host of other new tools. Without these it would be impossi-
ble to measure—or even to conceive—physiologically crucial temporal
or spatial changes in the interactions of GPCRs, arrestins, or effector
substrates and products (e.g., PIP2 or PIP3) with one another.

Discoveries at the atomic level include the conserved architecture
and molecular mechanism of the conformational switch common to
small GTPases and Gα subunits; interactions of G-protein subunits with
effectors and other regulators; and how one GPCR ligand, 11-cis-retinal,
nestles within the seven-helix bundle of its receptor, rhodopsin
(Fig. 2a). All but the last of these discoveries depended on modify-
ing and expressing recombinant genes. As a result, regulation at the
level of conformational change (aka allostery) is no longer confined to
a few molecules such as hemoglobin and conceptual models of other
molecules; instead, documented conformational change regularly gen-
erates testable hypotheses and experiments.

Although I have focused on G-protein and GPCR research, every
discovery I mention has myriad counterparts in virtually every field
of present-day biomedical research. Consequently, molecular biology’s
rapidly expanding toolbox and the new ideas it generates have dramati-
cally altered our laboratories, how we interact with each other, and our
goals and expectations. Laboratories are larger and depend on much
more powerful technology. Even the disposable plastic tips of today’s
ubiquitous pipette-man would have amazed experimenters who de-
pended on individually calibrated glass lambda pipettes, operated by
sucking on a rubber tube and meticulously washed with acid after each
use. For the average investigator, scientific communication is faster, and
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critically important research papers and seminars more frequent. In the
early 1970s, one meeting per year was often more than enough. Now
we are much more frequently thrilled (or disconcerted) by a new find-
ing directly pertinent to the question we are asking, and suddenly find
ourselves learning a new technology or immersed in a whole new field.

For researchers today, these exciting changes have produced two es-
pecially wide-ranging consequences. First, we justifiably expect our re-
search to produce more rapid and far-ranging discoveries. We complain
mightily, of course, about funding, bureaucracy, competition, failed ex-
periments, and threatening social or political developments, just as we
did in the 1970s. More significantly, we now feel reasonably sure that
tomorrow we will understand more than we do today.

The second consequence is closely related to these changed expecta-
tions and even more crucial: investigators now expect their discoveries
to prove relevant and even genuinely useful in the world outside the
laboratory. As compared to the days when G-proteins and GPCRs were
born, individual scientists and ideas travel much more rapidly and effi-
ciently between basic and clinical science, and between academia and
the pharmaceutical industry.

Although expectations do not tell us what the future will bring, I find
it encouraging to look back to the birth of our field. The questions sci-
entists posed in 1970 led eventually to today’s discoveries, and more
questions, none of which any of us could have imagined in our wildest
dreams.
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Abstract. Many GPCR models have been built over the years for many differ-
ent purposes, of which drug-design undoubtedly has been the most frequent one.
The release of the structure of bovine rhodopsin in August 2000 enabled us to
analyze models built before that period to learn things for the models we build
today. We conclude that the GPCR modeling field is riddled with “common
knowledge”. Several characteristics of the bovine rhodopsin structure came as
a big surprise, and had obviously not been predicted, which led to large errors
in the models. Some of these surprises, however, could have been predicted if
the modelers had more rigidly stuck to the rule that holds for all models, namely
that a model should explain all experimental facts, and not just those facts that
agree with the modeler’s preconceptions.
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1 Introduction

GPCRs are essential components in biological signaling processes in
higher animals and accordingly, for humans, constitute the most impor-
tant set of targets for the pharmaceutical industry, as is indicated by the
fact that 52% of all medicines available today act on them (Watson and
Arkinstall 1994). Approximately 16,700 GPCR sequences are publicly
available today (Bairoch et al. 2005), including 1,795 human proteins.
The GPCRDB (Horn et al. 1998, 2003) is a worldwide repository for
GPCR-related data. In addition to sequence data and multiple sequence
alignments, the GPCRDB (www.gpcr.org/7tm/) gives access to approx-
imately 8,000 mutations (Beukers et al. 1999; Horn et al. 2004). Bind-
ing constants are available for approximately 30,000 ligand-receptor
combinations obtained from two different sources. Massive data is also
available regarding chromosomal location, cDNA sequences, secondary
structure, 3D models, and correlated mutation analyses. Query and nav-
igation tools are also provided and allow users to retrieve local and re-
mote information such as associated disease states, localizations, post-
translational modifications, etc. Snake-like diagrams (Campagne et al.
2003) are used to offer a two-dimensional view of the receptors but
also to combine sequence, structure, and mutation data. In the database,
the data organization is based on the pharmacological classification of
GPCRs. In addition to the five main classes (A–E), other putative GPCR
families are also described, these are the frizzled/smoothened family,
ocular albinism proteins, insect odorant receptors, plant Mlo receptors,
nematode chemoceptors, vomeronasal receptors, taste receptors T2R, as
well as numerous unclassified receptors. Bacteriorhodopsins are present
for historical reasons. It is worth noting that most of the GPCRs present
in the GPCRDB have not (yet) been proven to couple to G-proteins and
we should rather talk about heptahelical receptors—and maybe rename
the database 7TMDB.

There have been many dramatic developments in the use of modern
“omics” technologies in drug design from genomics to metabonomics.
Nevertheless, the chemical structure/function space is both disjoint and
replete with highly redundant structures, which makes navigation dif-
ficult. Still today an element of luck is necessary, and this is reflected
in the fact that the rate of discovery of new medicines has declined.
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Structure-based design has occasionally been successful, but it is pre-
cisely in the GPCR area where structure-based design has not worked
satisfactorily. The paucity of accurate structural data for GPCR tem-
plates and the desire to remedy this situation has spawned an entire gen-
eration of modelers intent on calculating/predicting GPCR structures.
Before August 4, 2000, bacteriorhodopsin (Henderson and Schertler
1990; Pebay-Peyroula et al. 1997; Luecke et al. 1998; Takeda et al.
1998) was often used as a modeling template, but on that date the three-
dimensional coordinates (Palczewski et al. 2000) of bovine rhodopsin
became available, providing a much better template for GPCR modeling
than bacteriorhodopsin, which is not even a GPCR. Moreover, bovine
rhodopsin is not the perfect template, as we will explain in this chap-
ter. Models produced Before the Crystal structure became available are
called BC models, and those produced After these Data became avail-
able, AD models.

1.1 BC Modeling

Most BC models were based on low-resolution electron cryomicro-
scopic models of bacteriorhodopsin (Henderson and Schertler 1990)
while the precision (but not the accuracy) was improved when X-ray
crystal structures of bacteriorhodopsin became available (Pebay-
Peyroula et al. 1997; Luecke et al. 1998; Palczewski et al. 2000). The
situation improved with the availability of the Cα coordinates produced
by J. Baldwin (Baldwin 1993) from an electron diffraction map (Unger
and Schertler 1995; Schertler et al. 1993; Unger et al. 1997; Schertler
and Hargrave 1995) produced by the Schertler group. A few models
(Filizola et al. 1998; Prusis et al. 1997; Bramblett et al. 1995) were
based on first principles, sometimes guided by low-resolution data mea-
sured from published slices of the electron density maps for the bovine
or frog rhodopsin.

The BC modeling community developed a series of dogmas that are
summarized in Box 1. Many of these are unfortunately still applied to
this day by some modelers.

Given these dogmas, it can easily be understood why most modeling
recipes followed the steps listed in Box 2.
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Box 1 GPCR modeling dogmas and misconceptions from the BC era

Loops stick out into the solvent.
Isolated loops have the same structure as in a GPCR.
Polar residues point inward.
Helices stop at the membrane surface.
All helices are about equally long.
Helices must be perfect.
Helices are organized in a semicircular fashion.
Molecular dynamics software improves models.
There must be space in the apo-form for a ligand.
Activation does not require motion.
Important residues bind ligand or G-protein.
Important residues point inward.
The bacteriorhodopsin structure is a solution to the problem of how to pack
seven helices in the membrane. It is therefore the only solution.
Bacteriorhodopsin is a GPCR without G-protein.
The lysines in helix VII should line up.
Proteins are simple.
Models are correct.

Box 2 Typical steps in a generic BC modeling project

First Determine which template to use, or design your own helix-
packing model.

Second Use threading or moment calculations to determine the map-
ping of the GPCR sequence onto the selected template. Mo-
ment calculations can be based on hydrophobic moments (Don-
nelly et al. 1993), conservation moments (Pardo et al. 1992),
etc., or a combination of these (Herzyk and Hubbard 1998).
Threading can be based on general rules, helix bundle rules
(Herzyk and Hubbard 1998; Pogozheva et al. 1997), or even
bacteriorhodopsin-specific rules (Cronet et al. 1993).

Third Find experimental data that agree with the model and add them
to convince yourself or the referees that this is the only correct
model.
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We found very many publications that discussed poor BC models,
showing that bluff will fly with referees and editors if the topic is im-
portant enough. Sadly, even the poorest models seemed to agree with
all data (selected by the authors) and seemed to be perfect for designing
drugs (according to the authors). As a courtesy, we will not list those
articles here.

1.2 The Bovine Rhodopsin Structure

The high-resolution structure of rhodopsin (Palczewski et al. 2000;
Schertler 2005) reveals a seven-helix bundle with a central cavity sur-
rounded by helices I–III and V–VII (see Fig. 1). The helices are in blue-
purple. The β-hairpin in the N-terminal domain and the β-hairpin be-
tween helices IV and V (commonly known as the second extracellular
loop) are in orange. The retinal is in yellow. Irregular parts are in blue-
green. The topmost helix is helix IV.

Helix IV is not part of the cavity wall in this structure and makes
contacts only with helix III. However, helix IV has been suggested to
make contacts with some agonists which, if correct, is one of the many
pieces of evidence that the active structure differs from the inactive one
represented here. The conserved tryptophan at position 420 (we use
GPCRDB residue numbering throughout this article) in helix IV is far
away from any other residue known to have a functional role. This tryp-
tophan might therefore play a role in receptor dimerization. Dimeriza-

Fig. 1. The structure of bovine rhodopsin seen from “above”
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tion by helix IV–helix IV contacts would allow for a force on the loop
IV–V that might regulate the ligand entry in the other partner of the
dimer. The rhodopsin crystal dimer structures do not resolve this ques-
tion, as the experimental structures show antiparallel helix bundle pairs,
whereas the natural dimers must be parallel bundle pairs. The β-hairpin
between helices IV and V prevents access from the outside. This hair-
pin lies entirely between the helices, roughly parallel to the membrane
surface. It has contacts with side chains of most of the helices. The
most prominent contact is a disulphide bridge (Cys315–Cys480) to he-
lix III. This calls for an explanation as to how ligands enter the binding
cavity. For lipophilic ligands, like retinal itself (Schadel et al. 2003),
entry/exit is expected to proceed via the membrane, as lipophilic lig-
ands will accumulate in the membrane. For hydrophilic ligands, which
include some peptides, insertion of the ligand will require some rear-
rangement of the loops including the hairpins. Not only will the hairpins
have to make some adjustments, but the TMs will also move relative to
one another. A number of clues as to what changes are likely to take
place in the transition between the active and inactive structures have
been published (Gouldson et al. 2004). In that work, and in a num-
ber of experimental studies cited therein (Gether and Kobilka 1998;
Javitz et al. 1998), there is a movement of TM6 relative to TM3 and
TM5. The crystal structure of bovine rhodopsin showed (Teller et al.
2001) that TM6 is unique in having only one hydrogen bond to another
TM (TM7), while the other TMs are anchored by three or more interhe-
lical hydrogen bonds.

2 Methods

Much GPCR-related research relies on access to all available data in
a single easy-to-use data system, the GPCRDB. The principal data types
contained in the GPCRDB are sequences, mutations, and structural in-
formation. Other GPCR-related information is accessible from the data-
base’s home page. Here we will describe the main steps of the GPCRDB
update, its contents, and some of its functionalities.

The GPCRDB update procedure is handled by a series of python
scripts, a MySQL database, and the WHAT IF (Vriend 1990) software.
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Only the classification of new proteins having remote sequence similar-
ity with already classified GPCRs, the definition of new families, and
data checking in general, require some manual intervention and exper-
tise. The other steps are fully automated.

GPCR proteins are imported from the Uniprot server (Bairoch et al.
2005). Receptors are then classified into the defined classes, families,
and subfamilies using a profile-based method implemented in WHAT
IF. Sequences that failed in the automatic classification step are fur-
ther examined and classified manually. Fragments and short isoforms
are put aside and are not used in the alignments in order to offer the
highest possible alignment quality. For each class, family, and subfam-
ily, WHAT IF is used to build multiple sequence alignments, phyloge-
netic trees, and other sequence-derived data in an automated manner.
The profiles used for the alignments contain the location of the trans-
membrane domains and therefore allow us to ensure that the most con-
served regions of the receptors are aligned without insertions and dele-
tions. WHAT IF also produced the HTML pages to access the family-
specific sequence data. cDNAs are imported from the EMBL databank
(Cochrane et al. 2006) and aligned to their corresponding proteins us-
ing the genewise (Birney et al. 2004) program. Mutation data are iden-
tified and extracted from full-text articles with the MuteXt software
(Horn et al. 2004). The latter automatically retrieves the corresponding
UniProt entries, validates point mutations using sequence data and text
mining approaches, and builds HTML pages to display mutation data
as a function of receptors, articles, or residue positions. Multiple se-
quence alignments and snake-like diagrams (Campagne et al. 2003) are
used to combine sequence, secondary structure, and mutation data. The
use of the GPCRDB residue numbering system (Oliveira et al. 1993)
permits this combination of many heterogeneous data types. A number
is attributed to each residue in the seven transmembrane domains for
all GPCR classes. This numbering system allows for fast comparisons
between cognate residues in different receptors. In the mutation sec-
tion of the database, the numbering system defined by Ballesteros and
Weinstein (1995) is also indicated. Tables of available cross-references
are provided for each GPCRDB entry to list all the different local in-
formation available and to ease navigation toward remote databases.
The cross-references have been extracted from the UniProt entries and



Modeling GPCRs 31

other databases. Among other data query and retrieval tools, a Blast
search against the GPCRDB can be performed via the CMBI server. The
GPCRDB data content is available via anonymous FTP from
ftp://ftp.gpcr.org/pub/7tm/. A complete copy of the whole GPCRDB
can be obtained upon request.

Copious amounts of data and speculative hypotheses can be found at
the GPCRDB and they will not be reproduced here. The GPCRDB also
contains a necropolis of earlier attempts at constructing GPCR mod-
els, and, more auspiciously for the future, assuming a steady accre-
tion of good template structures, a detailed recipe for building mod-
els. Bovine rhodopsin and bacteriorhodopsin (Henderson and Schertler
1990; Pebay-Peyroula et al. 1997; Luecke et al. 1998) are sufficiently
differently organized to make any detailed structural comparison mean-
ingless (Unger et al. 1995, 1997; Schertler et al. 1993; Teller et al. 2001).
However, in order to evaluate the quality of models based on the bac-
teriorhodopsin template, this superposition must be made. We therefore
did this structure superposition by hand. Our recipe for determining the
quality of bacteriorhodopsin-based BC models is given in Box 3.

Box 3 Recipe for judging BC model quality

Extract from the GPCRDB the alignment of the sequence of the GPCR model
with the sequence of bovine rhodopsin.
Use the superposed structures to align the bovine rhodopsin sequence onto the
bacteriorhodopsin sequence.
Extract from the modeling article how the authors aligned their GPCR with
bacteriorhodopsin. If this alignment is not given, it can be extracted from
a superposition of the bacteriorhodopsin-based GPCR model on the real bacte-
riorhodopsin structure.

This produces the alignment used for modeling. A comparison of the
optimal alignment with the alignment used by the modeler is a good in-
dication of the model’s quality. This same method is used by the CASP
competition judges to evaluate threading results (Venclovas et al. 2001).
Our recipe for obtaining these BC-model alignment shifts differs from
what is normally used because only the structure of bovine rhodopsin
is known, while the beta-adrenergic receptor, for example, is the most
modeled GPCR.
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Fig. 2. Superposed bovine rhodopsin structure and BC-model

3 Results and Discussion

3.1 The Quality of BC Models

Figure 2 shows the superposition of the structure (Palczewski et al.
2000) and a very good BC model built, published (Oliveira et al. 1999),
and deposited before August 2000. It can be seen that the gross fea-
tures are modeled reasonably well. The Cα- and all-atom modeling er-
rors (i.e., displacements between the model and the X-ray structure) are
2.5 Å and 3.2 Å, respectively. Although impressive, this model is still
too poor to be of any use for rational drug design purposes.

The bovine rhodopsin structure (in red) is shown superposed on the
BC model (in green) built and deposited before August 2000. As only
the helices were modeled, the loops in the structure are also not shown.

We selected a superposition with a large overlap of the two retinal
molecules. A shift in the structure superposition leads to a shift of three
or four positions in the sequence alignment. Shifting the structure su-
perposition up or down by one entire helical turn does not improve
the alignments. Therefore, the subjective nature of the superposition
does not influence our conclusions. We believe that all GPCR models
(including our own) that are based on the bacteriorhodopsin template
are poor, and none can have made a positive contribution to rational
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drug design projects, other than that common knowledge was confirmed
(which is not surprising, as the models were first made to agree with that
common knowledge).

Sequence alignments extracted from deposited GPCR models re-
vealed that we could publish models that had residues misaligned by
as many as ten positions. We think this holds a warning for the future.

3.2 How Could This Happen?

An extensive discussion of BC models can be found in the article sec-
tion of the GPCRDB (Horn et al. 1998). None of the BC modelers had
located the IV–V hairpin correctly between the helices. While all were
aware of the Cys315–Cys480 disulphide bridge, which firmly anchors
this loop near the top of TM III, all modelers ‘knew’ that loop IV–V had
to be external. Often bizarre reasoning was used to reconcile these two
contradicting claims and to justify the position of helix III. The experi-
mental data enabling the correct prediction of the IV–V hairpin location
was all the while available to the BC modelers. It also was known that in
opsins His474 and Lys477 in this hairpin form a chloride-binding site
that regulates the optimal absorption wavelength of the retinal (Wang
et al. 1993). A reasonable conclusion from this is that since this site
modifies the wavelength, it should be located near the retinal. Unfortu-
nately, the common knowledge that the loops stick out into the solvent
overcame the experimental and in silico (Kuipers et al. 1996) data about
the chloride site. This provides a strong lesson for the future: models
must explain all available data. If certain data seem untrustworthy, think
twice. Most likely you do not trust those data only because it disagrees
with your model.

Another problem that seriously hampered the quality of BC mod-
els is the massive irregularities in the transmembrane helices. Figure 3
shows some individual transmembrane helices. Helix II, for example,
contains an α-bulge, i.e., one residue pair has a hydrogen-bonding pat-
tern as if they are in a so-called π-helix. It is by no means certain that
this is reproduced in other GPCRs; it may well be rhodopsin-specific
(Bywater 2005).

The bovine rhodopsin structures provided us with a large number
of structural surprises. Common knowledge had it that π helices (if it
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Fig. 3a–c. Irregularities in bovine rhodopsin helices. a The α-bulge in helix II.
It can be clearly seen that the backbone C=O oxygen of the leucine located one
turn after the aspartic acid of the conserved, well-known, LXXXD motif, forms
hydrogen bonds with two backbone N–H protons, while all other backbone hy-
drogen bond donors and acceptors are satisfied. b The 310 helix in the middle
of helix VII. The lysine at the top right is the lysine that binds the retinal. The
backbone C=O of the residue one turn below this lysine forms hydrogen bonds
with two backbone N–H protons, while three backbone C=O groups and one
backbone N–H group are not involved in hydrogen bonds. c The two β-hairpins
near the top (extracellular side) of the structure. The two β-hairpins in the N-
terminal arm and the loop IV–V are just 1 Å too far away from each other to
form one contiguous sheet. It is unclear how uncommon such a separation is,
but it certainly came very unexpectedly to the modeling community
�

involves one residue only, we had better call it an α bulge) are rare.
In the excellent course “Principles of Protein Structure Using the In-
ternet” (Johansson 1999) we find an extensive explanation of why this
should be a rare event (see Box 4).

Box 4 Why the π helix (α bulge) is rare (Johansson 2006)

The π helix is an extremely rare secondary structural element in proteins. Hy-
drogen bonds within a π helix display a repeating pattern in which the backbone
C=O of residue i hydrogen bonds to the backbone HN of residue i+5. Like the
310 helix, one turn of the πhelix is sometimes found at the ends of regular
α helices but π helices longer than a few i, i+5 hydrogen bonds are not found.
The infrequency of this particular form of secondary structure stems from the
following properties:
The Φ and Ψ angles of the pure π helix (–57.1, –69.7) lie at the very edge of an
allowed, minimum energy region of the Ramachandran (Φ,Ψ) map.
The π helix requires that the angle τ (N–CA–C′) be larger (114.9) than the
standard tetrahedral angle of 109.5°.
The large radius of the π helix means the polypeptide backbone is no longer in
van der Waals contact across the helical axis forming an axial hole too small for
solvent water to fill.
Side chains are more staggered than the ideal 310 helix but not as well as the
α helix.
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Obviously there are big differences between an α bulge and a π he-
lix, but while predicting the unpredictable, such fine details are easily
overseen.

3.3 The Quality of AD Models

We were surprised to find many modeling studies performed after the re-
lease of the bovine rhodopsin three-dimensional coordinates into which
very little knowledge of this template was incorporated. Ballesteros
et al. (2001) wrote that amine receptors can be modeled from the bovine
rhodopsin template. They neglect the IV–V hairpin, crystal contacts,
and the fact that many residues cannot be detected in the X-ray struc-
ture. Orry and Wallace (2000) docked endothelin in an endothelin re-
ceptor model based on a rhodopsin model by Pogozheva (Pogozheva
et al. 1997). The authors write in a note added after submission that
the bovine rhodopsin structure became available after the paper was
submitted, and claim that their model and the bovine rhodopsin struc-
ture are similar. Their model is not deposited, but from the figures in
the article, it can be seen that the endothelin molecule is docked where
one would expect the IV–V β hairpin and that this hairpin is modeled
as a hyperexposed loop. These are just two of the many examples of
neglect of details of the bovine rhodopsin structure. A survey of recent
GPCR modeling-related literature revealed a series of flaws (see Box 5).

Box 5 Flaws detected in AD models

Total neglect of loops, especially the IV–V β-hairpin (Lopez-Rodriguez et al.
2001, 2002; Shim et al. 2003).
Modeling loop-based data for individual loops obtained from NMR experiments
or from sequence similarity with another PDB file (Lequin et al. 2002; Chung
et al. 2002; Yang et al. 2003; Mehler et al. 2002).
Molecular dynamics (MD) compacted the IV–V β hairpin (Pellegrini et al.
2001).
Models based on a frog electron density map (Church et al. 2002). It is regret-
table that an MD publication on a homology model can be accepted for publi-
cation when the author has failed to show what the same protocol does to the
bovine rhodopsin structure.
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3.4 AD Modeling

The availability of the bovine rhodopsin structure opens new alleys for
modeling GPCRs. Box 6, however, lists some warnings for would-be
AD modelers.

Box 6 Warnings for Would-Be AD Modelers

The bovine rhodopsin structure is the inactive form of the protein, while the
active form often is a much more appropriate modeling goal for pharmaceutical
purposes.
The rhodopsin crystal structure is an antiparallel dimer, whereas GPCR dimers
must be parallel.
It is far from certain that the bovine rhodopsin structure can be used as a tem-
plate for all GPCRs, because sequence analyses indicates that opsins differ very
much from the pharmaceutically interesting (Class A) GPCRs.
Modeling studies start with a sequence alignment between the bovine rhodopsin
template and the GPCR model sequence. The percentage sequence identity be-
tween bovine rhodopsin and other (Class A) GPCRs can be as low as 20%.
Normally, when the sequence identity between the model and the template falls
below 30%, the sequence alignment is the main bottleneck in the homology
modeling procedure. Class A GPCRs might be an exception to this rule, be-
cause each helix contains one or two highly conserved residues that allow for
an unambiguous alignment.
The observed structure of many loops seems to be determined by crystal con-
tacts.
It is difficult to model the loops by homology, because most cytosolic loops
cannot be seen in an electron density map, and most observed extracellular loop
structures are probably induced by crystal packing forces. In any case, the se-
quence identity between most GPCRs and bovine rhodopsin is too low to derive
any reliable loop alignment.
Several of the irregularities in the rhodopsin transmembrane helices seem
rhodopsin-specific, whereas others seem more generic. It is not clear how to un-
ambiguously decide which irregularities can be carried over from the rhodopsin
template to, for example, an amine receptor model.

The bovine rhodopsin structure, combined with extensive sequence
analyses (Horn et al. 1998), science philosophy, and all what we learned
from the above, however, provides a series of hints (see Box 7).
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Box 7 Hints for Would-Be AD Modelers

At three locations features can be seen that give hope for modeling. These are
the highly conserved:

• Trp280 and Gly295 in loop II–III.
• Loop IV–V and the Cys315–Cys480 disulphide bridge.
• Tyr734 at the bend between the helices VII and VIII and the adjacent

sequence motif Phe800, Arg/Lys801 in helix VIII.
• The associated WWW pages (articles section of the GPCRDB) lists many

special positions.

3.5 The Active Form

Modeling the active form of Class A GPCRs depends critically on the
hypothesized mechanism of that activation process (Gouldson et al.
2004). We therefore start with a summary of possible activation mech-
anisms. These activation models consist of essentially the same three
general steps that are shown in Box 8.

Box 8 The three steps of the activation process

Entry of the ligand into the ligand binding pocket.
The receptor moving from the inactive state into the active state, or the active
state being frozen by the ligand.
The G-protein being activated, or the activated state being frozen by the
G-protein.

The clearest lesson to be learned from the BC experience is that
molecular dynamics technology has not reached a level of maturity
needed to aid with the prediction of the differences between the active
and the inactive state. Not only is there a need for improved force fields
that inter alia should reflect the membrane environment, but there are
only few attempts to model the solvent (lipid bilayer with water above
and below it) and none of these take account of, for example, the fact
that the two leaflets of the bilayer are mutually asymmetric in character.

The low-resolution structure of light-activated bovine rhodopsin sug-
gests that an outward motion of helices V and VI might be the major
difference relative to the dark state (Szundi et al. 2006). Unfortunately,
Murphy took care that those helices V and VI, in Schertler’s crystal
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form (Schertler 2005), are involved in crystal contacts so that definitive
conclusions about this motion cannot be drawn. The idea that especially
the cytosolic half of helix VI moves a great deal upon GPCR activation
would be in agreement with the results of our sequence analyses.

3.6 New Rules to Replace the Old Dogmas

Even if it may be deemed desirable to model loops (e.g., for studying
the interactions between cytosolic loops and G-proteins, or between ex-
ternal loops and large peptide ligands) we would advise against this.
There are no accurate template structures and precious little homology.
The work by Yeagle et al. (1997, 1995, 2000) makes clear that determi-
nation of the structure of the loops independently from the rest of the
molecule is not successful. Paradoxically, it may seem, it is harder to
model oligopeptides than folded proteins, and this is because the for-
mer have no tertiary structure, and secondary structure is either absent
or hard to predict.

Nevertheless, for most purposes (e.g., ligand design), it will be
enough to model the seven transmembrane helices and the IV–V hairpin.
The alignment of the helices should be based on the conserved motifs.
Extrapolating from the performance of GPCR modelers over the years,
we can only advise sticking to the bovine rhodopsin helix backbone co-
ordinates. Any attempt to improve this for other GPCRs will undoubt-
edly make things worse rather than better. This unfortunately contra-
dicts the earlier remarks that some of the helix irregularities might be
rhodopsin-specific (Bywater 2005). The IV–V hairpin should be mod-
eled from bovine rhodopsin. If this loop is not present in the model
sequence, it seems doubtful that a reliable model structure can be built.

The bovine rhodopsin three-dimensional coordinates represent the
inactive form of this receptor. To model the (pharmaceutically much
more interesting) active form of GPCRs, one should not rely on molec-
ular dynamics, but rather on the outcome of experiments that can be
interpreted unambiguously (Gouldson et al. 2004). Molecular dynam-
ics simulations might fill in the details once the relevant motions have
been determined experimentally.

Modeling GPCRs based on their homology to rhodopsin is seriously
hampered by the fact that we cannot predict well if the irregularities
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in the rhodopsin helices are rhodopsin-specific, or general GPCR or
Class A GPCR features. Modeling is further hampered by the low level
of identity between the sequences of the rhodopsin template and the
other (Class A) receptors. However, it is commonly observed in ho-
mology modeling projects that the areas in and around active sites and
other binding motifs are better conserved than the rest of the protein,
and it can safely be assumed that this will also be the case for GPCRs.
In the Class A GPCRs, the so-called rhodopsin-like family, the active
site (G-protein binding) and the regulatory site (ligand binding) are both
located in the transmembrane helix bundle. Consequently, we expect the
conserved residues and the residues that are conserved at the subfamily
level to reside in these transmembrane helices. Modeling only the bun-
dle of seven helices, loop IV–V, and perhaps helix VIII should therefore
suffice to arrive at a model that, although certainly wrong in most of
its details, will at least be useful for designing experiments, especially
mutagenesis experiments, which provide valuable feedback in terms of
structure.

Experimental data clearly show the function of several residues. For
example, the arginine at position 340 is the crucial switch in G-protein
coupling, the tyrosine at position 528 is involved in G-protein binding,
etc. Having coordinates available for just one GPCR, we have to resort
to sequence-based techniques to obtain information about the location
and role of residues for which the experimental function determination
is less trivial. Correlated mutation analyses [CMA (Oliveira et al. 1993)]
and entropy variability analyses [EVA (Oliveira et al. 2003a,b)] have re-
vealed several types of residue positions that show recognizable conser-
vation/variability patterns. Obviously, knowledge about these
conservation patterns aids in the alignment of GPCR sequences to the
rhodopsin structure. These conservation patterns range from very con-
served in and around the active site where they have a role in main-
taining the right structure and mobility required for the function, up to
near maximal variability at positions where only very weak evolution-
ary pressures work in only a small subset of the sequences.

In practice, the most conserved residues form the active site, which
for GPCRs is the G-protein binding site. Residues known to be involved
in G-protein binding must be aligned in the multiple sequence align-
ment. The residues involved in maintaining the structure of the active
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site are less conserved than the active site residues themselves, but are
still much more conserved than all other residues. The next group of yet
lesser conserved residues are the core residues that form critical contacts
between secondary structure elements. At these positions, one tends
to observe mainly intermediately large residues that normally are hy-
drophobic, but in GPCRs also can be polar, or sometimes even charged.
Several of these residues are involved in signal transduction through
the receptor and show a corresponding EVA pattern. Occasionally, cys-
teines in a bridge are so conserved that automatic methods might see
them as functionally important. But in general, residues that are only
involved in maintaining the structural integrity of the molecule tend
to be less conserved than active site residues. We therefore speculate
that the cys–cys bridge between the external end of helix III and loop
IV–V has a functional role, presumably in the regulation of ligand en-
try. Obviously, the residues facing the lipid membrane are in majority
hydrophobic. Nonhydrophobic outward-pointing residues most likely
have a functional role, perhaps in dimer formation.

We can draw the general conclusion that modeling is possible for
all residue positions with recognizable conservation patterns, or with
clearly recognizable variability patterns. Clearly, most opsins can be
modeled from the rhodopsin template over nearly the full length. It also
seems likely that the cytosolic halves of most Class A GPCRs can be
modeled as well. It is at this moment still a matter of modeler’s religion
rather than exact science whether one models the whole helices or not.
It is of crucial importance for pharmaceutical purposes to model the
loop IV–V. This will be difficult in all cases where the loops have a dif-
ferent length from this loop in rhodopsin and in all cases where the se-
quence is very different from rhodopsin. Obviously, the cysteine in this
loop IV–V must be aligned with the bridged cysteine in rhodopsin. Sev-
eral sequences (e.g., melanocortin, mas, cannabinoid, and a few more)
do not have this loop, which makes it highly unlikely that their helical
organization will be anywhere similar to that of the rhodopsin helices.
In a few cases, loop IV–V has several cysteines, which in many cases
will require experimental determination of the right cysteine to align
for the cys–cys bridge. In a few classes of GPCRs, a highly conserved
proline is found at position 348. In case it is desired that helix VIII be
part of the model, one can use the highly conserved motif F(Y,L)810-
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R(K)811 that is present in rhodopsin and in several other GPCR
classes.

So, in summary, we can say that all BC GPCR models were poor,
and all AD GPCR models will not be up to CASP-competition (Pro-
tein Structure Prediction Center 2006) standards. We have given the
beginning of a new GPCR modeling recipe. One day, hopefully soon (!)
this recipe will be proven wrong, but it is the best we can do given
current data and Ockham’s razor. We can, however, draw some hope
from the (paraphrased) quote of Bax that “All GPCR models are wrong,
but sometimes these models can be useful.” And when used with care,
GPCR models are often a powerful tool to aid us with the design of ex-
periments that can shed light on the sequence-structure-function-
human-health relation of this intriguing class of molecules.
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Abstract. GPCR ligands represent not only one of the major classes of current
drugs but the major continuing source of novel potent pharmaceutical agents.
Because 3D structures of GPCRs as determined by experimental techniques are
still unavailable, ligand-based drug discovery methods remain the major compu-
tational molecular modeling approaches to the analysis of growing data sets of
tested GPCR ligands. This paper presents an overview of modern Quantitative
Structure Activity Relationship (QSAR) modeling. We discuss the critical is-



50 A. Tropsha, S.X. Wang

sue of model validation and the strategy for applying the successfully validated
QSAR models to virtual screening of available chemical databases. We present
several examples of applications of validated QSAR modeling approaches to
GPCR ligands. We conclude with the comments on exciting developments in
the QSAR modeling of GPCR ligands that focus on the study of emerging data
sets of compounds with dual or even multiple activities against two or more
of GPCRs.

1 Introduction

G-protein-coupled receptors represent the largest class of human pro-
teins regulating vital biological and physiological functions. Naturally,
these receptors have been regarded as major targets for drug discov-
ery. Various estimates place the percentage of all modern drugs act-
ing via GPCRs at 50%–70% (Flower 1999; Shay and Wright 2006).
This large proportion of GPCR ligands among current drugs by no
means implies that the GPCR drug discovery effort has exhausted itself.
On the contrary, the advances in genomics and proteomics in recent
years have led to identification of the growing number of novel GPCRs,
many of which still have unknown physiological functions and are con-
sidered orphan receptors. Rapid growth of biomolecular databases of
the ligands tested against panels of GPCRs such as PDSP Ki (Roth and
Kroeze 2006) (cf. http://pdsp.med.unc.edu/) or GLIDA (Okuno et al.
2006) (cf. http://pharminfo.pharm.kyoto-u.ac.jp/services/glida/) empha-
size the growing need in rationalizing the information about the rela-
tionships between structure and activity of all tested compounds. This
challenge provides a natural avenue to explore computational molecu-
lar modeling and biomolecular informatics approaches to accelerate the
focused discovery of novel potent GPCR ligands and ultimately realis-
tic drug candidates even within the academic sector (Kozikowski et al.
2006).

Broadly speaking, computational drug discovery approaches include
structure-based and ligand-based methods. The former require the
knowledge of the three-dimensional structure of the target that can be
obtained either using experimental approaches such as X-ray or nmr or
based on protein homology modeling approaches. It is well known that
even in those cases when the high-resolution X-ray structure of a tar-
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get protein is available, accurate prediction of the bound poses of native
ligands is a formidable challenge. Naturally, the use of receptor models
for structure-based drug discovery studies using tools such as docking
and scoring should be attempted with a great deal of caution. Never-
theless, since roughly 15 years ago (Hibert et al. 1991), great effort has
gone into modeling various GPCRs and using such models to search for
ligands that bind to the receptors (Bissantz et al. 2003).

Vriend was first to establish a database of 3D models for most of the
known GPCRs (Horn et al. 1998) (currently available at http://www.
gpcr.org/7tm/models/vriend/index.html), and recently Skolnick devel-
oped a new publicly available database of predicted GPCR structures
(Zhang et al. 2006) (cf. http://cssb.biology.gatech.edu/skolnick/files/
gpcr/gpcr.html). Notably, the GPCR database developed by Vriend
comes with the following explicit disclaimer: “If you need models for
any serious work, get help from a local modelling expert, and don’t
use these models”; unfortunately, this warning was frequently ignored
by many users. Most of the time, structure-based ligand-binding studies
are limited to demonstrating that receptor models are capable of accom-
modating known ligands in their binding sites. This is most certainly
insufficient because rigorous modeling effort requires clear demonstra-
tion that the model does not identify false positives (i.e., does not favor
binding of ligands that are known to be inactive) or false negatives, that
it could discriminate between agonists and antagonists, explain mutage-
nesis data, and most importantly make accurate prediction of novel po-
tent ligands. Nevertheless, there were several reports in the literature on
successful design of novel active ligands using GPCR models (Becker
et al. 2006; Vaidehi et al. 2006). Still, such successes are infrequent
and structure-based design of GPCR ligands appears to be premature as
a universal method of choice to address the problem.

On the other hand, ligand-based approaches rely directly on the avail-
able information about chemical structures of many tested ligands and
their activity or binding constants. Careful analysis of the historic data
with the goal of building statistically significant and rigorously vali-
dated models that relate compound chemical structure to its potency
should aid experimental GPCR researchers to design novel specific lig-
ands. Such analysis is a subject of the research method known as Quan-
titative Structure Activity Relationship (QSAR) modeling.
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In this paper, we describe major tenets of predictive QSAR model-
ing followed by examples of application of this method to several data
sets of GPCR ligands. We argue in the concluding remarks of this chap-
ter that rapidly growing data sets of compound libraries tested against
a panel of GPCRs provide unique opportunities for cheminformatics
analysis of this data toward rational design of novel GPCR ligands.

2 Methodology

2.1 QSAR Modeling

The field of Quantitative Structure Activity Relationships (QSAR), as
an integral part of computer-aided drug design and discovery, is expe-
riencing one of the most exciting periods in its history. Modern QSAR
approaches are characterized by the use of multiple descriptors of chem-
ical structure combined with the application of both linear and nonlin-
ear optimization approaches, and a strong emphasis on rigorous model
validation to afford robust and predictive QSAR models. The most im-
portant recent developments in the field concur with a substantial in-
crease in the size of experimental data sets available for the analysis
and an increased application of QSAR models as virtual screening tools
to discover biologically active molecules in chemical databases and/or
virtual chemical libraries. The latter focus differs substantially from the
traditional emphasis on developing so-called explanatory QSAR mod-
els characterized by high statistical significance but only as applied to
training sets of molecules with known chemical structure and biological
activity.

An inexperienced user or sometimes even an avid practitioner of
QSAR could be easily confused by the diversity of methodologies and
naming conventions used in QSAR studies. Two-dimensional (2D) or
three-dimensional (3D) QSAR, variable selection or Artificial Neural
Network methods, Comparative Molecular Field Analysis (CoMFA) or
binary QSAR present examples of various terms that may appear to de-
scribe totally independent approaches, which cannot be generalized or
even compared to each other. In fact, any QSAR method can be gener-
ally defined as an application of mathematical and statistical methods
to the problem of finding empirical relationships (QSAR models) of the
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form

Pi = k̂(D1, D2, . . . Dn) ,

where Pi are biological activities (or other properties of interest) of
molecules, D1, D2, ... Dn are calculated (or, sometimes, experimentally
measured) structural properties (molecular descriptors) of compounds,
and k̂ is some empirically established mathematical transformation that
should be applied to descriptors to calculate the property values for all
molecules. The relationship between values of descriptors D and target
properties P can be linear [(e.g., multiple linear regression (MLR) as
in the Hansch QSAR approach], where target property can be predicted
directly from the descriptor values or nonlinear (such as artificial neural
networks or classification QSAR methods) where descriptor values are
used in characterizing chemical similarity between molecules, which in
turn is used to predict compound activity. In general, each compound
can be represented by a point in a multidimensional space, in which
descriptors D1, D2, ... Dn serve as independent coordinates of the com-
pound. The goal of QSAR modeling is to establish a trend in the descrip-
tor values, which parallels the trend in biological activity. All QSAR
approaches imply, directly or indirectly, a simple similarity principle,
which for a long time has provided a foundation for the experimental
medicinal chemistry: compounds with similar structures are expected
to have similar biological activities. This implies that points represent-
ing compounds with similar activities in multidimensional descriptor
space should be geometrically close to each other, and vice versa.

Despite formal differences between various methodologies, any
QSAR method is based on a QSAR table, which can be generalized
as shown in Fig. 1. To initiate a QSAR study, this table must include
some identifiers of chemical structures (e.g., company id numbers, first
column of the table in Fig. 1), reliably measured values of biologi-
cal activity (or any other target property of interest, e.g., solubility,
metabolic transformation rate, etc., second column), and calculated val-
ues of molecular descriptors in all remaining columns (sometimes, ex-
perimentally determined physical properties of compounds could be
used as descriptors as well).

The differences in various QSAR methodologies can be understood
in terms of the types of target property values, descriptors, and op-
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Fig. 1. Generalized QSAR table

timization algorithms used to relate descriptors to the target proper-
ties and generate statistically significant models. Target properties (re-
garded as dependent variables in statistical data modeling sense) can
generally be of three types: continuous (i.e., real values covering cer-
tain range, e.g., IC50 values, or binding constants); categorical-related
(e.g., classes of target properties covering certain range of values, e.g.,
active and inactive compounds, frequently encoded numerically for the
purpose of the subsequent analysis as one (for active) or zero (for inac-
tive), or adjacent classes of metabolic stability such as unstable, mod-
erately stable, stable; and categorical-unrelated (i.e., classes of target
properties that do not relate to each other in any continuum, e.g., com-
pounds that belong to different pharmacological classes, or compounds
that are classified as drugs vs non-drugs). As simple as it appears, un-
derstanding this classification is actually very important since the choice
of descriptor types as well as modeling techniques is often dictated by
the type of the target properties. Thus, in general the latter two types
require classification modeling approaches, whereas the former type of
the target properties allows using linear regression modeling. The cor-
responding methods of data analysis are referred to as classification or
continuous property QSAR.
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Chemical descriptors (or independent variables in terms of statistical
data modeling) can be typically classified into two types: continuous
(i.e., range of real values for example as simple as molecular weight
or many molecular connectivity indices); or categorical-related (i.e.,
classes corresponding to adjacent ranges of real values, for example
counts of functional groups or binary descriptors indicating presence or
absence of a chemical functional group or an atom in a molecule). De-
scriptors can be generated from various representations of molecules,
e.g., 2D chemical graphs or 3D molecular geometries, giving rise to
the terms of 2D or 3D QSAR, respectively. Understanding these types
of descriptors is also important for understanding basic principles of
QSAR modeling since as stated above, any modeling implies establish-
ing the correlation between chemical similarity between compounds
and similarity between their target properties. Chemical similarity is
calculated in the descriptor’s space using various similarity metrics
(see excellent reviews by Peter Willett on the subject, e.g., Downs and
Willett 1996); thus the choice of the metric is dictated in many cases by
the descriptor type. For instance, in case of continuous descriptor vari-
ables the Euclidean distance in descriptor space is a reasonable choice
of the similarity metric, whereas in case of binary variables metrics such
as the Tanimoto coefficient or Manhattan distance would appear more
appropriate.

Finally, correlation methods (that can be used either with or without
variable selection) can be classified into two major categories,
i.e., linear [e.g., linear regression (LR), or principal component
regression (PCR), or partial least squares (PLS)] or nonlinear [e.g.,
k nearest neighbor (kNN), recursive partitioning (RP), artificial neural
networks (ANN), or support vector machines (SVM)]. Most QSAR re-
searchers practice their preferred modeling techniques, and the choice
of the technique is frequently coupled with the choice of descriptor
types. However, there are recent attempts (discussed in more detail be-
low) to combine various modeling techniques and descriptor types as
applied to individual data sets.

In some cases, the types of biological data, the choice of descriptors,
and the class of optimization methods are closely related and mutu-
ally inclusive. For instance, multiple linear regression can only be ap-
plied when a relatively small number of molecular descriptors are used
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(at least five or six times smaller than the total number of compounds)
and the target property is characterized by a continuous range of val-
ues. The use of multiple descriptors makes it impossible to use MLR
because of a high chance of spurious correlation (Topliss and Edwards
1979) and requires the use of PLS or nonlinear optimization techniques.
However, in general, for any given data set a user could choose between
various types of descriptors and various optimization schemes, com-
bining them in a practically mix-and-match mode, to arrive at statisti-
cally significant QSAR models in a variety of ways. Thus in general, all
QSAR models can be universally compared in terms of their statistical
significance, and, most importantly, their ability to predict accurately bi-
ological activities (or other target properties) of molecules not included
in the training set. This concept of the predictive ability as a universal
characteristic of QSAR modeling independent of the particulars of in-
dividual approaches should be kept in mind as we consider examples of
QSAR tool applications in the subsequent sections of this paper.

2.2 Approaches to Developing Validated
and Predictive QSAR Models

The process of QSAR model development is typically divided into three
steps: data preparation, data analysis, and model validation. The imple-
mentation of these steps is generally determined by the researchers’ in-
terests, experience, and software availability. The resulting models are
then frequently employed, at least in theory, to design new molecules
based on chemical features or trends found to be statistically significant
with respect to underlying biological activity. For instance, the popular
3D QSAR approach CoMFA (Comparative Molecular Field Analysis)
(Cramer et al. 1989) makes suggestions regarding steric or electronic
modifications of the training set compounds that are likely to increase
their activity.

The first stage includes the selection of a data set for QSAR stud-
ies and the calculation of molecular descriptors. The second stage deals
with the selection of a statistical data analysis and correlation technique,
either linear or nonlinear, such as Partial Least Squares (PLS) or Artifi-
cial Neural Networks (ANN). Many different algorithms and a variety
of computer software are available for this purpose; in all approaches,
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descriptors serve as independent variables, and biological activities as
dependent variables.

Typically, the final part of QSAR model development is model val-
idation, (Golbraikh and Tropsha 2002a; Tropsha et al. 2003) when the
true predictive power of the model is established. In essence, predictive
power is one of the most important characteristics of QSAR models.
It can be defined as the ability of the model to accurately predict the tar-
get property (e.g., biological activity) of compounds that were not used
for model development. The typical problem of QSAR modeling is that
at the time of model development a researcher only has, essentially,
training set molecules, so predictive ability can only be characterized
by statistical characteristics of the training set model, and not by true
external validation.

Most of the QSAR modeling methods implement the leave-one-out
(LOO) (or leave-some-out) cross-validation procedure. The outcome
from this procedure is a cross-validated correlation coefficient q2, which
is calculated according to the following formula:

q2 = 1 −
∑(

yi − ŷi
)2

∑ (
yi − ȳ

)2 ,

where yi , ŷi , and ȳ are the actual, estimated by LOO cross-validation
procedure, and the average activities, respectively. The summations in
(3.1) are performed over all compounds, which are used to build a mod-
el (training set). Frequently, q2 is used as a criterion of both robust-
ness and predictive ability of the model. Many authors consider high q2

(for instance, q2 > 0.5) an indicator or even the ultimate proof of the
high predictive power of a QSAR model. They do not test the models
for their ability to predict the activity of compounds of an external test
set (i.e., compounds that have not been used in the QSAR model devel-
opment). For instance, recent publications (Girones et al. 2000; Bordas
et al. 2000; Fan et al. 2001; Suzuki et al. 2001) provide several examples
where the authors claimed that their models had high predictive ability
without even validating them with an external test set. Other authors
validate their models using only one or two compounds that were not
used in QSAR model development (Recanatini et al. 2000; Moron et al.
2000), and still claim that their models are highly predictive.
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A widely used approach to establish model robustness is the random-
ization of response (Wold and Eriksson 1995) (i.e., in our case of activi-
ties). It consists of repeating the calculation procedure with randomized
activities and subsequent probability assessment of the resultant statis-
tics. Frequently, it is used along with the cross-validation. Sometimes
models based on the randomized data have high q2 values, which can
be explained by a chance correlation or structural redundancy (Clark
et al. 2001). If all QSAR models obtained in the Y-randomization test
have relatively high both R2 and LOO q2, it implies that an acceptable
QSAR model cannot be obtained for the given data set by the current
modeling method.

Thus, it is still uncommon to test QSAR models (characterized by
a reasonably high q2) for their ability to accurately predict biological
activities of compounds not included in the training set. In contrast with
such expectations, it has been shown that if a test set with known val-
ues of biological activities is available for prediction, there exists no
correlation between the LOO cross-validated q2 and the correlation co-
efficient R2 between the predicted and observed activities for the test set
(Fig. 2). In our experience (Kubinyi et al. 1998; Golbraikh and Tropsha
2002a), this phenomenon is characteristic of many data sets and is in-
dependent of the descriptor types and optimization techniques used to
develop training set models. In a recent review, we emphasized the im-
portance of external validation in developing reliable models (Tropsha
et al. 2003).

As was suggested in several recent publications both by our col-
leagues (Novellino et al. 1995; Norinder 1996; Zefirov and Palyulin
2001; Kubinyi et al. 1998) and us (Golbraikh and Tropsha 2002b; Trop-
sha et al. 2003), the only way to ensure the high predictive power of
a QSAR model is to demonstrate a significant correlation between pre-
dicted and observed activities of compounds for a validation (test) set,
which was not employed in model development. We have shown (Gol-
braikh and Tropsha 2002b; Tropsha et al. 2003) that various commonly
accepted statistical characteristics of QSAR models derived for a train-
ing set are insufficient to establish and estimate the predictive power of
QSAR models. We emphasize that external validation must be made, in
fact, a mandatory part of model development. This goal can be achieved
by a division of an experimental SAR data set into the training and test
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Fig. 2. Beware of q2! External R2 (for the test set) shows no correlation with the
predictive LOO q2 (for the training set). (Adapted from Golbraikh and Tropsha
2002a)

set, which are used for model development and validation, respectively.
We believe that special approaches should be used to select a training set
to ensure the highest significance and predictive power of QSAR mod-
els (Golbraikh and Tropsha 2002a; Golbraikh et al. 2003). Our recent
reviews and publications describe several algorithms that can be em-
ployed for such division (Tropsha et al. 2003; Golbraikh and Tropsha
2002b; Golbraikh et al. 2003).

In order to estimate the true predictive power of a QSAR model, one
needs to compare the predicted and observed activities of a sufficiently
large external test set of compounds that were not used in the model
development. One convenient parameter is an external q2 defined as
follows (similar to (3.1) for the training set):

q2
ext = 1 −

test∑

i=1

(
yi − ŷi

)2

test∑

i=1

(
yi − ȳtr

)2
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where yi and ŷi are the measured and predicted (over the test set), re-
spectively, values of the dependent variable and ȳtr is the averaged value
of the dependent variable for the training set; the summations run over
all compounds in the test set. Certainly, this formula is only meaningful
when it does not differ significantly from the similar value for the test
set (Oprea and Garcia 1996). In principle, given the entire collection of
compounds with known structure and activity, there is no particular rea-
son to select one particular group of compounds as a training (or test)
set; thus, the division of the data set into multiple training and test sets
(Golbraikh et al. 2003) or an interchangeable definition of these sets
(Oprea 2001) is recommended.

The use of the following statistical characteristics of the test set was
also recommended (Golbraikh et al. 2003): (i) correlation coefficient R2

between the predicted and observed activities; (ii) coefficients of deter-
mination (predicted versus observed activities R2

0); (iii) slopes k and k′
of the regression lines through the origin. Thus, we consider a QSAR
model predictive, if the following conditions are satisfied (Golbraikh
et al. 2003):

q2>0.5 ;
R2>0.6 ;

(
R2 − R2

0

)

R2
< 0.1 or

(
R2 − R′2

0

)

R2
< 0.1 ;

0.85 ≤ k ≤ 1.15 or 0.85 ≤ k′ ≤ 1.15.

We have demonstrated (Golbraikh and Tropsha 2002b; Golbraikh
et al. 2003) that all of the above criteria are indeed necessary to ade-
quately assess the predictive ability of a QSAR model.

2.3 Combinatorial QSAR and a Workflow
for Predictive QSAR Modeling

Our chief hypothesis is that if an implicit structure–activity relationship
exists for a given data set, it can be formally manifested via a variety
of QSAR models utilizing different descriptors and optimization pro-
tocols. We believe that multiple alternative QSAR models should be
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developed (as opposed to a single model using some favorite QSAR
method) for each data set. Since QSAR modeling is relatively fast, these
alternative models could be explored simultaneously when making pre-
dictions for external data sets. The consensus predictions of biological
activity for novel test set compounds on the basis of several QSAR mod-
els, especially when they converge, are more reliable and provide better
justification for the experimental exploration of hits. Finally, we em-
phasize the use of molecular descriptors as opposed to those based on
chemical fragments, which affords exploration of a more diverse chem-
ical space.

Our current approach to combi-QSAR modeling is summarized on
the workflow diagram (Fig. 3). In most previously reported QSPR stud-
ies, the models are typically generated with a single modeling tech-
nique, frequently lacking external validation (Tropsha et al. 2002). Our
experience suggests that QSPR is a highly experimental area of sta-
tistical data modeling where it is impossible to decide a priori which
particular QSPR modeling method will prove to be most successful.
Thus, to achieve QSPR models of the highest internal, and most im-
portantly, external accuracy, we apply a combi-QSPR approach, which
explores all possible combinations of various descriptor types and op-
timization methods along with external model validation. Each combi-
nation of descriptor sets and optimization techniques is likely to cap-
ture certain unique aspects of the structure–activity relationship. Our
recent publications (Kovatcheva et al. 2004; de Cerqueira et al. 2006)
demonstrate the power of the combi-QSAR approach in achieving sig-
nificant models. Since our ultimate goal is to use the resulting models
in compound property evaluation, application of different combinations
of modeling techniques and descriptor sets will increase our chances for
success. QSAR models are used increasingly in chemical data mining
and combinatorial library design (Tropsha et al. 1999; Cho et al. 1998).
For example, 3D stereoelectronic pharmacophore based on QSAR mod-
eling was used recently to search the National Cancer Institute Repos-
itory of Small Molecules (2004) to find new leads for inhibiting HIV
type 1 reverse transcriptase at the nonnucleoside binding site (Gus-
sio et al. 1998). We recently introduced a descriptor pharmacophore
concept (Tropsha and Zheng 2001) on the basis of variable selection
QSAR: the descriptor pharmacophore is defined as a subset of molecu-
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Fig. 3. Flow chart of the combinatorial QSAR methodology

lar descriptors that afford the most statistically significant QSAR model.
It has been demonstrated that chemical similarity searches using de-
scriptor pharmacophores as opposed to using all descriptors afford more
efficient mining of chemical databases or virtual libraries to discover
compounds with the desired biological activity (Tropsha and Zheng
2001; Shen et al. 2004).

The strategy for drug discovery that combines validated QSAR mod-
eling and database mining has been under development in our group
for several years (Shen et al. 2002; Tropsha et al. 2001) and was most
recently applied successfully to the discovery of novel anticonvulsant
agents (Shen et al. 2002) and more recently, to the analysis of D1 antag-
onists (Oloff et al. 2005). The approach is outlined in Fig. 4.
It is important to stress that the outputs of these studies are not models
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Fig. 4. Flowchart of predictive QSAR workflow based on validated combi-
QSAR models

with their statistical characteristics as is typical for most QSAR studies.
Rather, the modeling results are the predictions of the target properties
for all database or virtual library compounds, which allows for imme-
diate compound prioritization for subsequent experimental verification.
Another advantage of using QSAR models for database mining is that
this approach affords not only the identification of compounds of inter-
est, but also quantitative prediction of the compounds’ potency applica-
tion to the discovery of novel potent compounds by means of database
mining (Shen et al. 2004).

We shall emphasize that this approach shifts the traditional focus
of QSAR modeling from achieving statistically significant training set
models (where the results are presented in the form of statistical param-
eters) to identifying novel, potentially active compounds on the basis
of statistically significant and externally validated models (i.e., where
the results are presented in the form of compounds). We believe that
this shift brings QSAR modeling in tune with the ultimate needs of ex-
perimental medicinal chemists in novel compounds rather than models.
We use this approach routinely for the analyses of available experimen-
tal data sets, as illustrated by examples presented below.
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3 Applications

3.1 QSAR Modeling of D1 Dopaminergic Antagonists
and Virtual Screening of Chemical Databases
with Validated Models

Dopamine receptors are made of two subclasses [D1-like and D2-like
subtypes (Kebabian and Calne 1979)] coded from five genes. The dopa-
mine receptors play important roles such as modulation of motor func-
tion, cognition, memory, emotional activity, and various peripheral func-
tions (Strange 1993) and have been especially implicated in disorders
such as Parkinson’s disease and schizophrenia (Seeman et al. 1987).
The consequences of activation or blockade of dopamine receptors are
wide-ranging (Creese and Iversen 1973; Phillips and Fibiger 1973; Pij-
nenburg et al. 1976; Ungerstedt and Arbuthnott 1970), and perturbation
of dopamine neurotransmission may result in profound neurological,
psychiatric, or physiological signs and symptoms. For these reasons,
there has been a great deal of research focused on the discovery of novel
dopaminergic ligands as potential drug candidates.

As is true for any GPCR, due to the difficulties with crystallizing
transmembrane proteins, X-ray structures for the dopamine receptors
are not currently available. This leaves ligand-based drug discovery ap-
proaches such as QSAR modeling the methods of choice for the analysis
of known ligands and discovery of novel ligands for the dopamine re-
ceptors. Recently we have developed rigorously validated QSAR mod-
els for 48 D1 dopaminergic antagonists and applied these models for
virtual screening of available chemical databases to identify novel po-
tent compounds (Oloff et al. 2005).

The pharmacological data for the 48 D1 antagonists used in this study
were reported elsewhere (Charifson et al. 1988, 1989; Minor et al. 1994;
Schulz et al. 1984). Following our general strategy (Fig. 4), we applied
the combinatorial QSAR modeling and model validation workflow to
this data set. Thus, several QSAR methods were employed, includ-
ing Comparative Molecular Field Analysis (CoMFA) (Cramer, III et al.
1988), Simulated Annealing-Partial Least Squares (SA-PLS) (Cho et al.
1998), k-Nearest Neighbor (kNN), (Zheng and Tropsha 2000), and Sup-
port Vector Machines (SVM) (Oloff et al. 2005). With the exception of
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Fig. 5. Comparison of actual vs predicted D1 antagonist binding affinity based
on SVM QSAR models. The results are shown for both training (38 compounds;
dark squares) and test (10 compounds, gray squares)

CoMFA, these approaches employed 2D topological descriptors gener-
ated with the MolConnZ software package (EduSoft 2003). The original
data set was split into training and test sets to allow for external valida-
tion of each training set model. The resulting models were characterized
by cross-validated R2 (q2) for the training set and predictive R2 val-
ues for the test set of (q2/R2) 0.51/0.47 for CoMFA, 0.7/0.76 for kNN,
R2 for the training and test sets of 0.74/0.71 for SVM, and training set
fitness and test set R2 values of 0.68/0.63 for SA-PLS. Figure 5 illus-
trates a typical result of the modeling exercise.

Validated QSAR models with R2 greater than 0.7 (for the training
sets), (i.e., kNN and SVM) were used to mine three publicly available
chemical databases: the National Cancer Institute (NCI) (NCI 2005)
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database of approximately 250,000 compounds, the Maybridge Data-
base (Maybridge 2005) of approximately 56,000 compounds, and the
ChemDiv Database containing approximately 450,000 compounds
(Chemical Diversity 2004). These searches resulted in only 54 consen-
sus hits (i.e., predicted active by all models); five of them were pre-
viously characterized as dopamine D1 ligands, but were not present
in the original data set. A small fraction of the purported D1 ligands
did not contain a catechol ring found in all known dopamine full ago-
nist ligands, suggesting they may be novel structural antagonist leads.
Although further experimental work is needed to verify this hypothe-
sis, the identification of known ligands suggests that models produced
in this study are capable of detecting novel D1 compounds from large
chemical databases.

3.2 Combinatorial QSAR Modeling of Serotonin Receptor
5HT1E/5HT1F Ligands and Subtype Selectivity

As mentioned in the introductory part of this paper, recent developments
in high-throughput technologies afforded opportunities in the develop-
ment of experimental screening programs where multiple ligands are
tested simultaneously against panels of GPCRs (Roth and Kroeze 2006;
Okuno et al. 2006). Such databases present new challenges for molecu-
lar modelers prompting the development of computational chemical ge-
nomics approaches. Unlike traditional QSAR modeling where we build
models for compounds acting at single receptors, we are now poised
to develop approaches that relate chemical structure to patterns of bi-
ological activity against two or more receptors. The first examples of
such studies are beginning to appear in the literature (e.g., Blower et al.
2002), but we face the need for the systematic computational analysis
of the receptorome, as termed by Roth and colleagues (Roth and Kroeze
2006). Our group has recently initiated such a research program and we
present our initial results here as applied to the analysis of twp subtypes
of 5HT receptor, i.e., 5HT1E and 5HT1F.

The PDSP Ki dataset (http://pdsp.med.unc.edu/) includes data on
binding constants for 51 5HT1E ligands and 29 5HT1F ligands. We
have employed the kNN modeling approach and started from develop-
ing individual QSAR models for each data set, followed by addressing
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the subtype specificity of the ligands acting at both receptors. Model
building included multiple divisions of the original data set into train-
ing and test sets. The training and test set sizes varied from 46 and 5
to 28 and 23 compounds for 5HT1E data set and from 24 and 5 to 16
and 13 for 5HT1F data set, respectively. Generally, kNN models with
leave-one-out cross-validated R2 (q2) values for the training set greater
than 0.60, and linear fit predictive R2 values for the external test set
greater than 0.60 were accepted. The kNN method produced highly pre-
dictive models with q2/R2 values of 0.75/0.67 for 5HT1E ligands and
0.84/0.64 for 5HT1F ligands using MolConnZ descriptors. Similarly,
models built using MOE descriptors generated statistical models with
q2/R2 values of 0.61/0.75 for 5HT1E ligands and 0.61/0.68 for 5HT1F
ligands. These results suggest that intrinsic structure–activity relation-
ships exist for 5HT1E/5HT1F ligands exemplified by successful models
developed with different types of molecular descriptors.

To quantify the selectivity of 5HT1E/5HT1F binders, a classifica-
tion model has been developed to account for common binders (cate-
gory 1) or non-common binders (category 0). The ratio of Ki,5HT1E to
Ki,5HT1F was calculated as the selectivity index and the threshold was
chosen to be Ki,5HT1E/Ki,5HT1F = 3.0 and 0.3. A higher threshold, such
as Ki,5HT1E/Ki,5HT1F = 1.0 or 2.0, which others have used (Sutherland
and Weaver 2004), resulted in too few common binders. Considering
the errors of Ki values in the PDSP Ki database caused by broad as-
say sources, the difference in Ki values within tenfold is indistinguish-
able. Thus Ki,5HT1E/Ki,5HT1F = 3.0 and 0.3 have greater representation
to the common/non-common category and showed the best classifica-
tion statistics.

For the 5HT1E/5HT1F subtype selectivity data set, the training and
test set sizes varied from 17 and 5 to 12 and 10, respectively. The ac-
curacy of models was estimated using the Correct Classification Rate
(CCR) defined as Ncorr/N = (TP + TN)/N, where N and Ncorr were the
total number of compounds and the number of correctly classified com-
pounds.

A high fraction of kNN QSAR models for the training sets were
found to be statistically acceptable with CCRtrain ≥ 0.70 and many
models achieved the impressive CCR = 1.00 for the validation sets.
Usually models with CCRtest ≥0.70 appeared to have CCRtrain ≥0.70,
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but the opposite was not always true. Thus, the models with high val-
ues of both CCRtrain and CCRtest were considered acceptable. Remark-
ably, the kNN classification models predicted all seven common binders
correctly out of 15 compounds in the training set and all six common
binders out of seven compounds in the validation test set. We are cur-
rently investigating the difference in chemical patterns responsible for
binding at individual receptor sites vs those responsible for selectivity.
Virtual screening studies are also underway to identify novel putative
selective binders.

4 Final Thoughts on QSAR Modeling

Our general approach to QSAR modeling goes beyond the traditional
boundaries of this method. Although QSAR modeling is generally re-
garded as a ligand optimization approach that may lead to rational de-
sign of novel compounds, examples of rationally designed compounds
are rare in any traditional QSAR modeling paper. Most of the publica-
tions present models that are capable of reproducing training set com-
pound activity with high accuracy (in some cases, test set compound
predictions are included, but those already have their biological activ-
ity determined). Thus, a typical outcome of a traditional QSAR mod-
eling study is a set of statistical characteristics such as q2, R2, F value,
etc., mostly for the training set, which provide little help to chemists
interested in the design of novel molecules (CoMFA presents a notable
exception by formally providing structural design hypothesis based on
“fields”).

The approach described in this paper does not stop when one could
obtain a statistically significant training set model. Our approach places
the emphasis of the entire QSAR modeling study on making reliable
predictions of chemical structures expected to have the desired bio-
logical activity, rather than on respectable statistical characteristics of
(training set) models. These predicted structures are either already avail-
able in existing chemical databases or are synthetically feasible (i.e.,
included in virtual combinatorial chemical libraries, which can also be
mined with QSAR models). We believe that this extended view of the
entire QSAR modeling approach exemplified by our recent studies of
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anticonvulsants (Shen et al. 2004) and D1 antagonists (Oloff et al. 2005)
presented in this paper brings the focus of modeling closer to the needs
of medicinal chemists who both supply computational chemists with
experimental structure–activity data and expect novel structures rather
than equations and statistical parameters in return. We suggest that our
approach that combines predictive QSAR modeling and database min-
ing provides an important general avenue toward GPCR drug discovery
that can be explored for many pharmacological data sets.
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Systematic residue numbering convention:
GPCRs are of varying sizes, anywhere between approximately 315 and approx-
imately 620 residues in length. This clearly poses problems for the creation of
a standard numbering scheme for comparing residue positions across families.
However, the length of the TM segments is more or less constant, and each
TM has a pattern of conserved residues. Various schemes have been devised
to pivot the numbering system about the most conserved residue in each TM.
The GPCRDB system is just one of these. In this work, the residue numbers
will take the form: (TM number)_(Position in that TM from the N-terminal
end). Conversion to other standard numbering conventions can be made by con-
sulting Bywater (2005) or Bondensgaard et al. (2004).

Orientation convention:
Unlike molecules of water-soluble proteins, which are oriented either in the
frame of the user’s 3D graphics device or with the orientation that they had
in the crystal lattice, membrane proteins should be considered in relation to
their orientation relative to the membrane, usually this is horizontal (in the x, y
plane). In the convention employed here, the cytosolic side of the membrane is
placed below the membrane bilayer and the extracellular side above. Directional
prepositions used in the text, “up” and “down”, “deeper down” etc. (i.e. along
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Abstract. Certain kinds of ligand substructures recur frequently in pharmaco-
logically successful synthetic compounds. For this reason they are called privi-
leged structures. In seeking an explanation for this phenomenon, it is observed
that the privileged structure represents a generic substructure that matches com-
monly recurring conserved structural motifs in the target proteins, which may
otherwise be quite diverse in sequence and function. Using sequence-handling
tools, it is possible to identify which other receptors may respond to the ligand,
as dictated on the one hand by the nature of the privileged substructure itself or
by the rest of the ligand in which a more specific message resides. It is suggested
that privileged structures interact with the partially exposed receptor machinery
responsible for the switch between the active and inactive states. Depending on
how they have been designed to interact, one can predispose these substructures
to favour either one state or the other; thus privileged structures can be used to
create either agonists or antagonists. In terms of the mechanism of recognition,
the region that the privileged structures bind to are rich in aromatic residues,
which explains the prevalence of aromatic groups and atoms such as sulphur
or halogens in many of the ligands. Finally, the approach described here can
be used to design drugs for orphan receptors whose function has not yet been
established experimentally.

1 Introduction

An appropriate way to begin this paper would be to quote the following
official IUPAC definition (IUPAC 1999): “Privileged Structure: Sub-
structural feature which confers desirable (often drug-like) properties
on compounds containing that feature. Often consists of a semi-rigid
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scaffold which is able to present multiple hydrophobic residues without
undergoing hydrophobic collapse, e.g. diazepam in which the diphenyl-
methane moiety prevents association of the aromatic rings.”

This definition will be adhered to, although in the literature there are
examples where the concept loses some of its intended generality or
universality by being used to explain exclusive behaviour in the con-
text of some rather narrow set of targets, e.g. aryl piperazines being
selective for, in different cases, dopamine (Sukalovic et al. 2005) and
melanocortin (Dyck et al. 2003) targets, whereas of course, this class
of compounds are eminently suitable as ligand substructures in many
different contexts (Mason et al. 1999). The main idea is intended to be
that the part of the ligand containing the privileged structure will man-
ifest some binding or activation properties against quite a wide range
of targets, whereafter the drug designer then proceeds to engineer-in
those extra features that are more specific for the target of her or his
choice (Mason et al. 1999; DeSimone et al. 2004; Costantino and Bar-
locco 2006; Bakshi et al. 2006; Nieto et al. 2005; Fisher et al. 2005;
Guo and Hobbs 2003; Nicolaou et al. 2000a, 2000b, 2000c). The privi-
leged structure is thereby being used as a scaffold which has been shown
to have good chemical properties and which may with advantage also
be drug-like [however one may choose to define that (Frimurer et al.
2000)].

This paper will not dwell so much on the privileged structures them-
selves and the different varieties on offer, nor on how they were discov-
ered, since these have been thoroughly reviewed elsewhere (Mason et al.
1999; DeSimone et al. 2004; Costantino and Barlocco 2006; Bakshi
et al. 2006; Nieto et al. 2005; Fisher et al. 2005; Guo and Hobbs 2003;
Nicolaou et al. 2000a, 2000b, 2000c). The focus here is rather on what
the mechanistic principles are behind how they function: what general
features of the targets are exploited by the general features possessed
by these privileged substructures. In order to illustrate these mechanis-
tic principles better, it is expedient to consider a family of targets whose
members belong to a superfamily with the same overall fold, but which
display considerable diversity. This diversity accounts for the manifold
different biological functions that the members display, and it also rep-
resents both the challenge and the opportunity that the drug designer is
faced with. The question is then, are there any general features along-
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side all this diversity such that we can utilize previous ligand fragments
or substructures that have earlier been found practical to deal with? The
family chosen here is that of the G-protein-coupled receptors (GPCRs).

Mention of a previously published study (Bondensgaard et al. 2004)
may serve as the best way to conclude this introduction. In that work,
the conserved features in a large subset of the GPCRs—Class A, or
rhodopsin-like receptors—were examined and it was concluded that in
parallel with the occurrence of conserved features in ligands contain-
ing privileged structures, there were conserved regions of the ligand-
binding pocket that serve as a privileged subpocket. This hypothesis
will be further examined here. In particular, an explanation is in order
for how it comes about that there is indeed such a privileged subpocket
suitable for binding the privileged substructures of the ligand, yet the re-
ceptor has not been exposed to the selection pressure of these synthetic
ligands for any length of evolutionary history.

2 Construction of Models of Class A GPCRs

GPCRs and membrane proteins in general are grossly underrepresented
in the database of protein 3D structures (XRC and/or NMR). The rea-
sons for this are that membrane proteins typically are produced in very
small amounts compared with, for example, enzymes or antibodies, and
that, because their membrane environment is critical for their stabil-
ity and survival, experimental methods to solubilize them and find the
right formulation that is conducive to crystal formation are far more
tricky than for water-soluble globular proteins. This disparity is partic-
ularly infelicitous when it is remembered that GPCRs are among the
most important components of biological signal transduction processes
in eucaryotes, making them the most important set of targets for phar-
macological intervention in combating disease.

The only crystal structure of GPCRs are different crystalline variants
of the same protein, bovine rhodopsin (Palczewski et al. 2000; Li et al.
2004; Ruprecht et al. 2004). This protein is a representative structure
for Class A GPCRs; however it is not really suitable as a canonical
structure of this class (Bywater 2005). Nevertheless, it is the only GPCR
that has a crystal structure, and therefore the only choice available for
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use as a template for constructing models of other Class A GPCRs by
homology modelling.

In this work, the WHAT IF program (Vriend 1990) has been used
for homology modelling and YASARA (Krieger and Vriend 2002) for
molecular graphics.

3 Detection of Conserved Regions in Class A GPCRs

Multiple alignments of over 1,600 Class A GPCRs are documented in
the GPCRDB. From these alignment data, it is possible to compute
a number of useful parameters related to residue type conservation,
entropy1 and correlated mutations and to produce phylogenetic trees2.
It has been observed (Bondensgaard et al. 2004; Oliveira and Vriend
2003) that regions of lowest entropy (most conserved) are located in
a region close to and within the core of the receptor in a subregion that
extends downwards to the G-protein binding region as well as upwards
so as to form a lining to the bottom of the classical biogenic amine-
binding site (see next section). Residues at other sites have lower de-
grees of conservation, reflecting their different roles (e.g. binding of
specific ligands). See Figs. 1, 2 and also Fig. 2 in Bondensgaard et al.
2004.

4 Ligand-Binding Regions in Class A GPCRs

For the purposes of this discussion, we are interested in residues that
are in contact with ligands. This poses a problem in that the Class
A receptors recognize ligands of many different types and size ranges,
from small biogenic amines up to peptides and even proteins. The small
ligands typically bind in the well-characterized ligand-binding pocket
lodged between TMs 3, 5, 6 and 7 (Strader et al. 1987, 1989). In ad-

1Shannon entropy, or informational entropy, defined in the normal way as:

Sp = − Σ i=1,20 f p(i) ln
[

f p(i)
]

(1)

where f p(i) is the relative frequency of residue type i at position p.
2These are more properly called dendrograms since the coverage of evolutionary space

is not comprehensive enough to warrant use of the term phylogenetic.
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Fig. 1. Privileged structures mentioned in this study. (From Bondensgaard et al.
2004)

dition, sites near the top of TM4 can be involved in ligand binding
(Bywater 2005; Suryanarayana 1992), as will also be encountered in
this work. We define the small ligand-binding pocket as being made up
of those residues which contact these small ligands. There is no con-
flict with the need to define a ligand-binding pocket for larger ligands
such as peptides, since these too occupy the small ligand-binding pocket
but of course, their greater size means that they extend well outside of
this pocket, upwards and out into the external loop regions where many
further contacts are made. Many of these contacts contribute addition-
ally to both activity and specificity. Nevertheless, the peptide ligands
invariably utilize the small ligand pocket as well (see fuller discussion
with references in Bywater 2005). Furthermore, most synthetic drugs
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Fig. 2. Consensus structure of the aminergic receptors from the extracellular
side colour-coded by entropy (red – highest entropy → blue – lowest entropy)

designed to mimic the function of these peptides are usually smaller,
more compact, and they usually have the small ligand-binding pocket
as their destination on docking. In this work, the residues that line this
pocket are: 3.7, 3.8, 3.11, 3.12, 4.16, 4.20, 5.5, 5.6, 5.9, 5.10, 6.23, 6.27,
6.30, 7.4, 7.5, 7.8, 7.9, 7.11.

The binding pocket described above does not occupy all of the cleft
between the TMs mentioned: it is possible to penetrate deeper into this
cleft. Endogenous ligands do not normally do so, but many synthetic
ligands do. The latter are in any case usually somewhat larger than the
endogenous ligand and can, when superposed on the endogenous, ex-
tend both above and below it. In this work, the deeper recesses of the
overall binding region reached by these ligands are treated as a separate
subpocket, here given the attribute “privileged” in anticipation of the
studies carried out into the nature of this subpocket. In a previous study
(Bondensgaard et al. 2004), a number of ligands (e.g., those shown in
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Fig. 1), were docked into their corresponding receptors. This enabled
the residues that form the deeper cleft to be identified as: 3.12, 3.15,
3.16, 3.19, 4.19, 4.23, 5.5, 5.6, 5.9, 5.10, 5.13, 5.14, 6.16, 6.20, 6.23,
6.24, 6.27. Note that there is a certain amount of overlap between the
two sets. The justification for the choice of residue positions for the priv-
ileged set comes from published (Bondensgaard et al. 2004) docking
studies in which the ligands of Fig. 1 were docked into various Class A
GPCRs. The contacts that arise from these dockings are summarized in
Table 1, and it can immediately be seen that the ligands are utilizing the
above-mentioned set of privileged residues. The receptor residues in-
volved are predominantly aromatic and it is therefore hardly surprising
that privileged structures almost invariably contain an aromatic moiety.
It is well known than aromatic–aromatic interactions are important in
maintaining protein structure and in attracting aromatic ligands (Burley
and Petsko 1985; Samanta et al. 1999, 2000; Singh and Thornton 1985;
Thomas et al. 2002), and sulfur (Pal and Chakrabarti 2001), halogens
(Adams et al. 2004) and cations (Mo et al. 2002) readily form com-
plexes with aromatic groups.

Table 1 Essential ligand-receptor contacts for the six ligands in Fig. 1 (data
from Bondensgaard et al. 2004)

Receptor Ligand Ligand ↔ receptor contacts

5HT6R 1 Indole ↔ F5.14/F6.16/W6.20 Br ↔ F5.5
Aminoalkyl ↔ D3.11

MC4R 2 Indole ↔ F5.14/F6.16/W6.20 Br ↔ F4.23
Aminoalkyl ↔ D3.8

GHSR MK-0677 Spiro ↔ F5.14/F6.16/F6.20/F6.23
NSO2CH3 ↔ H6.24 Aminoalkyl ↔ E3.12

MC4R 3 Spiro ↔ F5.14/F6.16/F6.20/F6.23
NSO2CH3 ↔ H6.24 Aminoalkyl ↔ E3.12

AG2R Losartan Biphenyl ↔ V3.11/ S3.12/Tetrazole ↔ K5.9/H6.23
GHSR L-692.429 Biphenyl ↔ F5.14/F6.16/W6.20

Tetrazole ↔ K5.9/N5.10/Q6.24

↔ Means there is a contact between a ligand moiety and the specifiedresidue(s), num-
bered with local TM position numbering convention as elsewhere in this chapter
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5 Partitioning Sequences into Functionally
Defined Segments

In order to compare the two sets of ligand binding residues over sev-
eral members of Class A at once, an extraction procedure (Bywater
2005; Jacoby 2002) is used whereby the multiple sequences are parti-
tioned according to function (see Fig. 3). The segments of the multiple
alignment created in this way are then concatenated to produce a new,
shorter, multiple alignment. While the sequences in this alignment are
no longer contiguous in the sequence as dictated by the genotype, they
encapsulate phenotypic information (a protein has several functions or
phenotypes, and ligand recognition is only one of them). Thus a phylo-
genetic analysis, or dendrogram, of different segments of the sequence
will reveal different clustering of the receptor types, compared to each
other (see Fig. 3) and of course compared with the entire global se-
quence (not shown).

Fig. 3. Any protein must fulfil many different tasks. Since each of these evolves
under different selection pressures, they can be subjected to phylogenetic anal-
ysis by partitioning the full-length sequence into sequence subsets responsible
for each function
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6 Nature of the Two Binding Subregions

It is immediately apparent from Table 2 that there are major differences
between the two subpockets in respect of both conservation and chem-
ical character. The specificity set is, as expected, much more diverse in
sequence (Table 2, column 2), while the privileged set is both more con-
served and hydrophobic, and above all, aromatic in character [Table 2,
column 3. Green indicates hydrophobic residues. This is only provided
visually here, but of course it can easily be quantified (this can be left
as an exercise for the reader)]. The nature and the role of the aromatic
residues has been discussed before (Bondensgaard et al. 2004) and these
residues correspond to those that act as the core machinery in the tran-
sition between active and inactive states of the receptor (Gouldson et al.
2004). In both states, part of this hinge is exposed to the binding pocket,
but of course, the exposed regions/residues will be different in the ac-
tive and inactive states. This both explains why privileged structures
turn up in antagonists as well as agonists and provides an opportunity
for some selective engineering to steer the activity one way or the other
by appropriate design of the privileged part of the ligand.

7 Clustering and Potential Cross-Reactivity of Ligands
and Their Targets

The different segments, produced (e.g. as shown in Fig. 2) have evolved
under different selection pressures, and we are interested in knowing
how the members of the class or family cluster in respect of the differ-
ent functions/phenotypes. The two dendrograms for the specificity set
and privileged set are shown in Figs. 4 and 5, respectively. In the first
case, the clustering is entirely familiar, the opiates cluster together as do
the histamines and the other families, as expected. The clustering in the
privileged set is entirely different. It even looks as if it could be random,
but by the very nature of the way in which the residues are selected and
then subjected to dendrographic analysis, it cannot be. What it reveals
is that there is a clustering which can be exploited, if so desired, to take
a privileged structure that has been successful in the context of one tar-
get and reuse it with another. Note that in this case the clustering, while



Privileged Structures in GPCRs 85

Table 2 Concatenated residues after partitioning into column 2, ligand binding
pocket, and column 3, “privileged subpocket”

Hydrophobic residues are in green. Note how the residues in the privileged set are both
more hydrophobic and more conserved. CAMN means residues taken from the global
consensus for the aminergic receptors, CPEP the corresponding set of residues for the
Class A peptide receptors. Consensus is the local consensus for these two partitioned
sets. For the ligand-binding pocket set there is very little or no conservation, but the posi-
tions of the canonical D residue and the SSxxS motif (both typical of the aminergics) are
shown. Conserved residues for the privileged set are shown in Consensus, column 3. The
receptors in this list are a truncated (for space reasons) of the collection that are shown in
Figs. 4 and 5
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Fig. 4. Unrooted phylogenetic tree for GPCRA sequences partitioned according
to ligand specificity. (Treecon program, Van de Peer and De Wachter 1997)

certainly not entirely random, is circumstantial, since the receptors have
not evolved under the selection pressure of this privileged structure.

A suitable drug-design strategy might therefore be to use the speci-
ficity clustering to design the specific part of the ligand, which is then
grafted onto a privileged structure chosen with the aid of information
from the privileged clustering.

When these clusters are inspected, it is easy to identify receptor types
that respond to the same ligand. This can give valuable clues as to which



Privileged Structures in GPCRs 87

Fig. 5. Unrooted phylogenetic tree for GPCRA sequences partitioned according
to privileged structure binding propensity. (Treecon program, Van de Peer and
De Wachter 1997)

receptor types may also inadvertently respond to the same synthetic lig-
ands (maybe a different residue subset, reflecting the docking of the
synthetic ligand, rather than the endogenous ligand). Conversely, one
may want to exploit this kind of information in order to design drugs
that are active at more than one target, so-called dirty drugs, but a term
like “multipotent” would be preferable.

Another useful feature of this kind of focused phylogenetic clustering
is that orphan receptors that cluster close to receptor types with known
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function can be suspected of having a propensity to bind the same lig-
and. This would not be noticed if full-length sequence alignments had
been used. This is in a sense an in silico type of deorphanization.

8 Conclusions

An explanation has been provided as to why certain types of substruc-
ture, privileged structures, recur frequently in pharmacologically suc-
cessful synthetic ligands. One feature which favours their use is the
evident drug likeness of these privileged structures. The other is that
they represent a generic substructure that matches commonly recur-
ring conserved structural motifs, privileged subpockets, in the target
proteins, which may otherwise be quite diverse in sequence and func-
tion. By identifying the different residues that line the different regions
of the ligand binding pocket, that where the privileged structure docks
and that where the substructure containing the specificity message re-
sides, it is possible, for example by appropriately partitioning multiple
sequence alignments and examining the selected regions phylogeneti-
cally, to identify which other receptors may respond to the privileged
substructure or the specificity substructure, respectively. Undesired side
effects (or even desired ones: the multipotent drug concept) can be an-
ticipated in this way. Privileged structures interact with the partially ex-
posed machinery involved in the switch between the active and inactive
states. Depending on how the privileged ligands have been designed
to interact, one can predispose these substructures to favour either one
state or the other; thus privileged structures can be used to create ei-
ther agonists or antagonists. The residue side-chains involved in the
activation machinery are predominantly aromatic, which explains the
prevalence of aromatic moieties and of halogen or sulphur atoms in the
privileged structures. Finally, the approach described here lends itself
to the design of drugs for orphan receptors whose function has not yet
been established experimentally.
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Abstract. The design of compound libraries targeting GPCRs is of primary
interest in pharmaceutical research because of their important role as signaling
receptors and the herewith linked dominant place in the discovery portfolios.
In the present symposium chapter, we outline GPCR compound library design
strategies recently followed by our group and discuss them in a more general
context.

1 Compound and Design Strategies Targeting GPCRs

As GPCRs are extremely versatile receptors for extracellular messen-
gers as diverse as biogenic amines, purines and nucleic acid derivatives,
lipids, peptides and proteins, odorants, pheromones, tastants, ions such
as calcium and protons, and even photons in the case of rhodopsin, the
design of compound libraries targeting GPCRs needs to address this
diversity of molecular recognition (Jacoby et al. 2006).

Generally, the design of deorphanization libraries can be distin-
guished from targeted lead-finding libraries.
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Given the broad chemical diversity of the hormones that are recog-
nized by GPCRs, deorphanization libraries try to cover as many known
active chemical classes as possible. The term “surrogate agonist library”
is also appropriate given that the purpose of these libraries is to find
a chemical compound that selectively activates a given orphan recep-
tor of interest (Wise et al. 2004). Typically, compounds identical or
similar to previously identified GPCR agonists are included with ap-
proved drugs and other reference compounds with known bioactivity,
such as primary metabolites (e.g., KEGG compound set) or commer-
cially available compilations, such as the Tocris LOPAC, the Prestwick,
or the Sial Biomol sets. In addition to HPLC fractionations of tissue
extracts to identify new peptides and metabolites, protein mimetic li-
braries are of interest, including β-turn/α-helix mimetics together with
random or designed peptide libraries based on the bioinformatics anal-
ysis of putatively secreted peptides and protein hormones defined in the
genome. Typically, the size of deorphanization or surrogate sets is on
the order of a few thousand well-characterized compounds amenable
for medium-throughput screening.

The design of lead-finding libraries follows the same molecular
mimicry principles and makes the best use of the substantial medici-
nal chemistry knowledge generated during the last few decades around
GPCR compounds together with more modern concepts, including lead/
drug likeness and computational combinatorial library design (Kla-
bunde and Hessler 2002; Bleicher et al. 2004; Crossely 2004; Jimonet
and Jäger 2004).

Although focused GPCR library design concepts target, in general,
the classical binding sites, design concepts of bivalent ligands and al-
losteric ligands are expected to become more important in the future
given the anticipated progress in the understanding of the GPCR
oligomerization phenomenon (Halazy 1999). The experience with fo-
cused libraries and screening sets for GPCRs is very positive and hit
rates of up to 1%–10% can be expected with library sizes of 500–
2500 compounds, when the libraries are designed toward new mem-
bers with expected conserved molecular recognition. Peptide and pro-
tein mimetics libraries including β-turn/α-helix mimetics are recognized
to be of central importance (Hruby 2002; Tyndall et al. 2005). A number
of important hormones, such as angiotensin, bradykinin, CCK (chole-
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cystokinin), MSF (melanin-stimulating factor) and SST (somatostatin)
make their key recognition via specific β-turn motifs. Others, such as
CRF (corticotrophin-releasing factor), PTH/PTHrP, NPY (neuropep-
tide Y), VIP (vasoactive intestinal peptide), or GHRF (growth hormone-
releasing factor) interact via α-helix motifs (Webb 2004).

The use of privileged substructures or molecular master keys,
whether targeting class-specific or mimicking protein secondary struc-
ture elements, is an accepted concept in medicinal chemistry. The priv-
ileged structure approach emphasizes molecular scaffolds or selected
substructures that are able to provide high-affinity ligands (agonist or
antagonists) for diverse receptors and originates from work at Merck
Research Laboratories on the design of benzodiazepine-based CCK an-
tagonist, where the previously known κ-opioid Tifluadom was identified
as a lead structure (Evans et al. 1988). A number of recent literature re-
views provide impressive reference repertoires of empirically derived
privileged structures, most notably the spiropiperidines, biphenyltetra-
zoles, benzimidazoles, and benzofurans (Guo and Hobbs 2003).

The development of cheminformatics methods and procedures en-
abling the automatic identification and extraction of privileged struc-
tures is especially needed in the context of generating knowledge from
HTS data. Based on the molecular framework approach developed by
Bemis and Murcko (1996), we recently initiated a systematic analysis
using a reference compound and target information. Using the frame-
work analysis as implemented in the Scitegic Pipeline Pilot software,
we designed a data pipelining protocol that generates frequency anal-
yses based on the input of the various reference sets. The approach is
illustrated in Fig. 1 for monoamine GPCR ligands. The listed scaffolds
are of immediate interest for targeted library design approaches.

A different type of fragment-based design method was developed
previously by our group when designing compound libraries target-
ing monoamine-related GPCRs. Based on the central chemogenomics
principle that similar ligands bind to similar targets and that ligands of
close homologous receptors are generally considered as putative start-
ing points in lead-finding programs for receptors for which no spe-
cific ligands are yet known, we proposed a chemogenomics knowledge-
based combinatorial library design strategy for lead finding (Jacoby
1999, 2001). The strategy is founded on the integration of both the de-
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Fig. 1. Analysis of a privileged scaffold-target matrix of monoamine GPCR lig-
ands. For each GPCR ligand assigned in the MDDR (MDL Drug Data Report)
database to a specific monoamine GPCR subtype, the Bemis-Murcko frame-
work was generated. The lists of frameworks were then combined and dupli-
cates were eliminated. The comprehensive list of unique frameworks defines the
row vector of the matrix, and the GPCR subtypes were arranged to the column
vector. The matrix elements were assigned according to the number of com-
pounds reported including a given framework for a given subtype. In addition,
for each framework the total number of monoamine GPCR subtypes addressed
was added and summarized in the frequency column; the rows were then sorted
by decreasing frequency. The structures of the seven most represented frame-
works together with the addressed monoamine GPCR subtypes are shown

�

convolution of known modular ligands of homologous receptors into
their component fragments and the structural bioinformatics compari-
son of the binding sites for the individual ligand fragments. In essence,
in the ligand space, by the analysis of both the ligand architectures and
the structures of the component one-site filling fragments of known lig-
ands, it should be possible, by referring to the locally, most directly
related and characterized receptors, to identify those component ligand
fragments, which based on the binding site similarities are potentially
best suited for the design of ligands tailored to the new target receptor.
The strategy was presented in the context of designing the TAM (ter-
tiary amine) combinatorial library directed toward monoamine-related
GPCRs (see Fig. 2) for which the conserved aspartate residue D3.32 in
TM3 was demonstrated by two-dimensional mutation experiments to
be responsible for the recognition of the charged amino group of mono-
amine ligands by their GPCRs.

Focusing on the central importance of the D3.32 residue and using
the D3.32X16(DE)R(YFH) motif in TM3 as a sequence signature defin-
ing relatedness to the monoamine GPCR subfamily, we identified, by
database searches, 50 human GPCRs, which included seven orphan
GPCRs (two of which are now known to correspond to pseudogenes)
and which constituted the library’s target repertoire originally sought.
Later it was recognized that trace amine receptors—which conserve
the D3.32 residue as well as chemokine receptors, which lack the D3.32
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Fig. 2. Three ligand-binding sites model for monoamine-related GPCRs illus-
trated by a rhodopsin-based 3D model of the 5-HT1A receptor (left, extracel-
lular view; right side view). We recently proposed a three-binding-site hypoth-
esis for the molecular recognition of ligands at monoamine GPCRs by com-
bining: (1) analyses of the architectures of known monoamine GPCR ligands
(see Fig. 3); (2) analyses of molecular models of the ligand-receptor interac-
tions; and (3) structural bioinformatics analyses of the sequence similarities of
the three distinct binding regions of one-site-filling ligand fragments within the
monoamine GPCR family. For the 5-HT1A receptor, which provided a template
for the discussion of other related ligand–GPCR interactions, mutagenesis stud-
ies map three spatially distinct binding regions, which correspond to the binding
sites of the small, one-site-filling ligands 5-HT (serotonin, yellow), propranolol
(cyan), and 8-OH-DPAT (8-hydroyxy-N,N-dipropylaminotetralin, green). All
three binding sites are located within the highly conserved 7TM domain of the
receptor and overlap at the residue Asp3.32 (D116) in TM3, which is the key an-
chor site for basic monoamine ligands. The three distinct binding sites are also
reflected by the architectures of known high-affinity ligands, which crosslink
two or three one-site filling fragments around a basic amino group

residue but where a corresponding glutamate residue E7.39 in TM7 is re-
sponsible for the recognition of the tertiary amine chemotype—have to
be considered based on molecular recognition principles as monoamine-
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like GPCRs. This extends the target repertoire to around 80 GPCRs,
a significant part of all the class A GPCRs.

Databases of site-specific ligand fragments, which should be recom-
bined on an appropriate scaffold to yield ligands, are the keystones of
such a knowledge-based system. Their generation is theoretically pos-
sible through the deconvolution of the known ligands guided by SAR
and by molecular similarity consideration. Given the promiscuity of
some fragments (e.g., symmetric ligands), one should be cautious be-
fore drawing definitive conclusions about the actual positioning of the
fragments. Pragmatically, these limitations to the generation of site-
specific ligand fragment databases were approached by pooling frag-
ments into multiple pools and by designing generic combinatorial li-
braries of known privileged active fragments around appropriate scaf-
folds. Prototype compounds obtained using this approach are shown in
Fig. 3.

The TAM library was screened in a number of GPCR campaigns
and high hit rates were especially observed for the monoamine and
chemokine GPCRs. The TAM library includes many new combinations
of known active fragments and privileged GPCR motifs. In addition to
addressing new receptors, this should allow the discovery of interesting
multireceptor profiles of potential pharmacological interest. The search
of the antagonist for the 5-HT7 GPCR, which has the 5-HT1A receptors
as neighbors in the sequence dendrogram, illustrates the successful use
of the TAM library. Searching with 5HT1A reference compounds using
the Similog method (see below in this section) within the TAM library,
we were able to identify a 10% hit rate (pKB < 5 µM) when only a bi-
ological assay with limited throughput capacity was available. The hits
were arylpiperazines, which in follow-up studies were also active on
other monoamine GPCRs.

This method is comparable to a fragment-based design method called
thematic analysis developed by researchers at Biofocus for the design
of focused GPCR libraries (Crossley 2004). In the Biofocus approach,
SARs were analyzed in detail across the entire class A and class B
GPCR family, and family-activity relationships were used to develop
a new classification process based on the pairing of sequence themes
and ligand structural motifs. A sequence theme is a consensus collection
of amino acids within the central binding cavity and a motif is a specific
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Fig. 3. Prototype structures of the Novartis TAM combinatorial libraries gener-
ated through reductive amination of selected aldehydes and secondary amines.
The new structures for which examples are shown in the right panel were de-
signed to be similar to known monoamine GPCR ligands for which examples
are shown in the left panel. Ligands, which are the same size as the endogenous
ligands, are called herein simple-one-site filling ligands. In addition to this nat-
ural architecture, ligands exist where two or three such simple ligand fragments
are linked around a basic positively charged group: these ligands are called, cor-
respondingly, double and triple ligands. All three architectures—simple, double,
and triple—of known monoamine GPCR ligands are represented in the TAM li-
brary

structural element binding to such a particular microenvironment of the
binding site. The analysis resulted in a compilation of themes and mo-
tifs, which today are used at Biofocus to generate focused discovery
libraries and to increase the lead optimization efficiency for these tar-
gets. The individual compound libraries are targeting subsets of GPCRs,
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including orphans, that share a predefined combination of themes con-
sisting of a central dominant theme and peripheral ancillary themes.
The library scaffold is designed such that it complements the central
theme and is amenable to incorporating a variety of structural motifs
addressing the individual sequence themes. Each library, consisting of
approximately 1000 compounds, can thus be thought of as representing
a number of predefined themes, which are either present or absent in
any given receptor.

Compared to the fragment-based approaches, several groups have de-
veloped knowledge-based library design strategies which are, in princi-
ple, based on Sir James Black’s frequently quoted statement: “the most
fruitful basis for the discovery of a new drug is to start with an old
drug”. The associated SOSA (selective optimization of side activities)
approach is an additional, very successful medicinal chemistry concept
where the atypical neuroleptics acting on a couple of GPCRs simulta-
neously provide a relevant illustration of the rationale (Wermuth 2004).
The related CADD (computer-assisted drug design) methods make use
of selected reference compound sets and molecular descriptors together
with advanced cheminformatics methods to compare and rank the sim-
ilarity of designed candidate molecules. As such, homology-based sim-
ilarity searching was developed at Novartis as a cheminformatics sim-
ilarity searching method able to identify not only ligands binding to
the same target as the reference ligand(s), but also potential ligands of
other homologous targets for which no ligands are yet known (Schuf-
fenhauer et al. 2003). The method is based on the Similog descriptor,
which describes molecules as counts of pharmacophore triplets formed
by the individual non-hydrogen atoms and uses a centroid of the refer-
ence compounds to describe the distance to the candidate molecule. In
a retrospective analysis, the method was shown to be highly effective
for monoamine GPCRs and became an essential tool for the compila-
tion of focused screening sets. Related to the cheminformatics similarity
searching methods are machine learning methods, such as artificial neu-
ral networks, Kohonen self-organizing maps, Naïve Bayes classifiers,
and SVMs (support vector machines), which try to align the chemical
and biological spaces based on mapping procedures (Savchuck et al.
2004). The goal here is to identify which parts (islands) of the chemical-
property space correspond to specific target family or therapeutic activ-
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ities, and vice-versa. A number of groups have applied such methods
to design broad GPCR-focused libraries, and more recently, to specifi-
cally distinguish class A, B, and C family subgroup GPCR ligands, or
to identify specific GPCR ligands for the adenosine A2A, cannabinoid,
CRF, and endothelin GPCRs (von Kroff and Steger 2004).

During the next few years, our detailed knowledge of many newly de-
orphanized GPCRs and the organization and regulation of the networks
of interacting proteins making up the receptosoms will grow. In the per-
spective of drug discovery, it will be especially interesting to follow
how signaling drugs will be discovered further downstream, or whether
the GPCR ligand-binding sites will stay the preferred entry point for
medication.
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chapter is based in major parts of our previous publications.
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Abstract. Drug discovery has successfully exploited the superfamily of seven
transmembrane receptors (7TMR), with over 35% of clinically marketed drugs
targeting them. However, it is clear that there remains an undefined potential
within this protein family for successful drugs of the future. The human genome
sequencing project identified approximately 720 genes that belong to the 7TMR
superfamily. Around half of these genes encode sensory receptors, while the
other half are potential drug targets. Natural ligands have been identified for
approximately 215 of these, leaving 155 receptors classified as orphan 7TMRs
having no known ligand. Deorphanisation of these receptors by identification of
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natural ligands has been the traditional method enabling target validation by use
of these ligands as tools to define biological relevance and disease association.
Such ligands have been paired with their cognate receptor experimentally by
screening of small molecule and peptide ligands, reverse pharmacology and the
use of bioinformatics to predict candidate ligands. In this manuscript, we review
the methodologies developed for the identification of ligands at orphan 7TMRs
and exemplify these with case studies.

1 Introduction

The seven transmembrane receptors (7TMRs) have diverse functional
roles epitomised by the pharmacological agents of marked therapeu-
tic benefit that target them. Of the approximately 500 clinically mar-
keted drugs greater than 35% are modulators of 7TMR function. This
represents more than US $30 billion dollars worth of pharmaceutical
sales, making 7TMRs the most successful of any target class in terms
of drug discovery (Drews 2000). Yet these drugs exert their activity at
less than 10% of cloned 7TMRs, by targeting approximately 30 well-
characterised receptors. The human genome sequencing project iden-
tified approximately 720 genes that belong to the 7TMR superfamily
(Venter et al. 2001; Lander et al. 2001). All of these proteins possess
a domain containing seven membrane spanning helixes, a putative ex-
tracellular ligand-binding domain and an intracellular domain acces-
sible to G-proteins or other intracellular signalling proteins. It is pre-
dicted that half of these genes encode sensory receptors, while the other
half are potential drug targets. The natural ligand has been identified for
around 215 of these, leaving 155 receptors classified as orphan 7TMRs,
having no known ligand and with often little known about their function.
Traditionally target validation has relied upon considerable resource to
deorphanise these receptors, enabling the use of their natural ligands as
tools to define physiological roles and disease association. Using simi-
lar methods, surrogate ligands such as small drug-like molecules, tox-
ins and synthetic peptides can also be identified. Examples of natural
and surrogate ligands can be found in Table 1. The basis of success-
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ful ligand–receptor pairing relies upon generating a suitable assay and
bringing the two entities successfully together. Screening of ligand li-
braries against 7TMRs, reverse pharmacology and the use of bioinfor-
matics to predict candidate ligands have all been used successfully to
identify pairings.

Former exploration in this area benefited from numerous well-
characterised ligands with known biological actions. Pairing these lig-
ands with an orphan receptor almost instantly allowed progression of
these 7TMRs as tractable targets. Such pairings are exemplified by iden-
tification of the calcitonin gene-related peptide receptor (McLatchie
et al. 1998), the cortistatin receptor (Robas et al. 2003) and the nico-
tinic acid receptor (Tunaru et al. 2003; Wise et al. 2003; Pike and Wise
2004). As deorphanisation has progressed over the years, there have
become fewer such well-characterised ligands; however, some do still
remain; see Table 2.

Additionally, these studies have revealed further receptor subtypes
for ligands with known receptor association: some examples include
histamine H4 receptors (Oda et al. 2000) and purinergic P2Y15 recep-
tors (Inbe et al. 2004). The most scientifically novel pairings surely in-
volve identification of novel 7TMR ligands followed by the pairing of
these ligands with their cognate receptor. Examples of this include the
identification of a family of fatty acid receptors (Briscoe et al. 2003;
Brown et al. 2003), the identification of the neuropeptide W and neu-
ropeptide B receptors (Fujii et al. 2002; Shimomura et al. 2002; Brezil-
lon et al. 2003), the identification of the apelin receptor (Tatemoto et al.
1998) and the recent identification of the neuropeptide S receptor (Xu
et al. 2004). Such novel discoveries intuitively result in characterisation
of the biological pathways the receptors interact with and subsequent
definition of how they may regulate human disease. It is clear that many
challenges lie ahead in this field, both in identification of further pair-
ings and developing an understanding of their biology. Yet, it is not as
clear how we will be able to rise to these challenges in future.
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2 Generation of Orphan 7TMR Functional Assays

In past reviews, we have explained the importance of confirming cell-
surface receptor expression (Wise et al. 2002, 2004). Naturally, this re-
mains an important aspect of generating a functional assay system. In
our experience there are a great many orphan 7TMRs that do not clearly
express on the cell surface. This may be due in part to overexpression
within the recombinant systems, lack of appropriate trafficking partners
or simply due to a natural intracellular localisation of certain orphan
7TMRs. The mechanism of expression can also significantly affect the
pattern and amount of expression, as well as the functional response.
It has long been accepted that cell lines can be generated with differ-
ing expression levels of recombinant receptors. However, the recent use
of baculovirus expression within mammalian cells allows scientists to
titrate pharmacology by altering viral load. Such technology enables the
ability to generate both high- and low-expression screening systems in
a multitude of cell types (Boyce and Bucher 1996; Condreay et al. 1999;
Ames et al. 2004; Hsu et al. 2004; Kost et al. 2005). Expression within
different systems and/or cell types increases the chance that any critical
expression partners will be available to enhance cell surface expression
and signalling.

One protein that has an interaction with 7TMRs that is useful in char-
acterising their activation is β-arrestin. Measuring the recruitment of β-
arrestins provides a means of measuring the internalisation of 7TMRs
(Barak et al. 1997; Bertrand et al. 2002; Vrecl et al. 2004). This inter-
action does not rely upon measuring G-protein activation and in some
cases generates a mechanism of measuring novel 7TMR pathways (Oak-
ley et al. 2002; Shenoy and Lefkowitz 2005; Shenoy et al. 2006). Fol-
lowing receptor activation and phosphorylation, β-arrestin is recruited
to the cell surface and internalised within endosomes. Chimeric β-arr-
estin-GFP (green fluorescent protein) can easily be tracked within the
cell and upon recruitment to activated receptors. This characteristic com-
partmentalisation of the β-arrestin-GFP thus indicates the activation of
an expressed 7TMR. This technique has been further developed to de-
tect bioluminescent energy transfer (BRET) between 7TMRs and ar-
restins, when each is a chimera with luminescent proteins. Hence, mea-
suring specific receptor activation as such can be used to measure recep-
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tor–ligand interactions (Bertrand et al. 2002; Vrecl et al. 2004; Hamdan
et al. 2005). This technique has potential as an assay for deorphanisation
of 7TMRs, and has been used to aid characterisation of recently deor-
phanised receptors (Evans et al. 2001). However, few ligand–receptor
pairings have utilised this technology, one example in the literature be-
ing the deorphanisation of Drosophila neuropeptide receptors (Johnson
et al. 2003). Although we should also note the recruitment of β-arrestin
is a characteristic shared by many 7TMRs, there are a small number that
do not interact with β-arrestin (Perroy et al. 2003; Breit et al. 2004).

There are a number of generic assay systems that monitor a wide
range of known G-protein-linked effectors. The following assays have
often been the first approach to deorphanisation.

The fluorescent imaging plate reader (FLIPR; Molecular Devices,
Sunnyvale, CA, USA), utilises calcium-sensitive dyes in combination
with promiscuous G-proteins such as Gα16/15 and chimeric G-proteins
such as Gαqs5, Gαsi5 and Gα16z49 (Offermanns and Simon 1995; Mody
et al. 2000; Milligan 2000; Kostenis 2001). These G-proteins are com-
bined in transient expression within mammalian cells, facilitating cou-
pling of a wide range of receptors to the Gαq pathway. This ultimately
allows receptor activation to be monitored as calcium mobilisation
downstream.

Adaptation of the pheromone receptor pathway (Ste2p and Ste3p)
within the fission yeast Saccharomyces cerevisiae allows generation of
a second generic assay (Blumer and Thorner 1991; Broach and Thorner
1996; Schrick et al. 1997). Chimeric G-proteins are again used; how-
ever, in this case they are all enabling the yeast G-protein Gpa1-linked
signalling via a MAPKinase cascade. The yeast system provides an ex-
cellent basis for screening given its ease of application, cost and low
endogenous 7TMR background. There is only one other 7TMR known
to be expressed in Saccharomyces cerevisiae: a nutrient-sensing recep-
tor GPR1 (Xue et al. 1998; Kraakman et al. 1999; Maidan et al. 2005).
Additionally, elevated baseline activity can be used to identify recom-
binant orphan 7TMRs that induce constitutive activity. This is useful
in indicating the likely G-protein coupling specificity of the receptor
(Medici et al. 1997; Dowell and Brown 2002; Pausch et al. 2004).

Xenopus melanophores provide an assay system that cleverly ex-
ploits nature (Graminski et al. 1993; McClintock et al. 1993; Lerner
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1994). These cells are from the neural crest of Xenopus laevis and con-
tain the dark brown pigment melanin within intracellular organelles
called melanosomes. A 7TMR that is expressed and couples to
G-protein will regulate the translocation of these melanosomes causing
dispersion or aggregation. Receptor expression can be titrated by use of
various cDNA amounts, and as this expression alters we can monitor
constitutive G-protein coupling. This has proven to be a very powerful
tool in predicting G-protein activation, with the vast majority of 7TMRs
showing activation in this system when overexpressed. Constitutive or
ligand activated pigment dispersion is the signature of adenylate cy-
clase or phospholipase C activation, whereas aggregation signifies in-
hibition of adenylate cyclase (Chen et al. 1999). When pigment is dis-
persed, light transmission is reduced through the cell, and when cells
are in the aggregated state, the pigment collects around the nucleus, re-
sulting in increased light transmission. This provides a rapid and very
sensitive screening system, with potency of known ligands often being
increased within a melanophore system compared to traditional mam-
malian assays.

Other assays that are utilised include cAMP assays for Gαi and Gαs-
coupled receptors (Hemmila 1999; Eglen 2005), GTPγS mainly for Gαi

(Milligan 2003), FLIPR or Aequorin, a reporter gene-based calcium as-
say, for Gαq (Stables et al. 1997), while other reporter gene assays can
be utilised for a wide array of specific pathways (Goetz et al. 1999;
Durocher et al. 2000; Rees et al. 2001; Kunapuli et al. 2003). The Gα12

and Gα13 G-protein subfamily represent the last well-characterised fam-
ily of G-proteins. There are some receptors that have been shown to cou-
ple to these G-proteins, members of the EDG family of receptors and
Galanin receptors, for example (Windh et al. 1999; Wittau et al. 2000).
It is of course possible that a number of orphan 7TMRs couple and
signal via Gα12 and Gα13 and hence the generation of convenient high-
throughput screening systems based on activation of this G-protein sub-
family may prove beneficial for future orphan 7TMR screening strate-
gies.
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3 Native or Surrogate Ligands?

A pragmatist in the current environment of orphan 7TMR research may
consider deorphanisation a difficult and unnecessary approach. Defini-
tion of targets and disease association is possible by detailed localisa-
tion studies and widespread access to genetic linkage data. Surrogate
ligands can be identified by expressing and screening the 7TMR against
libraries of diverse small drug-like molecules, within the generic assay
systems above. These tools can then be used to validate disease asso-
ciation via specific physiological assays in much the same way as the
native ligand. However, progressing targets for which we have surrogate
ligands but no natural ligand identified can be a risky strategy, as there
is no way of knowing whether such molecules bind to orthosteric or
allosteric sites. The emerging phenomena of ligand-directed coupling,
for example (Heusler et al. 2005; Simmons 2005), suggests that lig-
ands can be identified that show dual or selective G-protein activation.
In these cases, identification of the signalling pathway most relevant to
the physiological end point is paramount to the success of any subse-
quent drug discovery progression path. The use of surrogate ligands to
enable screens for antagonist molecules may also prove risky, as there
is no guarantee that blocking a surrogate agonist would also block the
effects of the endogenous ligand. Thus, native ligand pairings remain
the primary way of evoking target validation and effective prosecution
of a drug discovery process.

4 Candidate Native Ligand Identification

Compilation of candidate native ligand sets has been ongoing within
pharmaceutical companies for many years. Obvious additions are known
7TMR ligands: small molecules such as histamine, lipids such as sph-
ingosylphosphorylcholine and peptides, for example motilin and ghre-
lin. Identification of novel ligands relies on known biological function,
similarity to known ligands and predictions made from bioinformatics
analysis. Ligand sets from each of these sources are now available as
plates ready for screening from various commercial sources. An alter-
native approach is to search for activation of your target 7TMR by tis-
sue extracts. Activity of specific extracts signifies the existence of a na-
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tive ligand, demonstrates that your screening system is functional and
may suggest specific tissues where a 7TMR will have biological effects.
However, identifying the active component within the extract remains
a substantial obstacle. While this approach has been successful (Habata
et al. 1999; Kojima et al. 1999; Tanaka et al. 2003), there are many tech-
nical challenges that have to be addressed to ensure successful pairing,
and it is a highly resource-intensive approach.

5 Bead-Based Screening Within Xenopus melanophores

Peptide receptors have long been considered good drug targets due to
their association with disease. PTH-1, MC4R, and GLP-1 are just a few
of the many examples. Orphan 7TMRs that are capable of responding to
peptide ligands may also play a key role in disease and one day might be
deemed desirable drug targets. By utilizing the power of combinatorial
chemistry to generate large synthetic peptide libraries, together with the
robustness of melanophores in cell-based assays, millions of peptides
can be screened functionally and individually against dozens of orphan
receptors in an effort to pair peptides to receptors.

Jayawickreme et al. (1999) previously demonstrated that one could
combine the technologies of combinatorial chemistry and melanophore
assays to allow the rapid screening of a 442,368-member peptide li-
brary as discrete molecules in a lawn format. To expand on this ap-
proach, a larger bead-based photo-cleavable library was generated and
screened against melanophores transiently expressing multiple peptide-
like receptors simultaneously. This library was constructed from 17 L-
and 5 D-amino acids resulting in 226, or 113,379,904 unique peptides.
To make screening manageable, two decisions were made. First, beads
were pooled so that each pool would contain the same first amino acid.
Therefore, only 22 total pools needed screening. Second, assuming re-
lated peptides would likely behave somewhat similarly, only a one-tenth
equivalent (11.3 M) of the library was screened to determine if active
peptides were present.

The cell lawn contains melanophores transiently transfected with
peptide multiple receptor (PMR) sets. Each PMR set contains a mixture
of known liganded peptide receptors and orphan receptors predicted to
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have peptide ligands. Since pigment translocation in melanophores is
dependent on G-protein coupling, PMR sets contain either Gαs/Gαq-
coupled or Gαi/Gαo-coupled receptors, but not both. Peptide beads are
suspended in agar and layered above the cell lawn, exposed to UV
light, and those that cause pigment translocation are selected. Each ac-
tive bead is then retested to confirm the peptide’s specificity to the
PMR set. Beads containing peptides with continued interest are then
sequenced and peptides synthesised. Receptor deconvolution and eval-
uation of peptide activity can then be achieved by screening all recep-
tors from the PMR set individually against the synthetic peptide(s) in
a dose-response manner in a typical well-based assay system. Ligands
like these could then be used as tools for in vivo and in vitro target val-
idation studies, high throughput screening tools for drug discovery, for
modelling into small molecule drugs, or for the generation and screen-
ing of new focused libraries.

6 Knowledge-Based Deorphanisation Approaches

The 7TMR phylogeny demonstrates clearly that family members with
high sequence similarity respond to the same ligands. Deorphanisation
of a single member of a receptor family has often led to successful
pairings of the entire cluster of receptors. It is easy to forget in a post-
human-genome era that this was not always this obvious. Pairings of
this sort have occurred over time as the novel receptor sequences be-
came available. The cloning of an expressed sequence tag bearing sig-
nificant similarity to biogenic amine receptors including the H3 recep-
tor, resulted in the pairing of histamine with a fourth histamine receptor
(Oda et al. 2000; Nakamura et al. 2000; Morse et al. 2001; Nguyen et al.
2001).

Ligand–receptor pairing by logical application of data is perhaps best
exemplified by deorphanisation of HM74 (Wise et al. 2003). It was
known that nicotinic acid was clinically effective in reducing a range
of markers for cardiovascular disease. Its effects include a reduction
in high-density lipoprotein and mortality rates and normalisation of
a range of cardiovascular risk factors in patient populations. It was also
believed that nicotinic acid caused activation of a Gαi-linked G-protein-
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coupled receptor in adipocytes (Green et al. 1992). This matched ev-
idence that the clinically relevant site of action of nicotinic acid was
restricted to adipose and spleen tissue (Lorenzen et al. 2001). However,
the mechanism by which nicotinic acid produced these desirable effects
still needed to be elucidated.

A list of ten candidate orphan GPCRs was identified by selecting or-
phan receptors with mRNA tissue distribution patterns that correlated
with known pharmacological sites of action of niacin, e.g. adipose and
spleen. These candidate receptors were then screened in a GTPγS assay
to measure activation of Gαi-G proteins upon exposure to nicotinic acid.
An orphan 7TMR HM74 demonstrated low-potency responses to nico-
tinic acid in this assay that could not solely account for high-potency tis-
sue responses. Bioinformatics analysis identified HM74A and GPR81
with 96% and 57% identity to HM74, respectively, as possible family
members that could share the same ligand. Both receptors were also
restricted to adipose and spleen tissues by mRNA expression profiling.
HM74A was subsequently identified as a high-affinity receptor for nico-
tinic acid (Wise et al. 2003). A number of similarly interesting ligands
have been described in Table 2. It will be interesting to see in the future
if similar knowledge-based approaches will aid in the identification of
novel ligand–receptor pairings.

7 Protein Collaboration in the 7TMR World

Over recent years, it has become clear that some 7TMRs require sec-
ondary proteins in order to function. This can be due to a total loss
of cell surface expression, as is the case for the GABA-B-R1 recep-
tor, which requires co-expression of GABA-B-R2 as a trafficking pro-
tein to deliver the functional receptor to the cell surface (White et al.
1998; Kaupmann et al. 1998; Jones et al. 1998). Opioid receptors have
also been shown to collaborate with each other: co-expression of these
receptors greatly alters pharmacology (Jordan and Devi 1999; Gomes
et al. 2000, 2004; George et al. 2000). It is clear that the number of
7TMRs shown to dimerise is rapidly growing (White et al. 1998; George
et al. 2000; Rocheville et al. 2000; Lee et al. 2000; Breit et al. 2004;
Gomes et al. 2004; Breitwieser 2004; Zhu et al. 2005; O’Dowd et al.
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2005). It is possible that some of the remaining orphan receptors are ex-
pression partners or that they require expression partners in order to pro-
duce a functional receptor. However, although there are examples, func-
tional effects of dimerisation have rarely been measured in such ways,
perhaps further implying the difficulties in the field of both dimerisation
and orphan 7TMRs.

7TMRs are not family monogamous in their protein interactions.
There are many characterised proteins known to interact directly or
indirectly with 7TMRs (Bockaert et al. 2004). One example that had
the potential to expand the possibilities of ligand pairing is the family
of single transmembrane-spanning proteins known as receptor activity
modifying proteins (RAMPs). They are known to interact with a small
number of receptors and were first characterised by their ability to direct
the pharmacology of the calcitonin receptor-like receptor (CRLR). Cal-
citonin gene-related peptide (CGRP) and adrenomedullin receptors are
created when co-expressed with RAMP-1, or RAMP-2 and RAMP-3,
respectively (McLatchie et al. 1998; Christopoulos et al. 2003).

8 TMRs but Not GPCRs

The C5L2, C5a and C3a family of 7TMRs have been shown to have
varying affinity for C5a, C3a and their desarginated forms C5adR74 and
C3adR77, respectively (Cain and Monk 2002; Kalant et al. 2003, 2005).
The C3a and C5a receptors have clear G-protein-mediated effects. How-
ever, for C5L2 initial studies failed to find any G-protein-mediated func-
tional response to ligand binding using standard G-protein-dependent
second messenger pathways (Okinaga et al. 2003). It was speculated
that this receptor may act as a ligand sink, binding to the ligands of other
7TMRs, competing with them for the available ligand and hence reduc-
ing the active receptor–ligand complex. A recent publication indicates
that in mice that contain a targeted disruption of the C5L2 receptor,
the biological activity of C5a is increased (Gerard et al. 2005), demon-
strating a biological function for the C5L2 receptor. Further to this,
C5L2 has been reported to mediate triglyceride stimulation and cause
β-arrestin recruitment (Kalant et al. 2005). More recently, acylation-
stimulating protein (ASP) activation of C5L2 has been linked with path-
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ways signifying Gαq signalling within 3T3-L1 preadipocyte cells
(Maslowska et al. 2006). However, in agreement with other literature
all our efforts to characterise this receptor within recombinant cell lines
have failed (data not shown). It is possible that the expression system
is crucial to function and that although ASP and C5L2 are required for
the Gαq signalling observed by Maslowska et al. (2006), these may not
be the only requirements. It is possible that the preadipocyte cells used
contain an expression partner that enables coupling in much the same
manner as the GABA-B receptor (White et al. 1998) or that some other
as yet uncharacterised pathway is activated. The difficulties encountered
generating functional recombinant assays for receptors such as C5L2
highlights that the classical approaches described above may not be rel-
evant in detecting function of some of the remaining orphan 7TMRs.
A conventional functional assay screening approach would not have de-
tected the binding of these ligands to C5L2.

The adiponectin receptors are predicted to possess 7TMRs; however,
they have not been shown to be G-protein-coupled (Yamauchi et al.
2003). Both receptors and ligand have been linked to clinical aetiol-
ogy of liver disease (Jonsson et al. 2005), whilst knockout mice link
adiponectin with insulin control (Maeda et al. 2002). They are known
to mediate their effects via MAP kinase cascades, although the mecha-
nisms by which they activate this pathway are not yet clear (Luo et al.
2005).

9 Ligandless 7TMRs

The Kaposi’s sarcoma-associated herpesvirus encodes ORF74, which is
one example of a number of viral 7TMRs that have no endogenous lig-
and yet display high levels of constitutive activity. ORF74 has evolved
to function in the absence of added agonist (Smit et al. 2002; Vischer
et al. 2006). Viral 7TMRs have a strong rationale for having no en-
dogenous ligand, given that they must function in an infected host cell.
However, it is possible that examples of mammalian orphan 7TMRs that
demonstrate similar ligandless mechanisms of action will be described
in the future. It is perhaps also worth considering that some receptors
have their ligands in situ without obvious functional activity and are



Orphan Seven Transmembrane Receptor Screening 123

then able to detect changes in environmental conditions such as light,
as is the case for the epiphany of 7TMRs: rhodopsin. It is also possible
that there are a number of orphan 7TMRs waiting for natural ligands to
evolve: in evolution what comes first, ligand or receptor?

10 Difficulties in Replicating Literature Pairings

Zhang et al. (2005a) have recently characterised obestatin as a novel
bioactive peptide ligand for GPR39. Obestatin is derived from the same
gene as ghrelin, and interestingly reverses the increased appetite effects
of ghrelin. Within GlaxoSmithKline, we are able to reproduce the in
vivo and in vitro tissue effects of obestatin (G. Sanger and A. Bassil,
personal communication). However, thus far we have been unable to
reproduce the pairing of GPR39 with obestatin.

GPR39 has been profiled at GlaxoSmithKline through a variety of
ligand screening assays we have discussed above. By virtue of a FLIPR
reverse pharmacology approach, we have identified nickel chloride as
a surrogate ligand for this receptor (data not shown), and additionally in
melanophore bead-based screening experiments, we paired two surro-
gate hexamer peptides. These peptides demonstrate potency of 6.77 and
4.73 at GPR39 when recombinantly expressed within the melanophore
system, and activity has been confirmed within mammalian FLIPR as-
says where Gq coupling is demonstrated. Using these peptides as sur-
rogate ligands to demonstrate functional expression of GPR39 in our
assay systems we have, however, been unable to replicate the pairing of
GPR39 with obestatin. This perhaps indicates that the pharmacology of
GPR39 is somewhat complex. It may be regulated by expression part-
ners absent from our cell lines or it may be able to traffic its responses
via different G-proteins depending on the interacting ligand.

11 The MrgX Paradigm

The MrgX family of receptors is the perfect example of why we have
struggled to identify natural ligands for all 7TMRs. Human MrgX re-
ceptors are also known as sensory neuron specific receptors, and as the
name suggests, they are specifically expressed within primary afferents
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and dorsal root ganglion (Dong et al. 2001). As such they are potential
pain-modulating 7TMRs and of interest to several pharmaceutical com-
panies. Within this family, we find a large number of pitfalls for orphan
biology.

The MrgX family of receptors contain nine closely related recep-
tors: MrgX1–7, MrgD and MrgE (Zhang et al. 2005b). The overall se-
quence identity of these receptors would indicate that they could bind
and be activated by similar if not the same ligands. Conversely, detailed
evolutionary analysis suggests that the ligand-binding region of this
family across species has undergone strong selection to diversify their
ligand-binding properties (Choi and Lahn 2003). In agreement with this,
these receptors appear to have very diverse ligands (Lembo et al. 2002;
Han et al. 2002; Zylka et al. 2003; Robas et al. 2003; Shinohara et al.
2004). Two of the human receptors, MrgX1 and MrgX2, bind bovine
adrenal medulla (BAM) peptides and cortistatin, respectively (Lembo
et al. 2002; Robas et al. 2003). MrgX2 appears to be promiscuous and
can be activated by several peptides at lower potency than cortistatin
(Robas et al. 2003; Kamohara et al. 2005). MrgX3 and MrgX4 remain
orphan receptors; however, within GlaxoSmithKline we have identified
surrogate small molecule ligands for MrgX4, demonstrating that if the
MrgX4 receptor were activated by the same peptide ligands as MrgX1
or MrgX2, we should have detected this within our assays. Further to
the difficulties of this family, we have thus far failed to find any cell
surface expression, ligands or function for MrgX3.

The BAM peptides in vivo rat models are pronociceptive, providing
positive pain validation for the peptide ligand (Grazzini et al. 2004). Re-
combinant expression of MrgX1 within cultured rat neurons produces
signalling classical of painful stimuli (Chen and Ikeda 2004). Cortis-
tatin has also been linked with disorders of sleep, locomotor and cor-
tical function. Yet, in rodents the MrgX receptor story becomes much
more complex. There are in the region of 30 rat receptors and even more
mouse receptors that have similarity to the human MrgX family (Lembo
et al. 2002; Zylka et al. 2003; Burstein et al. 2006). Conversely to liter-
ature publication, the human and rodent MrgX receptors are not similar
enough to identify direct orthologues, although functional equivalence
has been identified with MrgX1 (Lembo et al. 2002). However, rSNSR
can also be activated with high potency by γ2-MSH among other lig-
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ands (Grazzini et al. 2004), suggesting that this is a promiscuous recep-
tor in terms of its ligand interactions.

Within the public databases, there is more than one sequence re-
ported for the rSNSR receptor. Initially the receptor used at Glaxo-
SmithKline, although identical to one published sequence, was differ-
ent to the sequence used in the initial pairing publication (Lembo et al.
2002) by three seemingly innocuous amino acids. However, our se-
quence failed to express in mammalian transient systems, while melano-
phore and yeast assays indicated only low-potency activity. Hence, we
failed to reproduce the ligand pairing. Only when the rodent receptor
was mutated back to the publication sequence did we restore activity
that matched the publication. In this case, it appears that polymorphisms
within the genome of rodent receptors can also alter the function of
7TMRs and prevent ligand pairing. This work highlights the importance
of using the same receptor splice variant or polymorph for ligand con-
firmations.

In addition, a recent publication demonstrates the functional effects
of co-expressing MRGD and MRGE receptors (Milasta et al. 2006).
In situ hybridisation also suggests that these receptors co-express in
vivo, possibly indicating a functional significance (Zylka et al. 2003). It
would be interesting to see if this is also the case for the human recep-
tors with MrgX4 which remain a complete enigma.

Many MrgX receptors demonstrate significant constitutive activity
and can couple to both Gq and Gi pathways (Burstein et al. 2006). In-
deed inverse agonists have been reported for MrgX2 in GTPγS assays
(Takeda et al. 2003). Burstein et al. (2006) also question the relevance
of BAM ligands, given that these peptides show reduced potency at the
rhesus monkey orthologues. They speculate that there may be no nat-
ural ligand for these receptors. Hence, inverse agonism of a constitu-
tive receptor may be relevant for modifying its role in disease patho-
physiology.

12 Future Perspectives

Traditional approaches for the pairing of ligands with orphan 7TMRs
have been largely based on the screening of putative GPCR ligands.
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This strategy has perhaps overfished the orphan 7TMRs oceans, leaving
only receptors that will require novel baits and detection methods. In
recent years, several technological and knowledge-based advances have
been utilised to successfully deorphanise 7TMRs. However, they have
yet to alter the rate of deorphanisation reports. Allowing novel concepts
to shape the way we approach orphan 7TMRs will be critical in further
advancing this field. This may be via identification of novel activation
pathways that do not require G-proteins, exploitation of Gα12/13 assays,
developing an understanding of function that does not require a ligand
for activation or by identification of novel ligands, both natural and sur-
rogate.
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Abstract. A wide range of techniques have been employed to examine the
quaternary structure of G-protein-coupled receptors (GPCRs). Although it is
well established that homo-dimerisation is common, recent studies have sought
to explore the physical basis of these interactions and the role of dimerisation
in signal transduction. Growing evidence hints at the existence of higher-order
organisation of individual GPCRs and the potential for hetero-dimerisation be-
tween pairs of co-expressed GPCRs. Here we consider how both homo-
dimerisation/oligomerisation and hetero-dimerisation can regulate signal trans-
duction through GPCRs and the potential consequences of this for function of
therapeutic medicines that target GPCRs. Hetero-dimerisation is not the sole
means by which co-expressed GPCRs may regulate the function of one an-
other. Heterologous desensitisation may be at least as important and we also
consider if this can be the basis for physiological antagonism between pairs of
co-expressed GPCRs.
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Although there may be exceptions (Meyer et al. 2006), a great deal of re-
cent evidence has indicated that most G-protein-coupled receptors (GPCRs) do
not exist as monomers but rather as dimers or, potentially, within higher-order
oligomers (Milligan 2004b; Park et al. 2004). Support for such models has been
provided by a range of studies employing different approaches, including co-
immunoprecipitation of differentially epitope-tagged but co-expressed forms of
the same GPCR, co-operativity in ligand binding and a variety of resonance
energy transfer techniques (Milligan and Bouvier 2005). Only for the photon
receptor rhodopsin has the organisational structure of a GPCR been studied in
situ. The application of atomic force microscopy to murine rod outer segment
discs indicated that rhodopsin is organised in a series of parallel arrays of dimers
(Liang et al. 2003) and based on this, molecular models were constructed to try
to define and interpret regions of contact between the monomers (Fotiadis et al.
2004). Only for relatively few other GPCRs are details of the molecular basis
of dimerisation available but within this limited data set, recent studies on the
dopamine D2 receptor suggest a means by which information on the binding
of an agonist can be transmitted between the two elements of the dimer via the
dimer interface (Guo et al. 2005).

Although the availability of cDNAs encoding molecularly defined GPCRs
has allowed high-throughput screening for ligands that modulate GPCR func-
tion, this is performed almost exclusively in heterologous cell lines transfected
to express only the specific GPCR of interest. Given that the human genome
contains some 400–450 genes encoding non-chemosensory GPCRs, it is clear
that any individual cell of the body may express a considerable number of
GPCRs. Interactions between these, either via hetero-dimerisation, via heterol-
ogous desensitisation or via the integration of downstream signals can poten-
tially alter the pharmacology, sensitivity and function of receptor agonists and
hence produce varied responses. In this article, we will use specific examples
to consider the role of homo-dimerisation/oligomerisation in GPCR function
and whether either direct hetero-dimerisation or heterologous desensitisation
between pairs of co-expressed GPCRs affects the function of the receptor pairs.
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1 The Role of α1b-Adrenoceptor
Dimerisation/Oligomerisation

Initial studies on potential dimerisation of the α1b-adrenoceptor (Mil-
ligan et al. 2004b) employed co-immunoprecipitation of differently
epitope-tagged forms of the receptor. When the two forms were co-
expressed in heterologous cells, immunoprecipitation with antibody to
one of the two epitope tags resulted in the co-immunoprecipitation of
the second form (Carrillo et al. 2003; Stanasila et al. 2003; Uberti et al.
2003). This did not occur when different cell populations, each ex-
pressing only one form of the receptor, were mixed prior to the im-
munoprecipitation step. In each of these cases, following SDS-PAGE
of the immunoprecipitated samples and immunoblotting to detect the
tag not used for immunoprecipitation, a series of bands were detected.
The polypeptide with the highest mobility corresponded to the expected
size for an α1b-adrenoceptor monomer. Bands with lesser mobility were
approximately twice the size of the monomer, whilst a further, less
well-defined group of immunoreactive bands entered the gels poorly.
Interactions between rhodopsin-like GPCRs are not anticipated to in-
volve SDS-PAGE-resistant covalent links. It thus remains possible that
the polypeptides with apparent high molecular mass are simply pro-
tein aggregates stemming from removal of the receptors from the mem-
brane lipid environment. In the studies of Carrillo et al. (2003) and
Stanasila et al. (2003), further approaches were employed to support
the co-immunoprecipitation data. Stanasila et al. (2003) C-terminally
tagged the α1b-adrenoceptor with either cyan fluorescent protein (CFP)
or green fluorescent protein (GFP) and employed fluorescence reso-
nance energy transfer (FRET) to demonstrate proximity and hence po-
tential interactions when the two forms were co-expressed. They also
demonstrated that additional expression of α1b-adrenoceptor not tagged
with a fluorescent protein reduced the FRET signal and that such a re-
duction in FRET signal was not produced by co-expressing the CCR5
chemokine receptor. Carrillo et al. (2003) employed a distinct FRET-
based technique. Taking advantage of the N-terminal epitope tags in-
troduced for the co-immunoprecipitation studies, they employed time-
resolved FRET between anti-epitope tag antibodies labelled with appro-
priate energy donor and acceptor species and hence demonstrated inter-
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actions between successfully cell surface-delivered forms of the α1b-
adrenoceptor in intact cells. Carrillo et al. (2003) also developed a func-
tional complementation strategy. They had previously shown that a sin-
gle open-reading-frame fusion protein between the α1b-adrenoceptor
and the α subunit of the Ca2+ mobilising G-protein G11 was functional
and could be used to measure agonist-stimulated binding of [35S]GTPγS
(Carrillo et al. 2002). They extended these studies and showed that
the ability of the fusion protein to bind [35S]GTPγS in an agonist-
dependent manner could be eliminated by either a point mutation in the
second intracellular loop of the receptor or by a point mutation in the
G-protein. When the two inactive fusion proteins were co-expressed,
agonist-mediated binding of [35S]GTPγS was restored (Carrillo et al.
2003). This also occurred in mouse embryo fibroblasts that lacked en-
dogenous expression of any Ca2+ mobilising G-proteins and therefore
had to reflect an inter-molecular interaction between the two inactive fu-
sion proteins. Carrillo et al. (2004) subsequently confirmed the capac-
ity of C-terminally CFP and yellow fluorescent protein (YFP)-tagged
forms of the α1b-adrenoceptor to generate FRET signals following co-
expression.

To attempt to understand the molecular basis of α1b-adrenoceptor
dimerisation, Stanasila et al. (2003) generated a series of mutated and
modified forms of the receptor. Studies on the yeast α factor receptor
had identified a glycophorin A-like motif (GXXXG) in trans-membrane
helix I and shown that modification of key amino acids of this motif
resulted in a reduction in FRET consistent with abrogation of dimeri-
sation (Overton et al. 2003). Mutation of Gly53 within a similar motif
in trans-membrane helix I of the α1b-adrenoceptor, however, did not re-
duce FRET signals (Stanasila et al. 2003). Equivalent mutation of a sec-
ond glycophorin A-like motif located in trans-membrane helix VI was
also without effect. Other studies had suggested roles for both the intra-
cellular C-terminal tail and the glycosylation state of the extracellular
N-terminal region in protein–protein interactions of other rhodopsin-
like GPCRs (Milligan 2004b). However, neither truncation of the C-
terminal tail nor mutation to prevent N-glycosylation reduced FRET
signals from suitable α1b-adrenoceptor constructs. Indeed, C-terminal
truncation actually resulted in a higher FRET signal (Stanasila et al.
2003). Because resonance energy transfer signals are dependent upon
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both the distance between and the relative orientation of the energy
donor and acceptor (Milligan 2004a; Pfleger and Eidne 2006), interpre-
tation of these observations is difficult. To address the same question,
Carrillo et al. (2004) adopted a systematic receptor fragment-interaction
approach. This involved taking the extracellular N-terminus of the α1b-
adrenoceptor and linking it to fragments of the receptor consisting of
trans-membrane domains, I, III, V or VII or I + II, III + IV and V +
VI that also incorporated the intracellular loops that link these pairs of
trans-membrane domains. Each of these constructs was then used in
every possible combination for both co-immunoprecipitation and time-
resolved FRET studies to identify interactions. Only trans-membrane
domain I and trans-membrane domain IV displayed symmetrical in-
teractions, i.e. they self-associated. Interestingly, both of these regions
have been suggested as dimerisation interfaces for other GPCRs (Mil-
ligan 2005). However, comparisons with the atomic force microscope
images of the in situ organisation of rhodopsin suggested a more com-
plex model (Fig. 1). Viewed from the extra-cellular face of the plasma
membrane, the trans-membrane helices of GPCRs are arranged in anti-
clockwise orientation. Trans-membrane domain I–trans-membrane do-
main I interactions between adjacent monomers leaves trans-membrane
domain IV available to form a IV–IV interaction with a further mono-
mer, which then leaves trans-membrane domain I free to potentially
generate a further interaction (Fig. 1). This pattern could build up into
a daisy-chain of repeating dimers to generate an oligomer of unde-
fined size. The fragmentation studies also indicated a series of non-
symmetrical interactions involving elements of trans-membrane do-
mains I and/or II with trans-membrane domains V and/or VI and it was
hypothesised that such interactions could allow rows of oligomers to
form (Carrillo et al. 2004). It is interesting in this regard that near-field
scanning optical microscopy has recently imaged large clusters of β-
adrenoceptors on both cell lines and murine cardiac myocytes (Ianoul
et al. 2005).

Because conventional, two component FRET cannot usefully dis-
criminate between dimers and higher-order structures, J.F. Lopez-
Gimenez et al. (personal communication) developed a sequential three-
colour FRET imaging approach to gain support for oligomeric struc-
tures of the α1b-adrenoceptor in single living cells. Initial, proof of con-



150 G. Milligan et al.

cept, studies employed a single open-reading-frame concatamer of CFP,
YFP and DsRed2 to establish appropriate imaging conditions. Follow-
ing transfection into HEK293 cells, fluorescence corresponding to each
of CFP, YFP and DsRed2 could be observed in single cells and, with
appropriate excitation and the application of a novel FRET algorithm,
each of CFP to YFP, YFP to DsRed2 and CFP to DsRed2 FRET could
be measured in single cells. To prove that the CFP to DsRed2 FRET sig-
nal truly represented sequential CFP to YFP to DsRed2 energy transfer
and not direct CFP to DsRed2 FRET (Fig. 1), a second concatamer was
employed. This contained a Tyr67Cys mutation in the YFP element that
ablates fluorescence. As such, Tyr67Cys YFP can act as neither a reso-
nance energy transfer donor nor an acceptor. CFP to DsRed2 FRET was

�
Fig. 1a–d. The α1b-adrenoceptor forms oligomeric chains via interactions in-
volving trans-membrane domains I and IV. a Based on interactions between
fragments of the α1b-adrenoceptor, where trans-membrane domain I and trans-
membrane domain IV (yellow) were shown to contribute symmetrical protein–
protein interaction interfaces, Carrillo et al. (2004) proposed a daisy-chain struc-
ture that may link α1b-adrenoceptor monomers into higher-order oligomers.
Cartoons of such oligomers are displayed: Top, viewed from the extracellular
space, bottom viewed as a section through the plasma membrane. Such or-
ganisational structure is reminiscent of the arrays of rhodopsin in murine rod
outer segments observed by atomic force microscopy (Liang et al. 2003; Fo-
tiadis et al. 2004). b The basis of direct CFP-DsRed2 and sequential CFP-YFP-
DsRed2 FRET is illustrated. c Forms of the wild-type α1b-adrenoceptor (A1–6)
and Leu65Ala, Val66Ala, Leu166Ala, Leu167Ala α1b-adrenoceptor (B1–6) were
C-terminally tagged with CFP (A1, B1), YFP (A2, B2) or DsRed2 (A3, B3), ex-
pressed in HEK293 cells and imaged for CFP, YFP and DsRed2 fluorescence or
CFP-YFP (A4, B4), YFP-DsRed2 (A5, B5) and CFP-DsRed2 (A6, B6) FRET.
Pseudo-colours are related to FRET intensity. d CFP-DsRed2 FRET was quan-
titated for the co-expressed three protein groups of wild-type α1b-adrenoceptor
linked to CFP, YFP and DsRed2 (black), wild-type α1b-adrenoceptor linked to
CFP, Tyr67CysYFP and DsRed2 (grey) and Leu65Ala, Val66Ala, Leu166Ala,
Leu167Ala α1b-adrenoceptor linked to CFP, YFP and DsRed2 (white). On the
right-hand side, the values for the grey bars that must represent no sequential
FRET (see text for details) have been subtracted. (Data are adapted from Lopez-
Gimenez et al., personal communication)
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eliminated, confirming that the CFP to DsRed2 FRET produced from
the initial concatamer represented sequential CFP to YFP to DsRed2
FRET and not direct CFP to DsRed2 FRET. With this information in
place, forms of the α1b-adrenoceptor C-terminally tagged with each of
CFP, YFP and DsRed2 were co-expressed in HEK293 cells and pro-
duced CFP to DsRed2 FRET consistent with the α1b-adrenoceptor exist-
ing in an oligomeric complex (Fig. 1), whereas simple co-expression of
each of CFP, YFP and DsRed2 produced no such FRET signal. Equally,
co-expression of α1b-adrenoceptor-CFP, α1b-adrenoceptor-Tyr67CysYFP
and α1b-adrenoceptor-DsRed2 failed to generate CFP to DsRed2 FRET.

To explore the role of oligomerisation of the α1b-adrenoceptor, pairs
of adjacent, key hydrophobic residues in trans-membrane domains I
and IV were mutated to alanines and three colour FRET studies re-
peated. The mutations resulted in reduced sequential three-colour FRET
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(Fig. 1), consistent with alterations in the oligomeric interactions and or-
ganisation of the receptor (J.F. Lopez-Gimenez et al., personal commu-
nication). The functional consequences of this were also explored. Im-
munocytochemistry to detect an N-terminal epitope tag in transfected
but nonpermeabilised cells demonstrated α1b-adrenoceptor at the cell
surface. However, cell surface expression of the mutant α1b-adrenocep-
tor could not be detected, although, following cell permeabilisation, it
was clear that the mutant was expressed as effectively as the wild-type
receptor. Good expression of the mutated form could also be shown by
simply monitoring fluorescence of cells expressing C-terminally YFP-
tagged forms of the wild-type and mutated α1b-adrenoceptor (J.F. Lo-
pez-Gimenez et al., personal communication).

To explore the basis for the lack of cell surface delivery of the mu-
tated α1b-adrenoceptor, studies were conducted to examine receptor gly-
cosylation. Following SDS-PAGE, the wild-type receptor was present
as both apparent 75- and 105-kDa polypeptides, but no 105-kDa form
of the mutant was detected. De-glycosylation studies demonstrated the
105-kDa form of the wild-type receptor to represent the mature form of
the protein. Following treatment with N-glycosidase, F this band was
absent and the wild-type receptor now migrated with apparent Mr close
to 70 kDa (J.F. Lopez-Gimenez et al., personal communication). The
mutant receptor thus appeared to be unable to become core-glycosyl-
ated. It is well established that an inability to be core-glycosylated pre-
vents plasma membrane delivery and trafficking of mutants of a range
of GPCRs (Petaja-Repo et al. 2001; Pietila et al. 2005).

As the mutated α1b-adrenoceptor appeared unable to reach the cell
surface, then it was expected to be unable to signal in response to
agonist ligands. This was confirmed. HEK293 cells expressing either
the wild-type α1b-adrenoceptor, C-terminally tagged with YFP, or the
mutant C-terminally tagged with CFP were grown on the same cover-
slip, loaded with the ratiometric Ca2+ indicator dye FURA-2 and ex-
posed to the α1-adrenoceptor agonist phenylephrine. Increases in intra-
cellular Ca2+ were only observed in cells expressing the wild-type re-
ceptor (J.F. Lopez-Gimenez et al., personal communication). This was
not a reflection that the cells expressing the mutated α1b-adrenoceptor
were unable to respond to receptor ligands. Subsequent to washout of
the α1-adrenoceptor agonist, ATP was added to activate P2Y purinocep-
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tors expressed endogenously by HEK 293 cells. Equivalent increases in
intracellular Ca2+ were then observed in all cells.

All these data indicate not only that the α1b-adrenoceptor is able to
form oligomeric, rather than simple dimeric complexes, but also that
disruption of effective oligomerisation has profound consequences for
receptor maturation and function.

2 Orexin-1 Receptor/Cannabinoid CB1
Receptor Hetero-dimerisation

It is likely GPCRs which are co-expressed and have the capacity to
hetero-dimerise may alter the functions of one another. A convenient
way to control the timing and extent of expression of a GPCR in the
face of constitutive expression of a second GPCR is to take advantage of
tetracycline/doxycycline-induced expression from a single defined site
of chromosomal integration, as provided by the Flp-In-T-REx HEK293
cell line from Invitrogen. Ellis et al. (2006) initially generated such
cells lines harbouring an N-terminally epitope-tagged form of the hu-
man orexin-1 receptor that also had in-frame attachment of YFP at the
C-terminus. Expression of this protein was completely dependent upon
addition of doxycycline. At steady-state in these cells, some 90% of the
orexin-1 receptor construct was present at the cell surface. This receptor
displayed little evidence of ligand-independent, constitutive activity be-
cause both the inducing agent and the peptide agonist orexin A were re-
quired to cause phosphorylation of the ERK1 and ERK2 MAP kinases.

As with the vast majority of GPCRs, the sustained presence of ago-
nist resulted in internalisation of the receptor into punctuate, intracellu-
lar vesicles. This effect of orexin A was blocked by the orexin-1 receptor
antagonist SB-674042 (Langmead et al. 2004) but not by the cannabi-
noid CB1 receptor antagonist/inverse agonist SR-141716A (Rinaldi-
Carmona et al. 1998). A very different pattern of orexin-1 receptor
distribution was observed, however, when orexin-1 receptor construct
expression was induced in cells that expressed the cannabinoid CB1 re-
ceptor constitutively. Now, without addition of orexin A, 50% of the
orexin-1 receptor population was in punctuate, intracellular vesicles. To
understand the basis of this observation, Ellis et al. (2006) generated fur-
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ther cell lines in which orexin-1 receptor expression could be induced in
the face of constitutive expression of a C-terminally CFP-tagged form
of the cannabinoid CB1 receptor. In these cells, with or without induc-
tion of the orexin-1 receptor, 90% of the cannabinoid CB1-CFP con-
struct was present in recycling, intracellular punctate vesicles. Constitu-
tive recycling of the cannabinoid CB1 receptor has also been described
by others, both following expression in HEK293 cells (Leterrier et al.
2004) and for the receptor expressed endogenously in neurones (Leter-
rier et al. 2006). As in cells expressing the untagged cannabinoid CB1
receptor, induction of orexin-1 receptor resulted in 66% of this recep-
tor being present in intracellular vesicles and pixel-by-pixel analysis
indicated very high colour overlap between CFP and YFP fluorescence
(Ellis et al. 2006). Not only were there co-expressed GPCRs in vesi-
cles that overlapped, but FRET studies using cannabinoid CB1-CFP as
energy donor and orexin-1-YFP as energy acceptor demonstrated their
hetero-dimerisation (Ellis et al. 2006). In cells expressing cannabinoid
CB1-CFP constitutively, sustained treatment with SR-141716A resulted
in a re-distribution of much of the receptor back to the cell surface.
Unsurprisingly, treatment with SB-674042 did not alter the distribution
of CB1-CFP because this ligand has no inherent affinity to bind the
cannabinoid CB1 receptor. Remarkably, however, in cells expressing
both orexin-1-YFP and CB1-CFP, treatment with either SR-141716A or
SB-674042 returned both GPCRs to the cell surface (Ellis et al. 2006).
This is consistent with the FRET experiments that indicated that orexin-
1-YFP and CB1-CFP form a hetero-dimer/oligomer.

Hetero-dimerisation/oligomerisation of these two receptors has func-
tional consequences. Sustained treatment of the cells co-expressing the
two GPCRs with SR-141716A resulted in a substantial decrease in the
potency of orexin-A to stimulate ERK1 and ERK2 phosphorylation.
This was not observed following treatment of cells expressing only the
orexin-1 receptor with SR-141716A (Ellis et al. 2006). Similarly, treat-
ment of the cells co-expressing these two GPCRs with SB-674042 re-
sulted in decreased potency of the CB1 receptor agonist WIN55,212-2
to cause phosphorylation of ERK1 and ERK2 (Ellis et al. 2006). These
studies indicate that, because of GPCR hetero-dimerisation/
oligomerisation, effects of ligands in cells and tissues that co-express
different GPCRs may involve alterations in pharmacology and func-
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tion of receptors that the ligand has no direct affinity to bind to. It will
be interesting to see how common an effect this is and whether this
paradigm may provide insights into unexpected clinical effects of ther-
apeutic molecules.

3 Direct and Indirect Interactions
Between the Angiotensin II AT1 Receptor
and the Mas Proto-oncogene

The Mas proto-oncogene is a GPCR and has recently been described
as a receptor able to bind the angiotensin II cleavage product Ang 1–7
(Santos et al. 2003) but not authentic angiotensin II. The angiotensin II
AT1 receptor responds to angiotensin II and mediates important biolog-
ical functions including vasoconstriction, salt/water re-absorption and
stimulation of aldosterone release. These two GPCRs are co-expressed
in a range of locations, including specific mesenteric blood vessels.
Whilst angiotensin II causes concentration-dependent contraction of
such blood vessels in mouse, it was noted that the extent of contraction
to angiotensin II was substantially greater in vessels taken from Mas
knock-out animals (Kostenis et al. 2005). Mas has therefore been de-
scribed as a physiological antagonist of the AT1 receptor (Kostenis et al.
2005). At least when co-expressed in heterologous cell systems, Mas
and the AT1 receptor are able to interact directly as monitored by bi-
oluminescence resonance energy transfer and co-immunoprecipitation
(Kostenis et al. 2005) and their co-expression results in a decreased
ability of angiotensin II to elevate intracellular Ca2+ and to stimulate
the production of inositol phosphates (Kostenis et al. 2005). However,
direct protein–protein interactions may not represent the entire explana-
tion for the observed functional effects. Mas is a proto-oncogene and,
as with a number of other GPCRs reported to affect cell division and
proliferation (Allen et al. 1991), displays significant levels of constitu-
tive activity (Fig. 2). When expressed along with the Ca2+-mobilising
G-protein Gα11, Mas produced a strong increase in binding of the GTP
analogue [35S]GTPγS in Gα11 immunoprecipitates. By contrast, follow-
ing mutation of a key hydrophobic amino acid in the second intracellular
loop of Mas to produce I138DMas, this receptor variant was unable to
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Fig. 2a–d. The constitutive activity of Mas causes up-regulation of a co-
expressed angiotensin II AT1 receptor. a The binding of [35S]GTPγS in G11α

immunoprecipitates was assessed following expression of G11α, Mas + G11α, or
I138D Mas + G11α in HEK293 cells and membrane preparation. b Immunoblots
to detect the angiotensin II AT1 receptor were performed on membranes of Flp-
In TREx HEK293 cells constitutively expressing human AT1 receptor-CFP and
with human Mas-YFP or human I138DMas-YFP at the Flp-In locus to allow ex-
pression only following treatment with tetracycline/doxycycline (Dox). Strong
up-regulation was observed upon induction of Mas-YFP but not I138DMas-YFP.
c This upregulation is blocked by inhibition of protein kinase C and can be
mimicked by activation of protein kinase C without induction of Mas-YFP ex-
pression. d Mas-induced up-regulation is greatly reduced if the AT1 receptor
lacks protein kinase C consensus sites in the C-terminal tail. A cell line akin to
that used in b and c but constitutively expressing a CFP-tagged form of the AT1

receptor truncated at amino acid 325 in the C-terminal tail was used in parallel
to the cell line employed in d. (Data are adapted from Canals et al. 2006)
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increase [35S]GTPγS binding to Gα11. Induced expression of Mas-YFP
resulted in increased levels of constitutively expressed AT1-CFP mea-
sured either via [3H]angiotensin II binding, YFP fluorescence or im-
munoblotting studies (Canals et al. 2006). By contrast, induced expres-
sion of I138DMas-YFP did not cause up-regulation of AT1-CFP. A series
of pharmacological inhibitor studies demonstrated that blockade of ei-
ther Gαq/Gα11 or protein kinase C (PKC) activity prevented the Mas-
induced AT1-receptor up-regulation, that the effect of Mas could be
mimicked by direct activation of PKC and that because the G-proteins
lie upstream of PKC, inhibition of Gαq/Gα11 was unable to prevent the
up-regulation produced by direct activation of PKC (Canals et al. 2006).

It has previously been established that the C-terminal tail of the AT1-
receptor contains three consensus sites for PKC-mediated phosphoryla-
tion. Canals et al. (2006) thus expressed constitutively a form of AT1-
CFP lacking this region of the C-terminal tail. In these cells, induced ex-
pression of Mas-YFP had little ability to up-regulate the AT1-receptor
construct (Fig. 2) (Canals et al. 2006). Because PKC-mediated phos-
phorylation of the AT1-receptor has also been associated with functional
desensitisation (Smith et al. 1998; Qian et al. 1999), then a desensitised
form of the AT1-receptor, even though present at higher levels, is consis-
tent with the in vivo observation that Mas acts as a physiological brake
on AT1-receptor function and that elimination of Mas would result in
more effective responses to angiotensin II and therefore enhanced con-
traction of mesenteric micro-vessels (Kostenis et al. 2005).

4 Conclusions

The range of studies described here demonstrates the existence of both
GPCR homo- and hetero-dimerisation/ologimerisation and indicates
that such protein–protein interactions can have major functional con-
sequences. However, with so much research currently exploring aspects
of the molecular basis and relevance of GPCR dimerisation/oligomer-
isation, it is important to remember that the integration of downstream
signalling by GPCRs and of heterologous desensitisation of co-express-
ed GPCRs can also play central roles in defining functional and physi-
ologically relevant endpoints.
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Abstract. G-protein-coupled receptors constitute one of the major families of
drug targets. Orphan receptors, for which the ligands and function are still un-
known, are an attractive set of future targets for presently unmet medical needs.
Screening strategies have been developed over the years in order to identify the
natural ligands of these receptors. Natural or chimeric G-proteins that can redi-
rect the natural coupling of receptors toward intracellular calcium release are
frequently used. Potential problems include poor expression or trafficking to the
cell surface, constitutive activity of the receptors, or the presence of endogenous
receptors in the cell types used for functional expression, leading to nonspecific
responses. Many orphan receptors characterized over the last 10 years have been
associated with previously known bioactive molecules. However, new and un-
predicted biological mediators have also been purified from complex biological
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sources. A few old and recent examples, including nociceptin, chemerin, and
the F2L peptide are illustrated. Future challenges for the functional character-
ization of the remaining orphan receptors include the potential requirement of
specific proteins necessary for quality control, trafficking or coupling of specific
receptors, the possible formation of obligate heterodimers, and the possibility
that some constitutively active receptors may lack ligands or respond only to
inverse agonists. Adapted expression and screening strategies will be needed to
deal with these issues.

1 G-Protein-Coupled Receptors

G-protein-coupled receptors (GPCRs) are the largest family among the
membrane receptors. They play a major role in a variety of physiologi-
cal and pathophysiological processes, such as carbohydrate metabolism,
regulation of the cardiovascular system, nociception, feeding behavior,
and immune responses. All GPCRs share a common structural orga-
nization with seven transmembrane segments, and a common way of
modulating cell function by regulating effector systems through a fam-
ily of heterotrimeric G-proteins (although G-protein-independent sig-
naling has been reported as well). Not considering the olfactory and
gustatory receptors, more than 350 G-protein-coupled receptor types
and subtypes have been cloned to date in mammalian species. Among
these, approximately 250 have been characterized functionally.

2 Orphan Receptors as Opportunities
for Future Drug Targets

Following the cloning of rhodopsin (Nathans and Hogness 1984), β-
adrenergic receptors (Dixon et al. 1986; Yarden et al. 1986), and the
M1 muscarinic receptor (Kubo et al. 1986), as a result of protein pu-
rification and peptide sequencing approaches, the common transmem-
brane organization and structural relatedness of GPCRs rapidly became
clear. As a consequence, polymerase chain reaction using degenerate
primers (Libert et al. 1989) over the early 1990s led to the progressive
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accumulation of a large number of orphan receptors, characterized by
a typical GPCR structure, but of unknown function. Later on, the sys-
tematic sequencing of cDNA libraries (ESTs) and genomes has further
expanded the list of orphan receptors. Due to their accessibility from
the extracellular space and their key roles in modulating cell functions,
G-protein-coupled receptors constitute the targets for about 40% of the
active compounds presently used as therapeutic agents. The pharmaceu-
tical industry is keen on the permanent input of new pharmacological
targets in their drug development programs. As G-protein-coupled re-
ceptors will certainly remain a major avenue for drug design, character-
ization of orphan receptors are providing original and attractive targets
for therapeutic agents and will likely lead to the development of novel
drugs in the future (Ribeiro and Horuk 2005).

3 Expression and Screening Strategies

The identification of the ligands of orphan receptors, starting from pure-
ly genetic data, has been referred to as reverse pharmacology. This pro-
cess is based on the use of specific and sensitive functional assays. As
the signaling cascade activated by orphan receptors cannot be predicted
for certain, a generic functional assay, independent of the activation of
a specific cascade, is generally used. Several of these assays have been
proposed and used in the past. Over the last few years, we have used
essentially a high-throughput functional assay based on the lumines-
cence emitted by recombinant aequorin following intracellular calcium
release (Stables et al. 1997; Le Poul et al. 2002). In this system, a re-
combinant cell line is developed that coexpresses an orphan receptor,
apoaequorin targeted to mitochondria, and Gα16 as a generic coupling
protein (Fig. 1). Following preincubation of cells with coelenterazine to
reconstitute active aequorin, luminescence is recorded in a luminometer
following mixing with potential agonists. This assay has been validated
with a number of characterized GPCRs and is now used routinely for
orphan receptor screening.

Also widely used in the frame of orphan receptor characterization is
the classical calcium mobilization assay using fluorescent dyes in a mi-
croplate format, following coexpression of the receptor, and Gα15, Gα16
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Fig. 1. Aequorin-based assay. The main components of the aequorin-based as-
say are represented schematically. Three proteins (in red) are coexpressed in
a CHO-K1 cell line: the orphan receptor, Gα16 and apoaequorin. Gα16 allows the
coupling of most GPCRs to the phospholipase C (PLC)-IP3 pathway, irrespec-
tive of the natural pathways activated by the receptors. Aequorin is formed by
the association of apoaequorin (targeted to mitochondria) and its cofactor coe-
lenterazine. Following receptor activation, the release of Ca2+ from intracellular
stores results in the activation of aequorin, and the emission of photons recorded
by a luminometer. This assay is adapted to 96- and 384-well microplate formats

or hybrid G-proteins (i.e., Gαqi5) (Offermanns and Simon 1995; Conklin
et al. 1993). However, in our hands this technique is less sensitive and
less robust than the aequorin-based approach. Other generic techniques
include the use of frog melanocytes (Lerner 1994), the internalization of
receptor-GFP fusion proteins, or the translocation of a β-arrestin–GFP
fusion. Alternatively, cascade-specific assays have been used as well for
the deorphanization of specific receptors, including cAMP, GTPγS, and
arachidonic acid measurements. These various approaches have been
detailed elsewhere (Wise et al. 2004).
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All these assays have their specific advantages and limitations, and
not all receptors will provide a robust signal in each of them. Using
the aequorin-based assay in CHO-K1 cells, we have identified a num-
ber of orphan receptors that express poorly in this system, as indicated
by particularly low frequencies of clones displaying high transcript lev-
els, the frequent rearrangement of the coding sequence generating the
synthesis of nonfunctional receptors, or the low FACS signal obtained
on cell lines when monoclonal antibodies are available. Such expres-
sion problems are frequently correlated with the demonstration that the
receptor displays an apparent constitutive activity. Constitutive activ-
ity is usually detected following transient expression of the receptor,
and the measurement of cAMP (Gs-coupled receptors), inositol phos-
phates (Gq-coupled receptors), or GTPγS binding (Gi-coupled), which
are recorded as significantly different from the basal levels of untrans-
fected cells. The constitutive activity of the receptor therefore appears
as a factor that counter-selects the cell lines expressing it at high levels.
We have also determined that some receptors naturally coupled to Gs

do not couple efficiently to Gα16.
Potentially troublesome receptors may be expressed as fusions with

a tag, which allow analyzing cell surface expression. As the tag itself
may modify the expression or the binding of the receptor ligand, we
find it useful to express an untagged receptor in parallel.

We also use an inducible expression vector, based on the tet-on tech-
nique. CHO-K1 cell lines coexpressing apoaequorin, Gα16, and the tet
repressor have been established and validated with a number of model
receptors. The selected cell line is being used for the expression of the
orphan receptors for which constitutive activity and/or other expression
problems have been encountered. For each receptor, the doxycycline
concentration is adapted by measuring the constitutive activation of in-
tracellular cascades, before screening.

4 Known Molecules and New Biological Mediators

Once established, the cell line expressing an orphan receptor is tested
for its functional response to a set of potential ligands. These poten-
tial ligands can be well-known biological mediators, for which the pre-



168 M. Parmentier, M. Detheux

cise binding site has not been characterized yet, collections of natural
peptides, lipids, or metabolic intermediates with a poorly established
role in signaling, or complex biological mixtures. Structural similarities
with characterized receptors can of course focus the selection of po-
tential ligands onto specific mediators or chemical classes of potential
ligands. Over the years, a large number of orphan receptors have been
matched with a well-characterized pharmacology. Other orphan recep-
tors were identified as responding to known ligands, but were character-
ized either by a novel pharmacology or an original tissue distribution,
leading to the multiplication of subtypes in some families, such as the
serotonin and chemokine receptors. Finally, a set of orphan receptors
were found to respond to previously unknown molecules, as the result
of the isolation of these molecules from complex biological sources, on
the basis of their biological activity on the recombinant receptor. The
first example was the identification of a novel neuropeptide, nociceptin,
as the natural agonist of an orphan receptor related to the opioid re-
ceptor (see below). Subsequently, orexins, prolactin-releasing peptide,
apelin, melanin-concentrating hormone, ghrelin, motilin, urotensin II,
prokineticins, kisspeptin/metastin, relaxin-3, and an RFamide peptide
have been identified as the natural ligands of previously orphan re-
ceptors (Table 1). This is in our view the most attractive side of the
orphan receptor field, since naturally processed forms of peptides and
proteins, containing necessary tertiary structures and post-translational
modifications can be discovered. It is likely that other novel molecules
will be similarly discovered in the future, following the analysis of the
remaining orphan receptors. With this aim in mind, we are presently
expanding our extract preparation and purification schemes, primar-
ily selected to retain peptides and small proteins, in order to focus on
other classes of potential ligands, such as bioamines and other small
molecules, medium- to large-sized proteins, and lipids. In addition, we
also use human clinical samples that have allowed the identification of
ligands for some orphan receptors (see below).
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Table 1 Natural ligands of human receptors identified through their purification
from complex biological sources (tissue extracts of biological fluids)

Receptor Ligand Year Assay References

ORL1 Nociceptin 1995 cAMP Meunier et al. 1995
Reinscheid et al. 1995

HFGAN72 Orexins 1998 Ca2+ Sakurai et al. 1998
APJ Apelin 1998 Micr. Tatemoto et al. 1998
GPR10 PrRP 1998 AA Hinuma et al. 1998
GHSH Ghrelin 1999 Ca2+ Kojima et al. 1999
GPR14 Urotensin II 1999 Ca2+ Mori et al. 1999
GPR24 MCH 1999 Ca2+ Saito et al. 1999
GPR66 Neuromedin U 2000 Ca2+ Kojima et al. 2000
CCR5 CCL14[9–74] 2000 Ca2+ Detheux et al. 1999
GPR54 Metastin/kisspeptins 2001 Ca2+ Ohtaki et al. 2001

Kotani et al. 2001
GPR8 NPW 2002 cAMP Shimonura et al. 2002

Tanaka et al. 2003
GPR7 NPB 2002 cAMP Fujii et al. 2002

Tanaka et al. 2003
GPR73 Prokineticin 2003 cAMP Lin et al. 2002
ChemR23 Chemerin 2003 Ca2+ Wittamer et al. 2003
GPCR135 Relaxin-3/INSL7 2003 GTPγS Liu et al. 2003a
GPCR142 Relaxin-3/INSL7 2003 GTPγS Liu et al. 2003b
GPR91 Succinate 2004 Ca2+ He et al. 2004
GPR154 Neuropeptide S 2004 Ca2+ Xu et al. 2004
FPRL2 F2L 2005 Ca2+ Migeotte et al. 2005
GPR103 QRFP 2006 Luc. Takayasu et al. 2006

The assay used for the follow-up of their purification is given, together with
the year of the reporting in the literature. AA, arachidonic acid assay; Luc.,
luciferase reporter assay; Micr, microphysiometer

5 ORL1 and Nociceptin

Endogenous opioid peptides are widely distributed in the central and
peripheral nervous systems and play important roles in modulating en-
docrine, cardiovascular, gastrointestinal, and immune functions. Phar-
macological studies have defined three classes of opioid receptors
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termed δ, κ, and µ, which differ in their affinity for various opioid
ligands and their distribution in the nervous system (Reisine and Bell
1993). Following the cloning of the δ receptor, reported simultaneously
by two groups (Kieffer et al. 1992; Evans et al. 1992), an orphan recep-
tor was cloned by low stringency PCR, and named ORL1 (Mollereau
et al. 1994). ORL1 was significantly related to the three classical opi-
oid receptors and to a lesser extent to somatostatin receptors. In situ
hybridization demonstrated a large distribution in the central nervous
system, distinct from that of opiate receptors. The human recombinant
receptor was expressed in CHO-K1 cells, and a large number of nat-
ural and synthetic ligands were tested for their potential interaction
with ORL1 in binding and functional assays. None of the natural opiate
peptides was active, but a functional response (inhibition of forskolin-
induced cAMP accumulation) was obtained with high doses of the po-
tent opiate agonist etorphin. The concentrations of etorphin required
for the activation of ORL1 (EC50 around 1 µM) were two to three or-
ders of magnitude higher than what is necessary to achieve a similar
effect on opiate receptors (Mollereau et al. 1994). These results demon-
strated, however, that ORL1 was coupled, like opiate receptors, to the
inhibition of adenylyl cyclase, and that the cell line expressing the or-
phan receptor could be used as a functional assay to detect the activ-
ity of agonists. The cell line expressing human ORL1 was therefore
used as a bioassay to detect biological activities in extracts from rat
brain. Following a gel filtration step, a fraction was found to be ac-
tive, and the biological activity was purified to homogeneity by FPLC
and HPLC. The active compound was characterized by mass spectrom-
etry as a novel heptadecapeptide, FGGFTGARKSARKLANQ, sharing
similarity with the endogenous opioid peptide dynorphin A (Meunier
et al. 1995). The synthetic peptide exhibits nanomolar potency in in-
hibiting forskolin-induced accumulation of cAMP. When administered
intra-cerebro-ventricularly in mice, the peptide was shown to induce hy-
peralgia in a hot plate assay, and was therefore termed nociceptin (Meu-
nier et al. 1995). The same peptide was isolated independently by Rein-
scheid et al. (1995) and named orphanin FQ. The prepronociceptin (pP-
NOC) gene displays organizational and structural features that are very
similar to those of the genes encoding the precursors to endogenous opi-
oid peptides, enkephalins (pPENK), dynorphins/neo-endorphins (pP-
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DYN), and β-endorphin (pPOMC), demonstrating its evolution from
a common ancestor (Mollereau et al. 1996). Pronociceptin contains
cleavage sites suggesting the generation of other potentially bioactive
peptides. A C-terminal peptide of 28 amino acids, whose sequence is
strictly conserved across murine and human species, was later described
as nocistatin, displaying analgesic properties in vivo (Okuda-Ashitaka
et al. 1998).

Nociceptin has since been described to display a range of activities,
as a consequence of the broad distribution of ORL1 in the central ner-
vous system. Nociceptin can exhibit both antiopiate as well as analgesic
properties, depending on the experimental setting and its site of action
(Heinricher 2005). The nociceptin-ORL1 system is now considered as
a target for the development of drugs in the fields of pain, anxiety, drug
dependence, and obesity (Zaveri et al. 2005; Reinscheid 2006).

6 Characterization of Chemerin
as the Natural Ligand of ChemR23

A large number of G-protein-coupled receptors contribute to the mount-
ing of immune responses by regulating the trafficking of leukocyte pop-
ulations. Chemokines constitute one of the major classes of signaling
proteins in this frame (Rossi and Zlotnik 2000; Sallusto et al. 2000),
with over 40 chemokines and 19 chemokine receptors described so
far (Murphy et al. 2000). Other chemoattractant molecules include the
formyl peptides, complement fragments (C3a, C5a), and leukotrienes,
among others. A number of orphan human receptors are structurally
related to chemoattractant receptors.

ChemR23 is a receptor that was initially described to be expressed in
immature dendritic cells (DCs) and macrophages (Samson et al. 1998).
Given this distribution pattern and the rapid down-modulation follow-
ing maturation of DCs, we speculated that the ligand was generated
in inflammatory conditions. We therefore used the receptor in a bioas-
say, and tested fractions derived from human inflammatory samples.
A biological activity, specific for ChemR23, was identified in a hu-
man ascitic fluid secondary to an ovarian carcinoma (Wittamer et al.
2003). The purification of this activity led to the characterization of the
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bioactive molecule as the product of TIG-2 (tazarotene-induced gene-2),
a gene previously shown to be induced in keratinocytes by analogs of
vitamin A, and overexpressed in patients with psoriasis (Nagpal et al.
1997). This natural ligand of ChemR23 was named chemerin. Chemerin
is structurally related to the cathelicidin precursors (antibacterial pep-
tides), cystatins (cysteine protease inhibitors), and kininogens (Fig. 2).
Like other chemoattractant receptors, chemerin was shown to act
through the Gi class of G-proteins.

Chemerin is synthesized as a secreted precursor, prochemerin, which
is poorly active, but converted into a full agonist of ChemR23 by the
proteolytic removal of the last six or seven amino acids. We have de-
termined that a synthetic nonapeptide corresponding to the C-terminal
end of mature chemerin is able to activate the receptor with limited loss
of potency as compared to the full-size protein (Wittamer et al. 2004).
Neutrophil cathepsin G and elastase were identified as two proteases
able to activate prochemerin, generating two chemerin forms differing
by a single amino acid at their C-terminus (Wittamer et al. 2005). En-
zymes of the coagulation cascades have been described as processing

�
Fig. 2a,b. Structure of chemerin. a The amino acid sequence of human pre-
prochemerin (Chem) is aligned with other proteins containing a cystatin fold.
This includes the precursors of the human cathelicidin FALL39 (FA39), the
mouse Cramp (CRAM) and porcine protegrin (PTG), the first domain of bovine
kininogen (KNNG), and the chicken egg-white cystatin (CYST). The signal pep-
tides are represented in lowercase italics. The cysteines involved in disulfide
bonding (of which four are conserved across the family) are in green. The red
arrowheads indicate (when known) the position of the introns in the struc-
ture of the respective genes. In all cases, the introns interrupt the coding se-
quences between codons. C-terminal peptides that are cleaved by proteolysis
are represented in blue. This results in the generation of active chemerin (N-
terminal domain), while for cathelicidin precursors, the released C-terminal
peptides display bactericidal properties. The nonapeptide represented in red
and underlined is chemerin-9, the synthetic peptide that binds and activates the
ChemR23 receptor with low nanomolar potency. b Tridimensional structure of
the cystatin-like domain of porcine protegrin, a cathelicidin precursor (PDB
1PFP). Chemerin is expected to adopt a similar conformation
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prochemerin as well (Zabel et al. 2005). The receptor was also shown
to recruit both myeloid and plasmacytoid dendritic cells (Vermi et al.
2005). Resolvin E1, an omega-3 lipid mediator, was also proposed re-
cently as a ligand for ChemR23 (Arita et al. 2005), although it is not yet
clear whether the anti-inflammatory activities of resolvin E1 are indeed
mediated through ChemR23.
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Clear orthologs can be found in rodents for both the ChemR23 re-
ceptor and prochemerin. The binding and functional parameters of the
mouse system were very similar to those observed in human (KD and
EC50 around 1 nM for chemerin), with full cross-reactivity between the
human and mouse components.

Therefore, chemerin appears as a potent chemoattractant of a novel
class. Expression of ChemR23 is essentially restricted to macrophages
and dendritic cells and its agonist chemerin can be found at a high level
in human inflammatory fluids. We therefore postulate that chemerin is
involved in the recruitment of APCs and regulates the inflammatory pro-
cess and the development of adaptive immune responses. The charac-
terization of a knock-out model for ChemR23 is ongoing and will make
it possible to determine the phenotype associated with ChemR23 defi-
ciency and its involvement in disease.

7 Characterization of F2L and Humanin
as High-Affinity Endogenous Agonists of FPRL2

FPRL2 belongs to the family of receptors similar to FPR, the recep-
tor for formylated peptides of bacterial origin. Formyl peptide receptors
play an essential role in host defense mechanisms against bacterial in-
fection and in the regulation of inflammatory reactions. In human, this
family includes three receptors: FPR, FPRL1, and FPRL2. FPR is ex-
pressed in neutrophils, monocytes, and DCs, FPRL1 in neutrophils and
monocytes, and FPRL2 in monocytes and DCs. FPRL1 is a promiscu-
ous receptor, responding to a large variety of ligands of endogenous
and exogenous origins and high structural diversity, including lipoxin
A4, serum amyloid 4, and bacterial peptides (Le et al. 2001, 2002).
Many of these ligands are low-affinity ligands, and their functional rel-
evance is therefore questionable. A few of these FPRL1 agonists were
found to activate FPRL2 at high (µM) concentrations as well, but no
high-affinity ligands have been described so far for this receptor. Using
a CHO-K1 cell line expressing human FPRL2, Gα16 and apoaequorin,
we tested fractions of tissue extracts for biological activities, focusing
on lymphoid organs. Two specific activities were found in fractions
of human and porcine spleen, and the bioactive porcine compounds
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were purified to homogeneity. These peptidic ligands were character-
ized as N-terminal peptides of the intracellular heme-binding protein
(HBP). The most active peptide was an acetylated 21 amino acid pep-
tide (Ac-MLGMIKNSLFGSVETWPWQVL), perfectly conserved be-
tween human and pig, and was named F2L (Fig. 3). It displayed a 5-
to 10-nM EC50 for human FPRL2 according to the assay. Acetylation
of the peptide is not essential for its activity. The second activity cor-
responded to a longer peptide, incompletely characterized, but present-
ing a much lower potency. F2L was demonstrated to trigger intracel-
lular calcium release, inhibition of cAMP accumulation, and phospho-
rylation of ERK1/2 MAP kinases through the Gi class of G-proteins
in FPRL2-expressing cells. It activates and chemoattracts monocytes
and immature dendritic cells. F2L is inactive on FPR, and poorly active
on FPRL1 (Migeotte et al. 2005). HBP, described as binding various
molecules containing a tetrapyrrole structure, is poorly characterized
functionally (Taketani et al. 1998; Jacob Blackmon et al. 2002). F2L
therefore appeared as a new natural chemoattractant peptide for DCs
and monocytes in human, and the first potent and specific agonist of
FPRL2. In parallel, another human endogenous peptide, humanin, was
described as a high-affinity ligand of FPRL2, but this ligand is shared
with FPRL1 (Harada et al. 2004).

As HBP is an intracellular protein, it is unclear at this stage what
mechanism is involved in the release of the F2L peptide. Our hypothe-
sis is that cell death by apoptosis or necrosis would be responsible for
the proteolytic generation of F2L from HBP and its release in the extra-
cellular space. This hypothesis is presently being tested.

8 Future Challenges

Besides olfactory receptors, approximately 100 GPCRs presently re-
main orphan. A number of associations between ligands and orphan
receptors proposed over the recent years are still a matter of debate, and
it is likely that some receptors presently considered deorphanized will
find more convincing agonists in the future. It is also likely that the easy
ligands have been identified, and that the remaining set of orphan recep-
tors concentrates a number of obstacles that will make their characteri-
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Fig. 3. The F2L peptide and its HBP precursor. Alignment of the heme-binding
protein (HBP) from various species, together with the most closely related hu-
man protein, SOUL. Identities with the human HBP sequence are represented
in red. The underlined peptide in blue is F2L, the N-terminally acetylated pep-
tide isolated from porcine spleen as a natural agonist of human FPRL2. The
sequence of F2L is identical in human, and well conserved (as the remaining
part of HBP) in more distant species

zation difficult. Indeed, all orphan receptors have been tested by numer-
ous groups for their response to large collections of bioactive molecules;
they have also been tested for their response to tissue extracts, particu-
larly peptidic extracts. There is still a set of ligands that have not found
their receptor, including CART, nocistatin, motilin-associated peptide,
neuropeptide GE, neuropeptide EI, NocII, BRAK, and EMAPII among
others. However, it is likely that the ligands of most of the remaining
orphan receptors are unknown biological mediators that are either un-
stable, expressed at low levels or in restricted regions, tightly regulated
in specific situations, or only present at precise developmental stages.
Our experience and the experience of others have shown that many new
ligands could not be predicted from standard genomic analysis, as the
active compounds required post-translational modifications such as pro-
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teolytic processing or grafting of lipid moieties. This suggests that many
of the ligands expected for orphan receptors will require their purifica-
tion from complex biological samples.

Another potential issue that may hinder the characterization of the
remaining orphan receptors is the potential requirement for protein part-
ners that may affect their folding, trafficking, pharmacology, or the ef-
ficiency of their coupling to signal transduction cascades. The first ex-
ample of this type was RAMPs, single-pass membrane proteins that de-
termine which agonists are able to activate the complex, but are also
required for its traffic from the endoplasmic reticulum to the plasma
membrane (McLatchie et al. 1998). The association of RAMP1 with
the calcitonin-receptor-like receptor (CRLR) results in a CGRP recep-
tor, while the association of RAMP2 with the same GPCR results in an
adrenomedullin receptor. Although the RAMP family is limited and in-
fluences the function of a restricted number of receptors (Parameswaran
and Spielman 2006), various proteins belonging to diverse structural
and functional families have been shown over the years to influence
GPCR properties. The MC2 (ACTH) receptor was reported to require
another single-pass transmembrane protein, MRAP, for its trafficking
to the cell surface (Metherell et al. 2005). Olfactory receptors, which
for years have proven to be extremely tedious to express functionally
in classical heterologous systems, have been shown to require chaper-
ones such as RTP1, RTP2, and REEP1 in order to traffic properly to the
plasma membrane (Saito et al. 2004).

G-protein-coupled receptors have been shown over recent years to
form homo- and heterodimers (Bulenger et al. 2005). Some receptors
require the heterodimerization of two different polypeptides in order
to form functional receptors. The first well-established example is the
GABAB receptor, for which the GABAB1 polypeptide, which is able to
bind GABA, contains a ER-retention signal that prevents its trafficking
to the plasma membrane. The association with the GABAB2 polypep-
tide, which does not bind GABA, masks the retention signal and al-
lows the trafficking of the heterodimer and its functional response (Pin
et al. 2003). A similar situation is found in taste receptors. A common
T1R1 polypeptide forms a sweet receptor when associated with T1R2

and a L-amino acid sensor when associated with T1R3 (Nelson et al.
2001, 2002). Obligate heterodimers have also been described for insect
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olfactory receptors (Benton et al. 2006), although this property does
not seem to be shared by mammalian olfactory receptors. Besides obli-
gate heterodimers, there is growing evidence that heterodimerization of
GPCRs that are fully functional when expressed alone can modify the
pharmacology of the partners involved. This was first demonstrated for
opiate receptors, for which heterodimers can form original binding sites
(Jordan and Devi 1999). We have demonstrated that heterodimerization
of chemokine receptors could also modify the pharmacology of both
receptors through an allosteric interaction between the binding sites of
each protomer (Springael et al. 2005, 2006). It is therefore possible
that some orphan receptors might be functional only when coexpressed
as heterodimers, or alternatively that the only function of an orphan
GPCR might be to modify the pharmacology of a presently character-
ized receptor. Characterization of these potential situations will require
detailed analyses of expression patterns, in order to determine which
receptors are coexpressed in each cell type, and raise hypotheses re-
garding possible heterodimers.

A last set of conditions that may render the characterization of or-
phan receptors troublesome is that some of them may exhibit signaling
properties different from the classical pathways activated by GPCRs.
It is now well established that GPCRs may activate intracellular cas-
cades independently from G proteins (Luttrell 2006). There is so far no
well-established example of a GPCR acting solely through G-protein-
independent pathways, but this possibility must be considered. Also,
many receptors display constitutive activities when overexpressed, and
some, including a number of orphans, keep such constitutivity when
expressed at physiological levels. This suggests that some of these re-
ceptors might regulate the cells as a result of their expression, without
the need for agonists. Alternatively, some constitutively active recep-
tors may be regulated by natural inverse agonists, rather than by ag-
onists. This might be considered as an example for GPR3, displaying
strong constitutivity toward the adenylyl cyclase pathway (Eggerickx
et al. 1995), and involved in the blockade of the cell cycle during ooge-
nesis (Mehlmann et al. 2004; Ledent et al. 2005). Finally, some recep-
tors might bind ligands without promoting signaling in the cell. Such
behavior has been convincingly proposed for several receptors belong-
ing to the chemokine receptor family, such as DARC and D6. These
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receptors are considered as decoy receptors, able to bind a diverse set of
chemokines, internalize them, and drive them to degradation, thereby
contributing to the dampening of inflammatory responses (Middelton
et al. 2002; Locati et al. 2005). These receptors have also been proposed
as promoting transcytosis of chemokines across endothelial cells. Each
of these situations will require the design of specific assays in order to
test the various hypotheses specifically.
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Abstract. G-protein-coupled receptors encoded by herpesviruses such as EBV,
HCMV and KSHV are very interesting illustrations of the (patho)physiological
importance of constitutive GPCR activity. These viral proteins are expressed on
the cell surface of infected cells and often constitutively activate a variety of
G-proteins. For some virus-encoded GPCRs, the constitutive activity has been
shown to occur in vivo, i.e., in infected cells. In this paper, we will review the
occurrence of virus-encoded GPCRs and describe their known signaling prop-
erties. Moreover, we will also review the efforts, directed towards the discov-



188 H.F. Vischer et al.

ery of small molecule antagonist, that so far have been mainly focused on the
HCMV-encoded GPCR US28. This virus-encoded receptor might be involved
in cardiovascular diseases and cancer and seems an interesting target for drug
intervention.

1 Introduction

The chemokines and their receptors play a key role in the regulation of
the immune system and other important pathophysiological conditions,
such as organogenesis, angiogenesis, metastasis, and growth of tumor
cells (Murphy et al. 2000). The mammalian chemokine system (e.g., hu-
man, mouse, and rat) is made up of approximately 45 small chemokine
ligands and 20 chemokine receptors (Murphy 2002). Chemokines are
a family of small proteins that adopt a similar tertiary folding, even
in cases of low overall sequence identity (varying from 20% to 95%).
The various protein ligands interact with selected chemokine receptors,
which belong to the membrane-associated G-protein-coupled recep-
tor (GPCR) family. Chemokine receptors are classified (i.e.,
CCR1-11, CXCR1-6, CX3CR1, and XCR1) according to their ability
to bind a specific subclass of chemokines (Murphy 2002). Given the
prominent role of chemokine receptors in regulating intracellular signal-
ing in response to chemokine ligands, these receptors are very promis-
ing targets for immunomodulatory therapy (Onuffer and Horuk 2002;
Gao and Metz 2003). Interestingly, such receptors are also employed
by several viruses in order to subvert the immune system and/or redi-
rect intracellular signaling for their own benefit (Alcami 2003; Vischer
et al. 2006a, 2006b). Perhaps the best-known employment of GPCRs
by viruses is the use of various mammalian chemokine receptors as HIV
entry factors (Ray and Doms 2006). However, a variety of herpesviruses
possess genes encoding proteins with homology to human GPCRs. The
virus-encoded GPCRs are expressed in infected cells after viral infec-
tion (Fig. 1) and are currently considered important viral proteins that
might be essential for the viral re-routing of cellular function.
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Fig. 1. Dysregulation of cell functioning by virally encoded GPCRs: her-
pesviruses may penetrate host cells by membrane fusion of the viral envelope
with the host cell membrane (1). The viral nucleocapsid is rapidly translocated
to the nucleus upon entry into the cytoplasm and viral gene expression is sub-
sequently initiated (2). Virally encoded GPCRs (white) are expressed on the
cell membrane and may modulate cell functioning in response to natural lig-
ands and/or constitutively. Virus-encoded GPCRs (3b) as well as other virus-
encoded proteins (3a) may modulate the expression and/or secretion of host
receptors (gray) and/or autocrine/paracrine factors, respectively. In addition,
the HCMV-encoded GPCR US28 (4a) functions as an additional coreceptor for
CD4-mediated HIV entry next to the cellular chemokine receptors CCR5 and
CXCR4 (4b)

2 Virus-Encoded G-Protein-Coupled Receptors

Genes encoding homologs of cellular GPCRs have been identified in
a number of herpesviruses and poxviruses. These double-stranded DNA
viruses have presumably acquired such genes from the host genome
by retrotransposition during the course of their intimate co-evolution
(Davison et al. 2002). Interestingly, most virus-encoded GPCRs dis-
play highest sequence identity to the subfamily of chemotactic cytokine
(chemokine) GPCRs. Some viral mimics of host chemokine receptors
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are indeed responsive to chemokines and may as such serve viral spread
by immune evasion, chemotaxis of infected cells and prime host cells
for productive viral replication. Other virally-encoded GPCRs (vGPCR)
are still orphan, as no natural ligand has been identified yet. In contrast
to cellular chemokine receptors, a number of virally-encoded chemokine
receptors (vCR) activates intracellular signal transduction networks in
a ligand-independent manner (Sodhi et al. 2004a; Vischer et al. 2006b).

3 Herpesvirus-Encoded GPCRs

Herpesviruses are characterized by their ability to establish lifelong la-
tent and persistent infection. Latent viral infection is usually without se-
vere clinical consequences in healthy individuals. However, reactivation
of productive viral replication in immunocompromised patients may re-
sult in profound acute and chronic life-threatening pathologies. Based
on their genomic structure, herpesviruses are classified into three sub-
families: the α-, β,-, and γ-herpesviruses. At least one GPCR-encoding
gene is present in the genome of β- and γ-herpesviruses, whereas α-
herpesviruses lack such genes (Vischer et al. 2006b).

3.1 Roseoloviruses and Cytomegaloviruses

The subfamily of β-herpesviruses consists of roseoloviruses and cy-
tomegaloviruses, which are ubiquitously spread in the general popu-
lation. Three highly related species of roseolovirus have been isolated
from human: human herpesvirus (HHV) 6A, HHV-6B, and HHV-7. Pri-
mary infection occurs usually during early childhood, and causes ex-
anthem subitum (roseola). Roseoloviruses persist latently in monocytes
but replicates most efficiently in CD4+ T lymphocytes. Roseolovirus re-
activation in immunocompromised individuals (post-transplantation or
HIV patients) may result in encephalitis, pneumonitis, hepatitis, graft
rejection and bone marrow suppression (De Bolle et al. 2005). Rose-
oloviruses encode two GPCR homologs, namely U12 and U51. Both
GPCRs display sequence identity to human chemokine receptors
(<20%) and are highly responsive to a variety of CC chemokines. The
inflammatory chemokines CCL2, CCL3, CCL4, and CCL5 induced in-
tracellular Ca2+ mobilization in HHV-6-encoded U12-expressing cells
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(Isegawa et al. 1998). In contrast, its HHV-7-encoded ortholog was
not responsive to CCL2 and CCL5, but mediated Ca2+ signaling upon
stimulation with CCL17, CCL19, CCL21, and CCL22 (Nakano et al.
2003; Tadagaki et al. 2005). Interestingly, the CCR7 ligands CCL19 and
CCL21 were able to induce HHV-7 U12-mediated chemotaxis of Jurkat
cells, allowing homing of HHV-7 infected cells into lymph nodes, which
may contribute to viral dissemination (Tadagaki et al. 2005).

The U51 receptor of HHV-6 efficiently binds inflammatory chemo-
kines CCL2, CCL5, CCL7, CCL11, CCL13, as well as the HHV-8-
encoded viral macrophage inflammatory protein II (Milne et al. 2000).
Expression of this receptor in COS-7 cells results in the constitutive ac-
tivation of phospholipase C and inhibition cAMP-responsive-element
(CRE)-mediated gene transcription by coupling through Gq/11 proteins
(Fitzsimons et al. 2006). Interestingly, CCL2, CCL5, and CCL11 dif-
ferently modulate constitutive signaling of U51 by directing receptor
coupling to distinct G-proteins. U51-mediated signaling downregulates
transcription of the CCL5 gene, as such contributing to immune modu-
lation during viral infection (Milne et al. 2000). The U51 ortholog en-
coded by HHV-7 induced intracellular Ca2+ mobilization in response to
the same chemokine subset as HHV-7 U12, however, these chemokines
were not able to induce U51-mediated chemotaxis of Jurkat cells (Tada-
gaki et al. 2005). Infection of permissive T lymphocytes with HHV-6B
revealed that U12 is a late gene, whereas U51 is an early gene (Oster
and Hollsberg 2002).

Cytomegalovirus (CMV) infects endothelial, epithelial, and smooth
muscle cells of the upper gastrointestinal, respiratory, and urogenital
tract (Landolfo et al. 2003) and is spread throughout the body by la-
tently infected monocytes (Streblow and Nelson 2003). Differentiation
of these monocytes into macrophages is accompanied by reactivation of
CMV, leading to the release of infectious virions (Streblow and Nelson
2003). CMV infection or reactivation in an immunocompromised host
may result in severe complications such as damage of liver, brain, retina,
and lung (Landolfo et al. 2003). In addition, increasing evidence indi-
cates that CMV may also contribute to inflammatory and autoimmune
diseases as well as cancer (Soderberg-Naucler 2006). The human CMV
(HCMV) genome contains four GPCR-encoding genes, namely UL33,
UL78, US27, and US28 (Dolan et al. 2004). The UL33 and UL78 genes
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are conserved in genomes of all sequenced cytomegaloviruses and cor-
respond, respectively, to the U12 and U51 genes of roseoloviruses with
respect to gene positioning and orientation. An additional GPCR-
encoding gene cluster is present on the unique short (US) region of the
genome of primate CMVs, consisting of the adjacent genes US27 and
US28 in HCMV and chimpanzee (C)CMV, and five juxtaposed genes in
rhesus macaque (Rh)CMV and African green monkey (S)CMV (Davi-
son et al. 2003; Hansen et al. 2003; Sahagun-Ruiz et al. 2004).

The UL33 genes display highest amino acid sequence identity to
CCR10 and CCR3. Nevertheless, HCMV-encoded UL33 and its rat
CMV (RCMV)-encoded ortholog R33 are orphan receptors display-
ing neither responsiveness nor affinity for chemokines (Gruijthuijsen
et al. 2002; Casarosa et al. 2003a). In contrast, mouse CMV (MCMV)-
encoded M33-mediated mCCL5-directed chemotaxis of vascular
smooth muscle cells (Melnychuk et al. 2005). UL33 orthologs of
HCMV, RCMV, and MCMV all constitutively activate multiple sig-
naling pathways through various G-proteins (Gruijthuijsen et al. 2002;
Waldhoer et al. 2002; Casarosa et al. 2003a). In contrast to U51 of rose-
oloviruses, the CMV-encoded UL78 is not responsive to chemokines
and has not been shown to modulate intracellular signaling pathways.
The US27 and US28 proteins are homologs of CXCR3 (i.e., 23% se-
quence identity) and CX3CR1 (i.e., 36% sequence identity), respec-
tively (Vischer et al. 2006b). Hitherto, US27 is still an orphan receptor
and appeared not to effect intracellular signaling (Waldhoer et al. 2002).
In contrast, US28 is able to bind a wide variety of CC chemokines as
well as CX3CL1 and modulated intracellular signaling pathways both
constitutively and upon chemokine activation (Couty and Gershengorn
2005; Vischer et al. 2006a). In addition, US28 is constitutively phos-
phorylated, which is followed by adaptin and dynamin-dependent in-
ternalization via clathrin-coated pits (Mokros et al. 2002; Fraile-Ramos
et al. 2003; Droese et al. 2004).

US28 is transcribed in latently infected monocytes, allowing im-
mune evasion and/or US28-mediated chemotaxis of these cells along
chemokine gradients as well as tethering to membrane-bound CX3CL1
expressed on vascular endothelial cells (Beisser et al. 2001). During
productive viral infection in permissive cells, the US28 and UL78 genes
are expressed with early kinetics, requiring immediate-early-protein-
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mediated transcriptional activation, whereas US27 and UL33 genes are
transcribed with late kinetics after the onset of viral DNA replication
(Mocarski and Courcelle 2001). The UL33, UL78, US28, and presum-
ably US27 receptor proteins are subsequently incorporated in the viral
envelope (Margulies et al. 1996; Fraile-Ramos et al. 2001; Oliveira and
Shenk 2001; Fraile-Ramos et al. 2002; Penfold et al. 2003). Expression
of these proteins is not essential for viral infection of permissive cell in
vitro (Margulies et al. 1996; Davis-Poynter et al. 1997; Bodaghi et al.
1998; Vieira et al. 1998; Beisser et al. 1999; Michel et al. 2005). How-
ever, deletion or disrupting R33/M33 prevented viral dissemination to
the salivary glands (Davis-Poynter et al. 1997; Beisser et al. 1999), at-
tenuated RCMV-accelerated transplant vascular sclerosis and chronic
rejection (Streblow et al. 2005), and resulted in a lower mortality rate
compared with wild-type RCMV-infected rats (Beisser et al. 1998).
Although deletion of UL78 did not affect HCMV replication in vitro
(Michel et al. 2005), disruption of its RCMV and MCMV orthologs
attenuated viral replication in vitro and in vivo as compared with wild-
type virus (Beisser et al. 1998; Oliveira and Shenk 2001; Kaptein et al.
2003).

3.2 HCMV-Encoded GPCRs as Drug Targets?

Both US28 and UL33 alter cellular signaling in a constitutively ac-
tive manner when ectopically expressed and more importantly after
HCMV infection, as shown using HCMV US28 and UL33 deletion
strains (Streblow et al. 1999; Casarosa et al. 2001, 2003a; Minisini et al.
2003). Multiple signaling networks, including effectors and transcrip-
tion factors, are constitutively activated within infected cells in part by
these viral receptors, reprograming the cellular machinery to modulate
cellular function after infection. These findings in fact indicate the rel-
evance of constitutive receptor activity, which for GPCRs in general is
often difficult to prove in vivo.

Moreover, both viral receptors show promiscuous G-protein-coup-
ling (Waldhoer et al. 2002; Casarosa et al. 2001, 2003a; Minisini et al.
2003). The chemokine receptor homologs, on the other hand, do not
or display only limited ligand-independent signaling and activate pri-
marily Gi/o proteins (Offermanns 2003). The broad-spectrum binding



194 H.F. Vischer et al.

profile of US28 suggests that US28 could act as a chemokine scavenger
and thereby aid in subversion of the immune system (Kuhn et al. 1995;
Kledal et al. 1998). In addition, US28-mediated constitutive signaling
potentiates chemokine-induced signaling of the Gi-coupled CCR1
(Bakker et al. 2004). Since HCMV primarily infects leukocytes, smooth
muscle and endothelial cells, in which chemokine receptors play promi-
nent roles, HCMV-encoded receptor expression may alter ligand-
induced signaling via these receptors and contribute to the CMV-
induced pathology.

HCMV has been associated with chronic diseases, including, for ex-
ample, vascular diseases (Stassen et al. 2006) and malignancies such
as malignant glioma, colon, and prostate cancers (Cobbs et al. 2002;
Harkins et al. 2002). Although the causative role for HCMV in the de-
velopment of vascular disease and malignancies remains to be estab-
lished, various HCMV proteins and DNA have been detected with high
frequency in atherosclerotic plaques and tumor tissues (Cobbs et al.
2002; Harkins et al. 2002; Samanta et al. 2003). A molecular basis for
the involvement of HCMV and US28 in the progression of atheroscle-
rosis has been provided by the fact that infection of smooth muscle
cells with CMV leads to an US28-dependent migration (Streblow et al.
1999). Moreover, the CMV-encoded receptors US28 and UL33 consti-
tutively activate NF-κB, a transcription factor that plays a critical role
in the regulation of inducible genes in immune response and inflamma-
tory events associated with, for example, atherosclerosis (Chen et al.
1999).

HCMV infection also upregulates different growth factors and cy-
tokines, resulting in enhanced cell survival, proliferation, and angio-
genesis (Cinatl et al. 2004). We have recently observed that expres-
sion of US28 in vitro induces a transformed and pro-angiogenic phe-
notype (Maussang et al. 2006). Also in HCMV-infected cells, activa-
tion of pro-angiogenic signaling pathways was apparent and could in
part be attributed to US28. As such, after HCMV infection US28 might
act in a concerted manner with other HCMV-encoded proteins, which
were previously linked to oncogenesis (Cinatl et al. 2004), and enhance
and/or promote tumorigenesis.

Finally, US28 has been reported as a coreceptor for HIV infection.
Similarly to the chemokine receptors CCR5 and CXCR4, US28 ex-
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hibits HIV cofactor activity when coexpressed with CD4 (Pleskoff et al.
1997).

To further prove a causative link between the HCMV-encoded recep-
tors and chronic diseases, the development of adequate disease model
systems that allow in vivo analyses of all four (H)CMV-encoded GPCR
subtypes is essential. The availability of vGPCR-knockout strains of
(H/C)CMV and specific (pharmacological or RNAi) inhibitors target-
ing these receptors is of importance also, to elucidate the contribution
of HCMV-encoded GPCRs to HCMV pathogenesis and reveal their po-
tential as future drug target.

3.3 Rhadinoviruses and Lymphocryptoviruses

The rhadinoviruses and lymphocryptoviruses constitute the family of γ-
herpesviruses. The human rhadinovirus herpesvirus 8 (HHV-8), or Ka-
posi’s sarcoma herpesvirus (KSHV), was first isolated from Kaposi’s
sarcoma skin lesions of an AIDS patient (Chang et al. 1994). KSHV
displays a relatively low infectivity rate (<5%) in the general popula-
tion as compared with other herpesviruses. KSHV persists latently in
pre- and postgerminal center B lymphocytes and endothelial precur-
sor cells (Dupin et al. 1999). Reactivation of KSHV in immunosup-
pressed individuals (e.g., AIDS patients) causes multifocal angiopro-
liferative Kaposi’s sarcoma lesions, multicentric Castleman’s disease,
and/or primary effusion lymphoma. KSHV encodes a single GPCR,
namely ORF74, which displays highest sequence identity to CXCR2.
ORF74 is predominantly expressed during the early lytic phase of vi-
ral replication, and is detected in only a fraction (1%–5%) of the tumor
cells of Kaposi’s sarcoma lesion biopsies (Kirshner et al. 1999; Sun
et al. 1999). ORF74 constitutively activates multiple intracellular sig-
naling pathways by coupling to Gq/11, Gi/o, and G13, which can be mod-
ulated by various CXC chemokines (i.e., CXCL1, 8, 10, and 12) and
KSHV-encoded vMIP-II (Rosenkilde et al. 1999; Sodhi et al. 2004a).
Transgenic expression of ORF74 in mice induced Kaposi’s sarcoma-
like tumors. Continuous ORF74-mediated constitutive activation of Akt/
protein kinase B is essential for the initiation and progression of Ka-
posi’s sarcomagenesis in mouse models (Sodhi et al. 2004b; Jensen
et al. 2005). Indeed, high phosphorylated (activated) levels of this anti-
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apoptotic serine-threonine kinase have been observed in biopsies of Ka-
posi’s sarcoma from human patients (Sodhi et al. 2004b). ORF74 acti-
vates Akt both directly via PI3K, phospholipase C-dependent protein
kinase C, and p44/42 MAPK (Montaner et al. 2001; Smit et al. 2002),
as well as indirectly by upregulating the expression of both VEGF and
its cognate receptor KDR2 (Bais et al. 1998, 2003; Sodhi et al. 2000).
In fact, ORF74-induced upregulation and release of pro-angiogenic fac-
tors, pro-inflammatory cytokines and chemokines from a few cells, is
sufficient to drive angioproliferative tumor formation by autocrine stim-
ulation (Grisotto et al. 2006) or paracrine stimulation of (latently-
infected) neighboring cells (Montaner et al. 2003; Sodhi et al. 2004a;
Jensen et al. 2005; Montaner et al. 2006). With the exception of bovine
herpesvirus 4 and alcelaphine herpesvirus 1, all hitherto isolated rhadi-
noviruses contain an ORF74-encoding gene (McGeoch 2001). Interest-
ingly, nonhuman rhadinoviruses display narrower G-protein coupling
promiscuity (reviewed in Vischer et al. 2006b). Moreover, murine γ-
herpesvirus 68-encoded ORF74 is devoid of constitutivity, despite its
capacity to induce focus formation when expressed in NIH3T3 cells
(Verzijl et al. 2004).

Hitherto, lymphocryptoviruses (~44 distinct species) have only been
isolated from “higher” order primates (Ehlers et al. 2003). The hu-
man lymphocryptovirus HHV-4 or Epstein-Barr virus (EBV) is widely
spread in the general population (>90%) and establishes life-long, per-
sistent latent infections in memory B lymphocytes (Wang et al. 2001).
To this end, EBV infects naïve B cells and drives proliferation and tran-
sition of these cells into memory B lymphocytes by means of a regu-
lated cascade of viral transcription programs (Thorley-Lawson 2005).
Infected B cells that are blocked in this transition and express EBV pro-
teins (epitopes) are normally efficiently recognized and eliminated by
cytotoxic T cells. However, immunocompromised patients (e.g., post-
transplant immunosuppression, AIDS, and malaria) are at particular risk
of developing EBV-associated (Hodgkin’s and Burkitt’s) lymphomas
(Middeldorp et al. 2003; Thorley-Lawson and Gross 2004). In addition,
EBV may also be causative to nasal natural killer (NK-) T cell lym-
phoma, nasopharyngeal and gastric carcinoma, oral hairy leukoplakia,
and leiomyosarcoma (Thompson and Kurzrock 2004). Lymphocryp-
toviruses encode a single GPCR protein, namely BILF1, which displays
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very limited sequence identity (<15%) to host GPCRs (Vischer et al.
2006b). Hitherto, BILF1 is still an orphan receptor as a natural ligand
for this receptor remains to be identified. Importantly, BILF1 constitu-
tively modulates CRE- and NF-κB signaling pathways by coupling to
Gi proteins (Beisser et al. 2005; Paulsen et al. 2005). Moreover, BILF1
may attenuate the cellular antiviral response by constitutively inhibiting
the phosphorylation of RNA-dependent protein kinase (Beisser et al.
2005).

4 Poxvirus-Encoded GPCRs

Poxviruses are epitheliotropic and cause acute febrile illness accompa-
nied by blistered skin lesions that form pockmarks. Poxviruses can be
transmitted by direct contact or via the respiratory tract (Diven 2001).
Poxviruses are often not restricted to a single host species and may
therefore reside in a reservoir host causing mild, subclinical patholo-
gies. However, transmission to a zoonotic host may cause severe pathol-
ogies (McFadden 2005). Infections are often self-limiting; however,
some poxvirus species cause life-threatening infections in certain hosts.
One or more GPCR-encoding genes are present in the genomes of avi-
poxviruses, capripoxviruses, suipoxviruses, and yatapoxvirus, whereas
other poxvirus genera lack such genes (Vischer et al. 2006b). Avipox-
virus species contain three or four GPCR-encoding genes, which share
amino acid sequence identity with CXC chemokine receptors. Suipox-
viruses and capripoxviruses encode a single GPCR with highest se-
quence identity to CCR8, whereas yatapoxvirus species encode two
CCR8 homologs. Indeed yaba-like disease virus-encoded 7L protein,
but not 145R, display a similar chemokine-binding profile as CCR8
(Najarro et al. 2003, 2006). The 7L protein is expressed as an early as
well as late gene during productive viral infection (Najarro et al. 2003,
2006).

5 Small Nonpeptidergic Ligands
Acting on Viral-Encoded GPCRs

Currently, the HCMV-encoded receptor US28 is the only viral-encoded
GPCR for which small non-peptide molecules have been identified.
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Several classes of ligands that inhibit chemokine binding to US28 have
been reported in the patent literature. Additionally, a series of inverse
agonists acting on US28 were published recently (Casarosa et al. 2003b;
Hulshof et al. 2005). In 2002, Chemocentryx Inc. disclosed that CMV
dissemination during CMV infection in a host could be inhibited by
compounds that reversibly block chemokine binding to US28 (Schall
et al. 2002a, 2002b). Among these reported US28 ligands are a series
of piperazinyldibenzothiepins, represented by the 5-HT receptor antag-
onist methiothepin (1) and the D2 dopamine/5-HT2 antagonist octo-
clothepin (2) (Fig. 2). These tricyclic compounds have been shown to
specifically inhibit 125I-CX3CL1 binding to US28-expressing cells in
a reversible manner with IC50 values of 0.3 µM and 0.7 µM, respec-
tively (Schall et al. 2002a). In cytoplasmic calcium mobilization exper-
iments in US28-expressing HEK293 cells, CX3CL1 acted as an agonist
by inducing a rise in intracellular Ca2+. Interestingly, both methiothepin
and octoclothepin also acted as agonists in the same assay and were able
to desensitize the subsequent Ca2+ mobilization by CX3CL1.

Fig. 2. Chemical structures of ligands acting on the HCMV encoded GPCR
US28
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A family of benzamides, exemplified by S(-)-IBZM (3) in Fig. 2,
have been reported as ligands interacting with US28 (Schall et al.
2002b). S(-)-IBZM is known as a D2 dopamine receptor ligand, which
can be radiolabeled due to the presence of an accessible iodide sub-
stituent in the structure. Radiolabeled 3 is used in the clinic to visual-
ize D2-dopamine receptors in the human brain in vivo by single pho-
ton emission tomography (SPECT). (Laruelle and Abi-Dargham 1999).
As shown for methiothepin and octoclothepin, S(-)-IBZM was able to
specifically displace 125I-CX3CL1 binding to US28 with an IC50 value
of 0.6 µM and to act as an agonist in the calcium mobilization assay.
Due to the observed interaction with US28, it was claimed that 123I-
IBZM could be used for the in vivo detection, diagnosis, and imaging of
CMV infection in a host using SPECT (or PET if 18F or another positron
emitter is used). Yet, in view of the relatively low micromolar affinity
of S(-)-IBZM, the feasibility of this approach seems questionable.

A large series of bicyclic compounds, represented by compounds 4
and 5 (Fig. 2), were reported for the treatment or prevention of viral
dissemination from CMV infection by inhibiting chemokine binding
to US28 (McMaster et al. 2003b). These cinchonine or cinchonidine
derivatives were evaluated for their binding properties by their ability
to inhibit 125I-CX3CL1 binding to human US28-expressing cells and to
rhesus CMV-infected rhesus dermal fibroblasts. Interestingly, a striking
species selectivity between human and rhesus US28 was demonstrated.
Several tested ligands exhibited IC50 values less than 1 µM on human
US28 or rhesus US28, but only compound 4 showed a binding affinity
less than 1 µM on both vGPCRs. Recently, species selectivity has been
shown for CCR1 antagonists as well and this could be problematic if
these molecules are tested in animal models of disease (Liang et al.
2000).

The last group of compounds that were disclosed by Chemocen-
tryx Inc. as inhibitors of chemokine binding to US28 is exemplified
by the compounds 6–8 (Fig. 2) (McMaster et al. 2003a). The activi-
ties of these arylamines were determined by their ability to inhibit 125I-
CX3CL1 binding to US28-expressing cells. As for the bicyclic com-
pounds, the most active compounds were claimed to have IC50 values
under 1 µM; however, specific IC50 values and functional data were not
reported.
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Recently, the synthesis and structure–activity relationships of a whole
series of 4-substituted piperidine derivatives, represented by lead com-
pound VUF2274 (9), were reported (Fig. 2) (Casarosa et al. 2003b;
Hulshof et al. 2005). VUF2274 has been shown to inhibit 125I-CCL5
binding to US28-expressing COS-7 cells with an IC50 value of 9.3 µM.
In previous studies, we have shown that in transiently transfected COS-
7 cells as well as in HCMV-infected cells, US28 constitutively acti-
vates phospholipase C and the transcription factor NF-κB in an agonist-
independent manner (Casarosa et al. 2001, 2003b). Constitutive signal-
ing of US28 could be completely blocked by VUF2274 with an EC50

value of 3.2 µM. This molecule has been previously reported as an an-
tagonist on the human chemokine receptor CCR1 (Hesselgesser et al.
1998) and was screened on US28 because of the sequence homology of
this viral receptor with CCR1 (33% identity). VUF2274 does not only
dose-dependently inhibit the US28-mediated constitutive activation of
PLC in both transiently transfected cells and HCMV-infected fibrob-
lasts, but also inhibits 60% of the US28-mediated HIV entry in cells co-
transfected with CD4 (Casarosa et al. 2003b). As expected, it was shown
that VUF2274 and the relatively large chemokines CX3CL1 and CCL5
do not share the same binding site on US28, so the small molecule acts
as an allosteric modulator on US28 (Casarosa et al. 2003b). SAR stud-
ies on the VUF2274 scaffold revealed that a 4-phenylpiperidine moiety
is essential for affinity and activity (Hulshof et al. 2005). Other struc-
tural changes of 9 were shown to be less important. Currently, more
extensive SAR studies are ongoing to improve the affinity and potency
for US28 as well as a better selectivity for this receptor (Fig. 2). These
molecules are being used as tools to further investigate the significance
of constitutive signaling of US28 and its influence in viral infection.

At present, no low-molecular-weight ligands are known to act on
other vGPCRs, but this could be only a matter of time. Previously,
it was shown that ORF74, a constitutively active GPCR encoded by
KSHV, was susceptible to non-peptide inverse agonists by inhibition of
the constitutive signaling of the viral receptor by a Zn2+ ion (Rosenkilde
et al. 1999). To this end, a silent metal ion site was constructed by His-
substitution of Arg208 and Arg212 and the signaling of this ORF74 mu-
tant receptor was blocked by Zn2+, which was acting as an inverse ago-
nist with an EC50 around 1 µM. This was suggested to be a proof of con-
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cept that it should be possible to identify small nonpeptidergic inverse
agonists targeted toward the extracellular part of this viral-encoded
GPCR.

6 Conclusion

In summary, for many of the virus-encoded GPCRs, information on
their pharmacological properties is becoming available. The viral pro-
teins often act in a constitutive manner and can be seen as versatile
signaling devices, which are essential to drive the viral re-routing of
cellular signaling. The search for small ligands acting on vGPCRs is
still an unexplored but fascinating research field. The identification of
these non-peptidergic molecules is essential to investigate the role of
vGPCRs in the pathogenesis of viral infection and these molecules can
be considered promising therapeutics for clinical antiviral intervention.
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Abstract. G-protein-coupled receptors (GPCRs) have traditionally been
thought to adopt two conformations: the inactive unliganded conformation and
the active ligand-bound conformation. Interactions with G-proteins in cells and
membranes are known to modulate the affinity of the receptor for ligand and
therefore the conformation of the receptor. Such observations led to the pro-
posal of the ternary complex model. However, subsequent studies of consti-
tutively active GPCRs led to the development of an extended version of this
model to account for active conformations of the receptor in the absence of ag-
onist. A significant difficulty with many of the studies, upon which this latter
model was based, is the lack of knowledge of receptor and G-protein concentra-
tions due to the two-dimensional nature of the membranes used to perform the
measurements. Over the past decade, we have studied the interaction of GPCRs,
G-proteins, arrestins, and ligands in solubilized systems, where the concentra-
tion of each component can be defined. Here we summarize results of these
studies as they pertain to the regulation of GPCR conformations and affinities
for interacting species.
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1 Introduction

G-protein-coupled receptors (GPCRs) represent the largest single class
of targets for therapeutic drugs (Wise et al. 2002), as they are involved
in the regulation of physiological processes in every organ of the body
(Hill 2006). As such they respond to a plethora of ligands that include
ions, amino acids, peptides (including (glyco)proteins and proteases),
monoamines, lipids, nucleotides, and light and small organic molecules
(olfactants). Upon binding of an agonist, the receptor stimulates one
or more heterotrimeric G-proteins, which leads to activation of down-
stream effectors (Maudsley et al. 2005). This is followed by receptor
phosphorylation, mediated primarily by G-protein-coupled receptor ki-
nases (GRKs), and the subsequent binding of arrestins. At each step in
these processes, the possibility exists for a large number of interactions
from which high levels of signaling specificity may be derived. For ex-
ample, one GPCR can be activated by many ligands (both natural and
synthetic), leading to differential cellular responses. Furthermore, the
presence of a diverse array of possible G-protein heterotrimers as well
as multiple GRK and arrestin subtypes leads to a dizzying complex-
ity in the potential number of protein complexes (Vauquelin and Van
Liefde 2005). Although it was originally postulated that all GPCR sig-
naling proceeded through G-proteins and that receptor phosphorylation
and arrestin binding provided solely for desensitization, it is now clear
that arrestins can also act as scaffolding molecules, leading to the initia-
tion and regulation of signaling and receptor trafficking (Luttrell 2005;
Prossnitz 2004).

To further the understanding of GPCR-mediated processes and inter-
actions, we have utilized the N-formyl peptide receptor (FPR), which
couples to a pertussis toxin-sensitive Gi protein and is expressed pre-
dominantly on neutrophils (Le et al. 2002; Prossnitz and Ye 1997).
This receptor recognizes bacterially generated N-formyl peptides that
act as potent chemoattractants for human phagocytes. The FPR is one
of the better-characterized receptors in the chemoattractant/chemokine
subclass of GPCRs, modulating several cell functions including chemo-
taxis, superoxide formation, degranulation, and transcription. Extensive
biophysical characterization of the FPR has been carried out since the
early 1980s, in large part due to the ease of synthesis and modification of
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its ligand (Schmitt et al. 1983; Sklar et al. 1981). In addition to iodinated
ligands (Schmitt et al. 1983), formylated peptides have also been modi-
fied to incorporate fluorescent groups such as fluorescein and rhodamine
(Niedel et al. 1980). These fluorescent groups can be placed at almost
any position within the ligand, generating entire families of ligands of
varying composition and affinity (Vilven et al. 1998). Cell-based as-
says were employed in conjunction with the fluorescent ligands to probe
both the physical and biological properties of the receptor (Sklar et al.
1984). In the 1990s, such techniques were extended to FPR mutants to
examine the processing of the receptor. In the late 1990s, we began to
develop procedures to solubilize the FPR (Sklar et al. 2000), allowing
for more detailed studies of receptor function through the reconstitution
of receptor-G-protein and receptor-arrestin complexes (Bennett et al.
2001a,b; Key et al. 2001, 2003, 2005). In order to probe mechanisms
of partial agonists, we subsequently developed bead-based assays per-
mitting flow cytometric analysis of receptor assemblies (Simons et al.
2003, 2004). In the following chapter, we summarize the novel mecha-
nisms and interactions that have been characterized using these systems
as well as the conclusions drawn from these experiments.

2 Molecular Assays of Solubilized GPCR Complexes

Many of the models of GPCR function are based primarily on physi-
ological and cellular data as much less information is available on the
biophysical interactions of GPCRs. In order to study the interactions
of GPCRs with their primary interacting partners, namely ligands, G-
proteins, and arrestins, we undertook experiments using solubilized re-
ceptors and purified proteins (Sklar et al. 2002). In studies beginning in
the 1980s, we described real-time fluorescence and flow cytometric as-
says of ligand–receptor interactions that were primarily directed toward
viable intact cells or detergent-permeabilized whole cells (Fay et al.
1991; Sklar et al. 1981, 1985, 1987, 1989). Such studies characterized
first wild-type and then mutant receptors leading to a model of receptor–
G-protein coupling for the FPR (Bennett et al. 2001b; Key et al. 2001,
2003; Prossnitz et al. 1999). In subsequent studies, we were able to
determine the efficiency of FPR solubilization using fluorescence meth-
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ods with epitope-tagged receptors and affinity beads (Sklar et al. 2000).
These studies provided the first evidence that the solubilized FPR was
able to reconstitute with G-proteins in cell-free and membrane-free sys-
tems (Bennett et al. 2001b).

Receptor–G-protein interactions have now been characterized in in-
tact and permeabilized cells, membranes, reconstituted phospholipid
vesicles, and in detergent using sucrose gradients. Based on observa-
tions with intact and permeabilized cells, we extended our approach to
detergent-solubilized receptors where we could independently monitor
ligand binding as well as receptor–G-protein binding events. The ap-
proach takes advantage of the fact that the ligand dissociation rate of the
ligand-receptor (LR) complex of the FPR (in the absence of G-protein
or in the presence of GTPγS) is many times faster than the ligand disso-
ciation from the G-protein-coupled complex (LRG) (Sklar et al. 1987).
This is consistent with the known properties of GPCRs, where the in-
teraction of a G-protein results in a higher affinity of the receptor for
ligand. When GTP is not present, the G-protein remains bound to the
FPR. However, upon the addition of GTP, or its nonhydrolyzable ana-
log GTPγS, dissociation of the G protein from the receptor is induced,
resulting in a decrease in the affinity for the ligand, which is observed
as an increase in its dissociation rate. The change in the ligand disso-
ciation rate represents a switch from the slowly dissociating receptor–

�
Fig. 1 a–c. a The assay of detergent (DOM, dodecyl-maltoside)-solubilized re-
ceptors using fluorescent ligands (N-fpep*) and anti-FITC antibodies. Interac-
tions with G-proteins and arrestins modulate the dissociation rate of ligand from
receptor. Free ligand is rapidly bound and quenched by the anti-FITC antibody.
b Representative data showing the difference in ligand dissociation rates be-
tween free receptor and receptor bound to G-proteins following the addition
of anti-FITC antibodies. Addition of GTPγS where indicated demonstrates the
conversion of receptor from high ligand affinity to low ligand affinity. c Two
configurations of bead-based assemblies. In the upper model, heterotrimeric
G-proteins are attached to beads via an epitope tag. Receptor-GFP chimeric
proteins are capable of associating with the G-protein-coated bead only in the
presence of agonists. In the lower model, ligand is covalently attached to the
bead, which can then directly bind receptor-GFP proteins
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G-protein complex to the rapidly dissociating uncomplexed receptor as
the activated G-protein functionally dissociates from the receptor.

The assay is based upon a fluorescein-conjugated ligand (N-formyl-
Met-Leu-Phe-Lys-fluorescein 5-isothiocyanate, fMLFK-FITC) used in
conjunction with an antifluorescein antibody that rapidly quenches the
fluorescence of free fluorescein (FITC), as shown in Fig. 1a and b (Ben-
nett et al. 2001b). The antibody binds to the fluorescein on the free
ligand (i.e., not bound to receptor), as FPR–ligand complexes sterically
inhibit the antibody from accessing the fluorescein on this particular
short peptide. In this manner, we can determine the quantity of FPR-
bound ligand immediately upon the addition of the antifluorescein anti-
body. Furthermore, we can follow the ligand dissociation kinetics from
the receptor as the excess antibody quenches the ligand being released
from the receptor. The dissociation data can be fit to one or two rates,
the slow rate representing ligand dissociating from receptor–G-protein
complex and the fast rate representing ligand dissociating from uncom-
plexed receptor.

In contrast to the homogenous solution-based methods described
above, we have also developed bead-based methods where one of the
components of the system is attached or bound to a bead and the binding
of other (fluorescently tagged) components is determined by flow cy-
tometry. Two examples of such systems are shown in Fig. 1c. The upper
scheme is used to analyze receptor–G-protein interactions, whereas the
second is used to measure receptor–ligand interactions (Simons et al.
2003). In the upper scheme, the βγ subunit of the G-protein is immobi-
lized on the bead via either a hexahistidine or FLAG tag on the carboxy
terminus of the γ subunit. In the former case, nickel chelate beads are
used; in the second, streptavidin beads coated with biotinylated anti-
FLAG antibodies are used. To these complexes, a purified G-protein
alpha subunit can then be bound to generate beads containing the het-
erotrimer. The fluorescent receptor then consists of either a solubilized
receptor–GFP fusion protein that binds to G-protein-coated beads only
in the presence of agonist (Fig. 1c, upper scheme). In an alternate for-
mat, native receptor is incubated in the presence of a fluorescent ligand
(not shown). The former scheme permits direct monitoring of the bound
receptor, whereas the latter allows indirect determination of bound re-
ceptor via its associated fluorescent ligand. Interactions between recep-
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tor (receptor–GFP fusions) and ligands can also be directly monitored
in the lower scheme of Fig. 1c using beads to which a ligand has been
covalently attached. In such a configuration, competition by ligand re-
sults in the loss of bead-based fluorescence.

3 Reconstitution with Soluble G-Proteins

In our initial studies, we focused our investigation on the interaction
of the detergent-solubilized FPR with G-proteins in solution. Using
this reconstitution system, we demonstrated the ability of the recep-
tor to couple with endogenous G-proteins, as well as with exogenous
G-proteins containing specific Gα subunits (Bennett et al. 2001b). We
were also able to measure the affinities of the complexes and found that
the FPR binds to a G-protein heterotrimer containing the Gai3 subunit
with somewhat higher affinity than to heterotrimers containing Gαi2 or
Gαi1 proteins. The individual α subunits and the βγ complex alone were
unable to induce a change in the dissociation rate of ligand from the re-
ceptor indicating a necessity for the presence of the intact G-protein
heterotrimer. We were also able to inhibit the G-protein–receptor in-
teraction with peptides derived from the Gαi subunits as well as with
anti-Gαi antibodies.

To further investigate the interactions of GPCRs with G-proteins,
we solubilized the FPR from cells, which had been stimulated with
a saturating concentration of a low-affinity ligand (f-Met-Leu-Phe) for
10 min prior to harvesting of the cells (Key et al. 2001). The goal of this
treatment was to obtain endogenously phosphorylated FPR for solubi-
lization and subsequent reconstitution. Incubation of fluorescent ligand
with the solubilized FPR prepared from unstimulated cells leads to the
formation of slowly dissociating, nucleotide-sensitive complexes as de-
scribed above. However, in the case of the FPR obtained from fMLF-
stimulated cells (i.e., phosphorylated FPR), there was also evidence for
the time-dependent formation of a slowly dissociating complex. This
complex, with high ligand binding affinity, was GTPγS-insensitive (both
in the short term following antibody addition and upon incubation with
GTPγS during the reconstitution phase), unlike the well-characterized
receptor–G-protein complex. Thus, although there was evidence of
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time-dependent complex formation in the case of phosphorylated re-
ceptor, its precise makeup was not immediately clear. Given the GTPγS
insensitivity of the complex, it was likely that the assembly did not in-
volve GTP-binding proteins.

In the context of these results, we then examined the effects of im-
munodepletion of both endogenous G-proteins and arrestins on the lig-
and dissociation kinetics for both the nonphosphorylated and phospho-
rylated solubilized receptor preparations (Key et al. 2001). As we had
previously demonstrated, immunodepletion of Gi proteins from the non-
phosphorylated receptor preparation completely inhibited the forma-
tion of the high-affinity, nucleotide-sensitive LRG complex. However,
G-protein depletion from the phosphorylated receptor preparation had
a negligible effect on the time-dependent agonist affinity changes. Thus,
G-protein depletion modulated receptor ligand affinity in a similar man-
ner to GTPγS pretreatment for the unphosphorylated FPR. Arrestin de-
pletion, on the other hand, displayed little to no effect on the ligand
dissociation kinetics of the nonphosphorylated FPR complex, but com-
pletely prevented the formation of a high-affinity ligand-binding com-
plex formed by the phosphorylated FPR. Furthermore, it appeared that
arrestin-depletion mildly enhances the nucleotide sensitivity of phos-
phorylated FPR complexes, suggesting a low level of receptor–G-pro-
tein complex formation in the absence of arrestin. In addition, the simul-
taneous depletion of both G-proteins and arrestins prevented both the
characteristic receptor–G-protein complex as well as the high-affinity,
nucleotide-insensitive complex formed by the nonphosphorylated and
phosphorylated FPR preparations, respectively. Therefore, removal of
both endogenous proteins appeared to be sufficient to prevent all of the
time-dependent ligand affinity changes regardless of the phosphoryla-
tion state of the receptor, indicating the lack of additional interacting
proteins. Finally, in the case of the phosphorylated receptor, reconsti-
tution with exogenous G-protein, even at three times the EC50 concen-
tration for the nonphosphorylated FPR, resulted in neither high ligand
affinity complexes nor nucleotide-sensitive ligand dissociation, consis-
tent with the absence of complex formation.

In order to examine whether the phosphorylated form of the FPR
was capable of interacting with G proteins when not phosphorylated,
we examined the ability of alkaline phosphatase to convert the ago-
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nist dissociation kinetics and associated protein coupling characteris-
tics of the activated, phosphorylated receptor to that of the unstim-
ulated, nonphosphorylated receptor (Key et al. 2001). For this, solu-
bilized membranes were incubated with alkaline phosphatase prior to
ligand addition and reconstitution. The results demonstrated that the
phosphatase-pretreated, stimulated receptor behaves in a similar man-
ner to the native untreated, nonphosphorylated receptor. Hence, incu-
bation with exogenous G-proteins but not arrestin resulted in the for-
mation of a high-affinity, nucleotide-sensitive complex characteristic of
receptor–G-protein complexes. These results were the first to demon-
strate in a solubilized system that the phosphorylated form of a GPCR
exhibited reduced affinity for G-proteins, while simultaneously increas-
ing the affinity of the receptor for arrestin.

Since “complete” phosphorylation of the FPR, as defined by the ex-
tent that occurs upon receptor stimulation in cells, inhibited the interac-
tion of the receptor with G-proteins, we sought to examine the effects
of phosphorylation in greater detail (Bennett et al. 2001a). We had pre-
viously characterized the cellular functions of several FPR phosphoryl-
ation-deficient mutants, replacing potential phosphorylation sites (ser-
ine or threonine residues) with either alanine or glycine residues
(Maestes et al. 1999). These included mutant A (S328A, T329A,
T331A, S332G) and mutant B (T334G, T336G, S338G, T339A), which
represent mutations of two clusters of Ser and Thr residues (the A site
and the B site, respectively). Mutants C (S328A, T329A) and D (T331A,
S332G) each restore two potential phosphorylation sites altered in mu-
tant A. Previous characterization of these mutants had demonstrated that
they induce calcium mobilization and internalize to the same extent as
the wild-type receptor, indicating that their signal initiating properties
were unaffected by the mutations. However, they did differ in their over-
all levels of phosphorylation and their ability to desensitize over time
(Maestes et al. 1999). Reconstitution studies revealed that in their un-
phosphorylated state (from unstimulated cells), all four receptors were
capable of producing a high-ligand-affinity complex in the presence of
exogenous G-proteins, consistent with their ability to initiate signaling
in cells (Bennett et al. 2001a).

To examine the effect of phosphorylation on the mutant FPR–G-
protein interactions, we used membrane preparations from cells that
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had been treated with agonist prior to preparation, as described above.
Receptor preparations were immunodepleted of endogenous arrestins,
since arrestins bind to phosphorylated receptors and would compete
with G-protein coupling. Whereas the phosphorylated WT receptor was
unable to couple to G-protein as expected, both the A and B receptors
displayed high ligand affinity indicative of G-protein coupling, with the
ligand dissociation rate being sensitive to addition of GTPγS (Bennett
et al. 2001a). On the contrary, the phosphorylated C and D receptors
were indistinguishable from phosphorylated wild-type receptors. These
results demonstrated that there may be a threshold of receptor phospho-
rylation above which G-protein binding is directly inhibited. Whether
and to what extent this occurs for other GPCRs remains to be deter-
mined.

4 Reconstitution with Arrestins

As alluded to above, stimulation of cells expressing the FPR resulted in
the generation of a high-affinity ligand-binding complex that was insen-
sitive to the addition of GTPγS. Furthermore, formation of this complex
could be prevented by immunodepletion of arrestin. To examine these
interactions in greater detail, we utilized reconstitution studies with pu-
rified arrestins much in the same was as we used purified G-proteins
in the previous section. Our results demonstrated that both arrestin-2
and arrestin-3 were capable of interacting with the phosphorylated FPR
to create a high-ligand-affinity, GTPγS-insensitive complex (Key et al.
2001). Neither protein had an effect on the affinity of unphosphory-
lated receptor. To test whether the phosphorylation state of the FPR was
solely responsible for the formation of the receptor–arrestin complex,
we treated solubilized receptors with alkaline phosphatase as above.
Whereas such treatment restored the ability of phosphorylated recep-
tors to interact with G-proteins, with respect to arrestin reconstitution,
it completely prevented any complex formation. Finally, because our
system could not directly preclude the existence of a complex in the
absence of a change in ligand affinity, we investigated whether preincu-
bation of solubilized receptor with either exogenous G-proteins or ar-
restins would prevent subsequent agonist affinity shifts associated with
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the other protein. In the case of the phosphorylated receptor, high con-
centrations of G-proteins did not inhibit agonist affinity changes re-
sulting from the addition of arrestin. Similarly with nonphosphorylated
FPR, high concentrations of arrestin did not prevent agonist-dependent
affinity changes resulting from G-protein reconstitution, indicating that
an absence of the ligand affinity change was consistent with the lack of
protein binding to the receptor.

To extend these results with respect to the level of receptor phospho-
rylation, we utilized the same series of partially phosphorylated FPR
mutants described above. Like the wild-type phosphorylated receptors
that displayed a high affinity for ligand upon incubation with purified ar-
restin, the mutant C and D receptors, but not the mutant A and B recep-
tors, were also able to induce such a state (Bennett et al. 2001a). To fur-
ther examine whether the lack of the high-ligand-affinity state in the mu-
tant A and B receptors was due to an inability to bind arrestin or due to
the inability of the receptor-bound arrestin to induce an affinity change,
competition experiments were conducted. Because the phosphorylated
mutant A and B receptors were able to bind G-protein, we attempted
to block the binding of G-protein with excess arrestin. The lack of any
competition indicated that these two mutants were not able to bind ar-
restin. In addition to reconstitution experiments, we examined the abil-
ity of arrestin to colocalize in vivo with the phosphorylation-deficient
mutants using confocal fluorescence microscopy. Cells expressing ei-
ther WT or mutant receptors were stimulated with a fluorescent agonist
to track the FPR as it was processed and internalized. Arrestins were
detected using an anti-arrestin antibody. The results demonstrated that
the mutant C and D receptors, like the wild-type receptor, associated
with arrestin following internalization. However, although the mutant
A and B receptors also internalize following stimulation, there was no
colocalization with arrestin. These results are entirely consistent with
the reconstitution studies and indicate that in addition to a phosphoryla-
tion threshold for the inhibition of G-protein binding, a similar (inverse)
threshold exists for the binding of arrestins.

Although arrestins bind selectively to phosphorylated ligand-bound
GPCRs, truncation of the carboxy-terminal tail of arrestins has been
shown to produce a preactivated protein. It is hypothesized that the
tail of arrestin stabilizes the basal inactive state by intramolecular in-
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teractions with the polar core domain. Truncation is believed to reduce
the activation energy of arrestin by the removal of stabilizing interac-
tions that maintain the molecule in an inactive conformation. Arrestin
truncation has been demonstrated to lead to partial phosphorylation-
independent as well as activation (i.e. ligand-)independent interactions
with a number of GPCRs, including receptors from which the carboxyl
terminus, containing critical phosphorylation sites, has been removed.

Reconstitution of phosphorylated FPR with truncated arrestin-2 re-
sulted in a higher fraction of slowly dissociating ligand as compared to
reconstitution with wild-type arrestin (Key et al. 2003). Titration stud-
ies of truncated arrestin-2 with the phosphorylated FPR demonstrate an
EC50 of 220 nM compared to wild-type arrestin-2, which displayed an
EC50 of 600 nM. Interestingly, reconstitution in the absence of ligand
(with ligand added 5 min prior to assay to load the receptor) failed to
result in the production of a complex, suggesting that the truncated ar-
restin did not bind to the nonliganded state of the receptor. In addition,
incubation of the nonphosphorylated FPR with truncated arrestin-2 had
no discernible effects on ligand affinity, in contrast to results with the
phosphorylated FPR. However, competition studies of G-protein bind-
ing to nonphosphorylated receptor demonstrated that truncated arrestin-
2 is capable of binding to the FPR with low affinity.

Since truncated arrestin-2 was capable of interacting with both un-
phosphorylated and phosphorylated receptor, we asked what the ef-
fects of partial receptor phosphorylation might be (Key et al. 2003).
Whereas the partially phosphorylated mutant A receptor did not bind
to wild-type arrestin, it did exhibit high ligand affinity upon recon-
stitution with truncated arrestin-2. The affinity of the interaction was,
however, approximately tenfold lower than that seen with the wild-
type arrestin. This result suggests that certain receptor phosphoryla-
tion sites are required to activate arrestin for receptor binding and are
also involved in determining the affinity of the interaction. Because
phosphorylation of the mutant A receptor does not prohibit G-protein
coupling, we could also demonstrate the successful competition of G-
protein binding with the truncated arrestin-2, as suggested by the loss
of nucleotide-sensitivity of the high-ligand-affinity complex. In contrast
to the mutant A receptor, incubation of the phosphorylated mutant B
receptor with truncated arrestin-2 had no discernible effects on ago-
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nist affinity. To differentiate between binding without an accompany-
ing agonist affinity shift and an absolute lack of binding, we carried
out competition studies with G-proteins. Reconstitution of the phos-
phorylated mutant B receptor with exogenous G-proteins resulted in
the formation of a high-agonist-affinity, nucleotide-sensitive complex,
as described above. However, the addition of truncated arrestin-2 re-
sulted in the conversion of the receptor from a high-affinity to low-
agonist-affinity state, as might be predicted from the lack of a ligand-
affinity change in the direct binding assay. This competition occurred
with an EC50 of 340 nM, a similar affinity to the interaction of wild-
type arrestin-2 with the phosphorylated, wild-type FPR. Thus, although
phosphorylation in the A site is not sufficient for arrestin-dependent
agonist affinity changes, it can provide for a high-affinity interaction of
arrestin with the FPR. These results were confirmed in vivo using confo-
cal fluorescence microscopy to demonstrate that both the mutant A and
mutant B receptors colocalized with truncated arrestin-2 into punctate
structures, in contrast to the results with wild-type arrestin-2. These re-
sults confirmed that the in vitro reconstitution results were supported by
studies of the receptors and arrestin in a native cellular environment.

5 Assessing Partial Agonism with Solubilized GPCRs

Having examined the modulation of affinity of receptor complexes for
ligand (i.e., receptor conformation) as a result of receptor phosphoryla-
tion and interactions with G-proteins and arrestins, we turned our atten-
tion to the issue of partial agonism displayed by many ligands (Simons
et al. 2003, 2004). As model systems, we used the FPR and the well-
studied beta2-adrenergic receptor (β2AR). For the FPR we examined
the affinity of a series of a fluorescent ligands for the soluble recep-
tor as well as the ability of the soluble receptor to assemble with the
heterotrimeric G-protein complex on the bead as shown in Fig. 1c. For
the β2AR-GFP fusion protein (β2AR-GFP), we were able to compare
the affinity of soluble ternary complex assemblies with the affinity of
a series of full and partial agonists in competition studies with beads
displaying dihydroalprenolol (DHA beads) (Simons et al. 2004).
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As shown in Fig. 2a, the binding of β2AR-GFP to DHA beads was
sensitive to the presence of agonist (ISO, EPI, NE, SAL, DOB) or an-
tagonist (ALP) and measured ligand affinity. The G-protein–bead as-
sembly, shown in Fig. 2b, was sensitive to the presence of agonists and
resolved partial (SAL, DOB) and full agonists (ISO, EPI, NE). The be-
havior of the complexes on particles was essentially identical to the
membrane bound form of the receptor, indicating that the physiolog-
ical structure of β2AR is retained after solubilization. By modifying
one set of beads to fluoresce red or using a different size to resolve
the two assays, we could discriminate agonist and antagonist binding
in a single step. While a single-step primary screen would resolve ago-
nists and antagonists, a dose-response secondary screen would resolve
full and partial agonists. Molecules that specifically block interactions
between β2AR and G-protein would not be active in the ligand–bead
assembly but would compete with agonist in the G-protein–bead as-
sembly. The ternary complex involving GPCR, G-protein and agonist
is formally described by a four-sided model (Fig. 2c). The combination
of equilibrium ligand binding and G-protein assembly measurements,
as shown for β2AR, is precisely the type of measurement required to
resolve ternary complex details. They provide information for the affin-
ity of L binding to R and L binding to RG. One additional required
piece of information, G binding to LR, is obtained by using the beads
as a sensor, allowing soluble G-protein to compete for liganded GPCR
with G-proteins on a bead. With this information, we have now ana-
lyzed the four equilibrium constants in the ternary complex for each
receptor-ligand complex.

Historically, the ternary complex analysis is particularly challenging
because data from GPCRs reflects a combination of 2D and 3D (in the
plane and out of the plane of the membrane) affinities and concentra-
tions. By performing the analysis on soluble GPCRs, the calculation is
entirely based on 3D parameters. We have fit the data for full agonists to
the ternary complex model using Mathematica to calculate the series of
nonlinear equations. Figure 2d shows the simultaneous fit of all the data
and Fig. 2e shows the resulting computed values for the model. The re-
sults indicate that partial agonists (SAL, DOB) cause a reduced ternary
complex affinity (Kga). This reduction in the affinity of the receptor for
G-protein when bound to partial agonists is consistent with the idea that
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Fig. 2 a–e. a Representative data showing the inhibition of β2-adrenergic
receptor-GFP to DHA-coated beads by various ligands. ALP, alprenolol; ISO,
isoproterenol; EPI, epinephrine; SAL, salbutamol; DOB, dobutamine; NE,
norepinephrine). b Representative data showing the binding of β2-adrenergic
receptor-GFP to Gαs-coated beads in the presence of the indicated agonists and
partial agonists. c Representation of the simple ternary complex model of lig-
and (L), receptor (R) and G-protein (G) with associated affinity constants (K).
d Mathematical fitting of the data in panels a (providing Ka) and b (provid-
ing Kga) to the simple ternary complex. Kg is estimated based upon the lack
of RG complex formation using the highest possible G-protein concentrations
in the absence of added ligand. Data are expressed as the concentration of β2-
adrenergic receptor-GFP bound to the bead-associated Gαs. e Calculated pa-
rameters of Ka, Kga, and Kga for the various ligands tested

partial agonists may elicit unique receptor conformations with respect
to G-protein binding.

6 Conclusions

GPCRs appear to be capable of existing in a large number of distinct
conformations, some of these induced by their ligands and others in-
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duced by posttranslational modifications (e.g. phosphorylation) or in-
teractions with their intracellular protein-binding partners. We have ex-
amined the effects of receptor phosphorylation on binding of G-proteins
and arrestins and the resulting effects on GPCR conformation as re-
vealed by changes in ligand affinity. Furthermore, we have examined
the effects of partial agonists and full agonists on G-protein binding
with respect to the ternary complex model. Overall our results demon-
strate that GPCRs do in fact exist in a myriad of conformations, each of
which may represent a novel target for drug discovery and therapeutic
intervention.
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Abstract. G protein-coupled receptors (GPCRs) fulfil a broad diversity of
physiological functions in areas such as neurotransmission, respiration, car-
diovascular action, pain and more. Consequently, they are considered as the
most successful group of therapeutic targets on the pharmaceutical market,
and the search for compounds that interfere with GPCR function in a spe-
cific and selective way is a major focus of the pharmaceutical industry. High
Content Screening (HCS), a combination of fluorescence microscopic imag-
ing and automated image analysis, has become a frequently employed tool to
study test compound effects in cellular disease modelling systems. One way
to functionally analyse the effect of test compounds on GPCRs by HCS relies
on the broadly observed phenomenon of desensitisation. Agonist stimulation of
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most GPCRs leads to their intracellular phosphorylation and subsequent inter-
nalisation, resulting in the termination of receptor signalling and the seclusion
of the GPCR from further extracellular stimulation. Complementary to other
functional GPCR drug discovery assays, GPCR internalisation assays enable
a desensitisation-focussed pharmacological analysis of test compounds.

1 High Content Screening

Fluorescence microscopy has been widely employed in academic cell
biology research as a non-destructive and sensitive technique to visu-
alise subcellular structures and to monitor intracellular protein translo-
cations. In recent years, the pharmaceutical industry’s interest in study-
ing test compounds in cellular assays has continuously increased. In
particular, a novel technique generally referred to as High Content
Screening (HCS) has been introduced, which combines high-resolution
fluorescence microscopy with automated image analysis (Conway et al.
1999; Ghosh et al. 2000; Taylor et al. 2001; Li et al. 2003; Almholt et al.
2004). After fluorophore labelling on a cellular level, the biomolecules
of interest are observed by fluorescence microscopy, possibly in paral-
lel at different wavelengths (multiplexing). Appropriate image analysis
algorithms then quantify the distribution and brightness of the fluoro-
phore-labelled biomolecules in the cells. In live cell experiments, the
kinetics of a pharmaceutical drug effect and respective intracellular pro-
tein trafficking events can be monitored. Apart from protein trafficking
(Almholt et al. 2004), HCS can provide information on the phosphory-
lation state of target proteins (Russello 2004), on cellular proliferation
(Bhawe et al. 2004) or apoptosis (Steff et al. 2001), on morphological
changes such as neurite outgrowth (Simpson et al. 2001), on modifica-
tions of the cytoskeleton (Olson and Olmsted 1999; Giuliano 2003), on
cellular movements (Soll et al. 2000) and other overall changes of the
fluorescence such as for the analysis of gap junctions (Li et al. 2003).

By this means, HCS provides several advantages over standard
high-throughput screening (HTS). Cellular HTS conventionally exam-
ines the mean response of the whole cell population in a microtitre plate
(MTP) well. In contrast, HCS distinguishes the individual response of
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many cells in an MTP well. The individual cells may differ with respect
to the differentiation, the stage of the cell cycle, the state of transfec-
tion or because of natural variability. In consequence, heterogeneous
pharmaceutical drug effects on mixed cell populations may be analysed
in a single MTP well. On-target drug effects (meaning pharmaceuti-
cal effects of a test compound that are directly related to the targeted
biomolecule of interest) may be cross-correlated with other phenom-
ena such as cellular toxicity (Wolff et al. 2005). Compound artefacts
such as cell lysis or compound autofluorescence are readily discov-
ered. HCS permits work with recombinantly or endogenously expressed
biomolecules of interest in cell lines or primary cells given that suitable
detection reagents such as specific antibodies are available. In summary,
HCS enables completely novel assay formats, which do not rely on an
overall change of fluorescence or luminescence intensity from the whole
MTP well. The development of high-throughput fluorescence micro-
scopic imaging devices and of rapid automated image analysis algo-
rithms has enabled the drug discovery application of the HCS format to
high test compound numbers.

2 Confocal Optics for HCS

In a standard widefield microscopic image, light is also collected from
outside the focal plane. Imaging of intracellular structures has bene-
fited substantially from the introduction of confocal microscopy. Fun-
damentally, confocal optics dramatically improve the spatial resolution
in the vertical direction, greatly reducing interference from adjacent ob-
ject features above or below the focal plane. In the microscopic analysis
of a cell population adherent to the bottom of an MTP well, confocal
optics enable the observation of the cell layer in the focal plane without
interference from dead cells, free fluorophores or autofluorescent parti-
cles above the cellular layer. This increased optical resolution improves
the visualisation of the complex subcellular membrane, vesicle and or-
ganelle systems within eukaryotic cells. The detailed study of intracel-
lular translocation of target biomolecules, for example the translocation
of a transcription factor from the cytosol to the nucleus in response to
a stimulus, is facilitated by this approach.
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Several systems are commercially available for confocal microscopic
imaging of cells.

In classic confocal optics (Wilson 1990), a high numerical aperture
objective lens is employed to focus the excitation laser light to the focal
plane of interest. The restriction to fluorescence emission from a par-
ticular confocal observation volume is achieved by guiding the emitted
light through a pinhole (Fig. 1a). To obtain high-fluorescence sensitiv-
ity, low-noise detectors such as avalanche photodiodes are employed.
Using the confocal detection principle one can analyse a femtolitre-
sized sample volume, largely free of background from solvent Rayleigh
and Raman scattering as well as from fluorescent impurities. The con-
focal observation volume can be scanned through living cells for the
study of fluorescent biomolecules in their native environments.

However, the available confocal point scanning microscopes, which
are based on the single-pinhole principle, are generally too slow for drug

�
Fig. 1 a–d. a Confocal optics. For confocal fluorescence studies, a high nu-
merical aperture objective lens focuses the excitation light (solid lines) into
the sample. The emission light (dotted lines) is collected through the same ob-
jective lens and guided through a pinhole to restrict fluorescence detection to
a femtolitre-sized confocal observation volume in the sample. b Nipkow disk.
Left, point scanning: the laser focus is moved in a raster scanning mode across
the specimen. A single pinhole in the emission light path restricts the detection
to the focal plane. Right, Nipkow disk: a multitude of pinholes in the so-called
Nipkow disk creates a series of confocal sample volumes that probe the spec-
imen in parallel (the scheme is a kind gift of Dr. Phil Vanek; Becton, Dickin-
son). c Schematic light path of the Opera™. The excitation laser light is guided
through a rotating microlens array that focuses the light through a dichroic mir-
ror, a simultaneously rotating pinhole array and an objective lens to the sample.
Fluorescence emission from the sample is guided back via the objective and
pinhole array, then reflected towards a CCD camera (scheme is a kind gift of
Dr. Gabriele Gradl; Evotec Technologies). d Schematic light path of the IN Cell
Analyzer 3000™. The excitation laser light is autofocused through an objective
to the bottom of the microtitre plate. Fluorescence emission is collected by the
same objective, then guided through a dichroic mirror and confocal slit mask
to three simultaneously operating CCD detectors for different wavelength de-
tection (scheme is a kind gift of Dr. Gerd Erhard; General Electrics Healthcare
Biosciences)
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screening applications. The first three confocal high-throughput cellular
imagers (Zemanova et al. 2003) marketed to fill this gap were the Op-
era™ from Evotec Technologies GmbH (Hamburg, Germany), the IN
Cell Analyzer 3000™ from General Electric Healthcare Biosciences
(Amersham, United Kingdom) and the BD Pathway Bioimager from
Becton, Dickinson and Company (San Jose, CA, USA). These systems
achieve a readout time of down to approximately 1 s per well (vary-
ing for example with the required resolution of the microscopic image
and the brightness of the fluorophores). For the sake of higher through-
put, the Opera™ and the BD Pathway Bioimager™ employ a Nipkow
disk (Fig. 1b,c) to project fluorescence from several confocal volumes
in parallel to a CCD camera. In a similar approach to shorten the imag-
ing time, the IN Cell Analyzer 3000™ employs line scanning through
a confocal slit (Fig. 1d). This new generation of HTS-compatible con-
focal imaging readers combines high-temporal with high-spatial resolu-
tion. To further increase throughput, all three systems support an auto-
focus mechanism that keeps the microscope objective focused to the
cellular layer adherent to the bottom of the well. For live cell measure-
ments, the Opera™, BD Pathway Bioimager™ and IN Cell Analyzer
3000™ provide environmental chambers, which maintain user-defined
temperature and carbon dioxide levels.

The Opera™ and the IN Cell Analyzer 3000™ employ four or re-
spectively three laser sources and four or respectively three CCD cam-
eras for synchronous, multiplexed imaging, adding to a potential in-
crease of throughput.

In a direct comparison between a confocal and a non-confocal HCS
imaging device, the confocal optics provided a better basis for the de-
tection and quantification of smaller subcellular structure (Haasen et al.
2006b).

3 Pharmaceutical Analysis of GPCR Ligands:
Binding Versus Function

GPCRs possess an N-terminal extracellular domain and a C-terminal in-
tracellular domain. They are held in a lipid bilayer by seven membrane-
spanning helices (Ji et al. 1998), connected by three extracellular and
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three intracellular loops. Specific agonist binding to the GPCR causes
a conformational rearrangement of the receptor transmembrane helices,
which leads to the binding and activation of an intracellular heterotri-
meric G-protein (Perez and Karnik 2005). By these means, GPCRs act
as sensors of exogenous signals, which they transduce into cytoplasmic
signalling pathways. The first GPCRs to be cloned were bovine opsin
(Nathans and Hogness 1983) and the beta-adrenergic receptor (Dixon
et al. 1986). Since then, a large gene family of a further approximately
2000 GPCRs has been reported, classified into more than 100 subfam-
ilies according to sequence homology, ligand structure, and receptor
function.

GPCRs are the most important class of therapeutic targets (Ma and
Zemmel 2002). Approximately 45% of all known pharmaceutical drugs
are directed against transmembrane receptors (Drews 2000), largely
against GPCRs. As GPCRs are involved in a broad diversity of phys-
iological functions, the modulation of GPCR signalling is a major focus
of pharmaceutical research.

In the past, the interaction between GPCRs and their extracellular lig-
ands has proven to be an attractive point of interference for therapeutic
agents. For that reason, the pharmaceutical industry has developed nu-
merous biochemical drug discovery assays to investigate these ligand–
GPCR interactions, such as the scintillation proximity assays (SPA)
(Alouani 2000) or the less frequently employed fluorescence polarisa-
tion (FP) assays (Banks and Harvey 2002; Harris et al. 2003) and fluo-
rescence intensity distribution analysis (FIDA) assays (Auer et al. 1998;
Zemanova et al. 2003). All the above-mentioned biochemical binding
assays (Heilker et al. 2005) are based upon the competition of the test
compound with a labelled reference ligand. An obvious disadvantage of
these reference ligand displacement assays is the risk of missing non-
competitive, allosteric ligands. Further, the binding assay does not re-
veal the functional activity of the test compounds as full/partial ago-
nism, neutral antagonism, inverse agonism or positive modulation. To
supplement compound testing in this direction, there is a need for func-
tional assay formats, possibly measuring GPCR activity in a more phys-
iological, cellular background.

GPCR signal transduction mechanisms have been categorised into
three major classes, based upon the Gα subunit employed in the initial
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signalling step: Gαq (phospholipase C), Gαi and Gαs (inhibition and
stimulation of cAMP production, respectively).

The most broadly applied cell-based technique to measure Gαq-
mediated signalling is the Ca release assay, either measured in a fluores-
cent format using Ca-sensitive fluorophores (Sullivan et al. 1999) or in
a luminescent format using aequorin and a chemiluminescent substrate
(Dupriez et al. 2002). Gαi- and Gαs-mediated modulation of the cytoso-
lic cyclic adenosine monophosphate (cAMP) content may be analysed
using various detection technologies (Gabriel et al. 2003).

Alternatively to measuring the cellular signalling via G-proteins, the
functional activation of GPCRs may be investigated by agonist-induced
receptor internalisation (Milligan 2003). The broad applicability of
GPCR internalisation assays (Fig. 2; scheme of GPCR internalisation)
is based on the common phenomenon of GPCR desensitisation and
has been demonstrated for numerous GPCRs (Krupnick and Benovic
1998; Ferguson 2001; Oakley et al. 2002). In the desensitisation pro-
cess, GPCR kinases (GRKs) phosphorylate agonist-activated GPCRs
on serine and threonine residues. Arrestins are cytoplasmic proteins that
are recruited to the plasma membrane by GRK-phosphorylated GPCRs
(Barak et al. 1997). Arrestins then uncouple the GPCR from the cognate
G protein (Lohse et al. 1992; Pippig et al. 1993) and target the desen-
sitised receptors to clathrin-coated pits for endocytosis (Goodman et al.
1996; Laporte et al. 2000).

�
Fig. 2a–d. Scheme of GPCR internalisation assays. After agonist [A] stimu-
lation, the GPCR first recruits a heterotrimeric G-protein (αβγ), which is acti-
vated and released. The GPCR then becomes phosphorylated by a GRK on its
carboxy-terminal tail. β-Arrestin (β-AR) is recruited to the plasma membrane
by the GRK-phosphorylated GPCR. β-AR then targets the GPCR to clathrin-
coated pits for endocytosis. Depending on the stability of the specific GPCR–
arrestin interaction, β-AR is either released after the formation of clathrin-
coated pits or co-internalised with the GPCR-loaded vesicles. The internali-
sation process may be monitored by a a GFP-fusion with β-AR, b a fluorophore
[F] label on the agonist, c a fluorophore-conjugated antibody to label the GPCR
or d a GFP fusion with the GPCR
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In contrast to Ca release and cAMP assays, desensitisation occurs in-
dependently of the associated G-protein subclass. Further, the imaging-
based GPCR internalisation assays offer the general advantages of the
HCS format as described above.

4 GPCR Internalisation Assays for HCS

4.1 Transfluor Technique

As described above, arrestins are cytoplasmic proteins that are recruited
to the plasma membrane by ligand-activated GPCRs and then target the
GRK-desensitised receptors to clathrin-coated pits for internalisation.
The Transfluor™ technology, a licensed product of Molecular Devices
(Sunnyvale, CA, USA), is an HCS assay format in which an arrestin-
green fluorescent protein (ArrGFP) conjugate redistributes upon GPCR
stimulation (Fig. 2a; Oakley et al. 2002; Milligan 2003). As most
GPCRs undergo desensitisation, the translocation of ArrGFP has been
observed for numerous GPCRs independent of the interacting G-protein
and of the class of ligand bound by the receptor (Oakley et al. 2002).

If the interaction between arrestin and the GPCR of interest is of low
affinity, e.g. for the β2 adrenergic receptor, the ArrGFP is released after
the formation of clathrin-coated pits (Oakley et al. 2000, 2001). If the
interaction between ArrGFP and the GPCR is of high affinity, e.g. for
the vasopressin 2 receptor, the arrestin is co-internalised with the GPCR
to endocytic vesicles. Respectively, two Transfluor™ object types may
be observed in fluorescence microscopy: the smaller, less fluorescently
bright ArrGFP-labelled coated pits formed by the GPCRs with low ar-
restin affinity and the larger, more fluorescently bright ArrGFP-labelled
endocytic vesicles formed by the GPCRs with higher arrestin affinity.
Earlier work with these two Transfluor™ receptor types showed that
both confocal and non-confocal HCS imaging devices can optically re-
solve the fluorophore-labelled coated pits and endocytic vesicles to en-
able image analysis (Oakley et al. 2002). Particularly for the GPCRs that
carry the ArrGFP only to the coated pit level, however, confocal optics
provided better assay statistics in a direct comparison to a non-confocal
imaging device (Haasen et al. 2006b).
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4.2 Labelled Ligand Internalisation

Another means to monitor the internalisation of a GPCR is to co-inter-
nalise a specific, fluorophore-labelled ligand (Fig. 2b; Haasen et al.
2006a). A challenge herein is the possible interference of the fluoro-
phore label with ligand binding to the receptor. The labelled ligand pro-
tocol for GPCR internalisation assays makes it possible to distinguish
between orthosteric and allosteric GPCR-binding test compounds. Or-
thosterically acting test compounds block the binding of the labelled
reference ligand to the cell surface and cannot further be analysed in
labelled ligand-assays. An allosterically acting test compound permits
the binding of the labelled reference ligand to the plasma membrane-
exposed GPCRs. If the mechanism of action is antagonistic, a pre-
incubation of the allosteric test compound prevents the co-internal-
isation of the labelled reference ligand. If the mechanism is positive
modulatory, a pre-incubation of the allosteric test compound leads to
an increased rate of labelled-ligand internalisation. With regard to ago-
nistic, allosteric test compounds, the interpretation of the experimental
results becomes more challenging: if added at the same time as the la-
belled reference ligand, depending on the ratio of kinetics, potencies
and efficacies between test compound and reference ligand, the test
compounds may either increase or decrease the labelled-ligand inter-
nalisation rate.

4.3 Labelled Receptor Internalisation

An alternative assay technology to follow the internalisation of a GPCR
is to co-internalise a specific fluorophore-labelled antibody, either di-
rected against an extracellular domain of the receptor, or against an
amino-terminal epitope tag (Fig. 2c; Haasen et al. 2006a). Test com-
pounds can be qualified as agonists or antagonists in these labelled-
GPCR internalisation experiments. After pre-incubation of the GPCR-
overexpressing cells with a GPCR-specific antibody, the test compounds
may be analysed for their internalisation-agonistic properties. Alterna-
tively, if the test compounds are pre-incubated with the GPCR-express-
ing cells, the non-occurrence of reference agonist-induced GPCR inter-
nalisation indicates antagonistic/inverse agonistic properties of the test
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compound. If the constitutive internalisation and recycling rates of the
GPCR are adequate, inverse agonists differ from the neutral antagonists
by inducing an enrichment of the receptor at the plasma membrane. In
a further experimental variation, the assay conditions can be adapted to
analyse positive modulators: if the reference agonist is added at approx-
imately EC10 concentration, a pre-incubation with a positive modulator
compound will significantly increase the internalisation rate.

A challenge in GPCR labelling assays is that antibodies against the
extracellular portion of the native receptor are not always available. Fur-
ther, it is important that the GPCR-labelling antibody does not interfere
with ligand binding and does not produce a functional effect itself. To
reduce the probability of such issues, an N-terminal tag may be attached
to the GPCR of interest, so that a tag-directed antibody can be used for
GPCR detection.

If no antibody against an extracellular GPCR epitope is available
for co-internalisation experiments, the assay protocol may be modi-
fied so that the GPCR of interest is antibody-labelled after completion
of the internalisation step. In this case, labelling is conducted in the
paraformaldehyde-fixed and detergent-solubilised cells so that the anti-
body may also be directed against an intracellular epitope of the GPCR.

Another way to label the GPCR of interest is the use of a fluorescent
protein (FP) label, typically at the C-terminus of the receptor (Fig. 2d;
Xia et al. 2004). A possible risk of this approach is that the FP fusion
can change the receptor pharmacology or interfere with the induction
of intracellular signalling. Similar to the post-fixation labelling of the
GPCR with an antibody described above, such an FP label monitors
the ligand-induced net shift of local GPCR concentrations between the
plasma membrane and intracellular compartments.

4.4 GPCR Internalisation Assays: Synopsis

The Transfluor™ technique is the most frequently described format for
a GPCR internalisation assay. One advantage of Transfluor™ is that it
does not require a modification of the reference ligand or of the receptor
interest. Test compounds can be analysed for their interference with the
unaltered receptor ligand pair. The assay format has been described as
very robust in numerous publications.
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Both the labelled reference ligand internalisation and the labelled
GPCR internalisation methods can, however, also produce stable HCS
assays. Both formats provide advantageous, partially complementary
features in the characterisation of GPCR ligand test compounds. The
fluorophore label on the GPCR enables the analysis of both orthosteric
and allosteric test compounds. A possible disadvantage of this tech-
nique is the modification of the receptor pharmacology by the label. The
ligand label protocol is particularly well suited to investigate allosteric
GPCR-binding test compounds: these allosteric compounds do not dis-
place the fluorophore-labelled reference ligands and therefore enable
the monitoring of both internalisation pathway and kinetics.

For internalisation assays with an extracellular ligand/GPCR label-
ling step at the plasma membrane, the initially increasing number and
intensity of intracellular fluorescent granules describes the rate of recep-
tor internalisation. After a few minutes, however, (a) the newly synthe-
sised protein from the secretory pathway reaching the cell surface, (b)
recycling and/or (c) degradation of ligand- or antibody-labelled GPCRs
will be superimposed on the internalisation kinetics. To help unravel
these complex intracellular receptor trafficking pathways, either the FP
label at the C-terminus of the GPCR or the use of a GPCR-detecting
antibody on fixed and permeabilised cells can serve as a second label
to describe the overall distribution of the GPCR. Such a second label
enables the observation of the ligand-induced net shift of local GPCR
concentrations between the plasma membrane and intracellular com-
partments. Further, such labelling provides an impression of the GPCR
distribution in the cells prior to ligand stimulation and thereby facilitates
the overall investigation of the test compound-induced changes.

The option to use fixed-cell internalisation endpoint protocols is ad-
vantageous for automated liquid handling and offline imaging. Thus,
receptor internalisation assays can provide robust medium and/or high-
throughput screening (MTS/HTS) formats and complement the drug
discovery tool spectrum for the GPCR target class very well.
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Abstract. Driven by past successes and the detailed knowledge of signalling
cascades and physiological processes, G-protein-coupled receptors are taking
a prominent place in the portfolios of many pharmaceutical companies. To suc-
cessfully address this target class, scientists need not only a good understanding
of the specific receptor under investigation, but also the right tools from assay
technology, reagent production to a hit-to-lead process that acknowledges the
importance of parameters beyond potency and embraces the gain in knowledge
of the last decade. This manuscripts attempts to summarise some of the changes
and progress made across the pharmaceutical industry to design an efficient and
effective strategy for finding and optimising small molecules modulating the
activity of GPCRs.
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1 Introduction

Altering physiological or disease-related processes through modulation
of G-protein-coupled receptors (GPCRs) and their associated signalling
cascades is one of the most successful strategies in modern drug discov-
ery. It has produced a number of blockbuster drugs and today GPCRs
account for approximately 30% of small molecule drug targets (Hop-
kins and Groom 2002). Looking at the 100 top-selling drugs, 25% target
GPCRs and these contributed over $30 billion to annual sales in 2001
(Klabunde and Hessler 2002). Given these numbers coupled with the
good accessibility of transmembrane receptors, tissue-specific expres-
sion, and their predicted druggability (i.e., the ability to bind a small rule
of 5 compliant organic molecule (Hopkins and Groom 2002)), it is not
surprising that GPCRs remain one of the most important target classes
and feature prominently in the drug discovery portfolio of pharmaceuti-
cal companies. From the analysis of the sequenced human genome, the
predicted overall number of GPCRs is in the region of 865 (Fredriks-
son and Schiöth 2005). With several hundred members of the sensory
type and approximately 210 GPCRs with known endogenous ligands
(Fredriksson and Schiöth 2005) (only a portion are pursued as drug tar-
gets), this still leaves a sizable number of so-called orphan GPCRs (i.e.,
with no known ligands), representing a potential pool of new targets for
pharmaceutical companies.

Even with the historic success of GPCR-directed drug discovery,
there are a number of challenges and questions that require closer ex-
amination: the underlying hypothesis of scientists and analysts alike is
that the success rates can be repeated with new targets. However, as
with most other targets, drugs were historically discovered serendipi-
tously and success rates, with new paradigms applied in all areas of re-
search, remain to be established. Indeed, in the area of high-throughput
screening the perception in the literature is that reality has been lag-
ging behind expectations (Hefti and Bolten 2003; Peakman et al. 2003;
Sewing and Gribbon 2005). With orphan GPCR receptors, we have seen
the rapid advance of knowledge and the de-orphanisation of a number
of receptors, yet it remains to be established how much value can be
extracted and progress has been slow in many cases (Nambi and Aiyar
2003; Glasel 2004). Looking at the GPCRs that have been successfully
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addressed with small organic molecules, a large proportion target re-
ceptors with aminergic ligands with less success coming from peptide-
ligand GPCRs, a fact attributed to the potentially unfavourable physic-
ochemical profile of molecules targeting peptidic GPCRs (Beaumont
et al. 2005).

Many pharmaceutical companies have responded energetically to
these challenges and, driven by a better understanding of the under-
lying physiological processes, have moved away from traditional an-
tagonist programs entering the quest to identify agonists, partial ag-
onists, inverse agonists and allosteric modulators. The continuing ad-
vances in GPCR biology have provided more intervention points from
agonist-dependent oligomerisation and signalling to the modification of
responses by GPCR interacting proteins (for review, see Milligan 2004;
Boeckart et al. 2004; May et al. 2004). Altering the deliverable from
programmes and a focus on new modes of action has in many com-
panies moved the emphasis from simple binding to functional in vitro
assays for both lead identification and optimisation.

2 The Choice of Assay Technology

There is an ever-growing array of assay technologies and surrogate
readouts to follow the activation of G-protein-coupled receptors (Fig. 1)
and a detailed analysis is beyond the scope of this manuscript (for re-
views, see Thomson et al. 2004, 2005; Williams 2004). The abundance
of assay methods reflects the complex signalling mechanisms allowing
multiple readouts, but also the fierce competition among providers of
reagents and assay kits. As a consequence, there is some duplication
and not all of the latest additions offer real scientific advantage or mea-
surable benefit with respect to assay performance. This situation offers
scientists the opportunity to choose methods fitting the local setting and
instrumentation in their labs without compromising the biological rele-
vance.

The focus of assays within HTS and lead optimisation has moved
away from simple binding assays towards functional assays, driven by
the desire to explore new mechanisms of action (Williams and Sewing
2005) and a stronger focus on agonists or allosteric modulators. The de-
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Fig. 1. Signalling through GPCRs. Overview of the multiple signalling events
following activation of GPCRs and the key surrogate read-outs/assay technolo-
gies applied to measure receptor activation. 1 Receptor binding (fluoromet-
ric and radiolabelled ligands). 2 Measuring GDP/GTP exchange (GTPyS as-
says). 3 Receptor internalisation (translocation assays with fluorescent labelling
of receptor, ligand or associated proteins). 4–6 Measuring second messengers
(cAMP, calcium, IP3 etc.). 7 Map kinase activation (translocation of activated
enzyme to the nucleus). 8 Reporter genes linked to response elements specific
for the signalling under investigation. RGS, regulators of G-protein signalling

cision of where to measure compound activity is especially important
for agonist programmes, as different levels of sensitivity and potency
(Fig. 2) can be observed depending on the point of measurement. In ad-
dition, when considering antagonist programmes, the increasing num-
ber of GPCRs where allosteric modulation is described in the literature
(May et al. 2004) presents a compelling case for using functional as-
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Fig. 2. HT assay technologies: from uHTS to CAN seeking. HTS, high-
throughput screening; uHTS, ultra-HTS (100,000 compounds/day). For details,
see text

say systems. As a rule of thumb, it should be noted that moving down
the signalling cascade (using cell-based assays), increases the number
of non-specific hits but will provide more sensitivity when looking for
agonists and will potentially increase the assay window in antagonist
settings.

The biochemical and cell-based assay technologies applied for GPCR
signalling cascades can be broadly divided into five categories:

• Measuring receptor binding

• G-protein activation

• Detection of secondary messengers

• Reporter genes

• Protein interaction/translocation assays

Choosing assay technologies should start with an assessment of do-
ability (equipment, expertise, and ready-made reagents) and through-
put need: for example, a filter binding assay is still acceptable when
used as an infrequent selectivity assay but is not suitable for supporting
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higher-throughput lead optimisation as primary assay (see also Fig. 3).
Biological relevance and validation is key to success, but with a move
toward targets without literature references, the validation with known
compounds will not always be possible. In these cases, the assay de-
velopment will focus on making the assay sensitive (i.e. working at Kd

for ligand-binding assays, EC50 for functional antagonist assays, etc.).
A sensitive assay is key, and this has often been achieved through the use
of recombinant systems with highly over-expressed targets; however,
the ongoing challenge is the relevance of these systems when compared
to more relevant systems (i.e., cell lines endogenously expressing the
target or ex vivo tissue preparations). The same question is true for the
application of binding assays, as binding has to be translated into func-
tion and the relation/translation of different assays should be ideally
known upfront or generated early in the project.

Cost will play a role in most organisations, but the cost has to be
calculated beyond the assay group, as a more costly assay giving better
quality results is more than balanced by the fact that whole teams of
chemists work on the target and a saving in the screening team may be
short-sighted.

As a detailed analysis is beyond the scope of this manuscript, two ex-
amples should highlight important developments during the last 5 years:
within high-throughput screening, growing compound files have driven
miniaturisation and, due to the limited potential to miniaturise radioli-
gand binding assays, have driven the application of fluorescence read-
outs (for review see Jäger et al. 2003, Gribbon and Sewing 2003).
Single-molecule spectroscopy, for example, one- and two-dimensional
fluorescence distribution analysis, is ideally suited because these meth-
ods are, in theory, independent of the assay volume and provide a valu-
able tool for uHTS (Rüdiger et al. 2001). With the application of fluo-
rescence readouts, compound interference due to auto fluorescence as
well as light scattering (in fluorescence polarisation assays) has driven
the research for more robust fluorescence methods. Apart from red-
shifted fluorescence labels, time resolved methods, or fluorescence life-
time analysis, advanced data analysis methods based on the multiple
parameters measured in single-molecule spectroscopy can detect, and
in some cases correct, compound-related artefacts (Gribbon and Sewing
2003).
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Fig. 3. Measuring agonist activity. Schematic and simplified representation of
signalling through the activation of the adenylate cyclase pathway. Indicated in
the table are the potencies of selected compounds applying different assay read-
outs within an example project for illustration of the principle only. Binding:
Whole cell binding with radiolabelled ligand. 2nd messenger: Quantification of
cAMP levels. Reporter gene: measuring receptor activation through a reporter
gene couple to a cAMP-responsive element

Assays based on sub-cellular imaging and automated image analy-
sis have provided a new tool in the area of functional cell based assays
and are collectively classified as high-content screening (HCS). Initially
based on immunofluorescence methods and fixed cells, the development
of biochemical sensors provides the tools to follow signalling events in
real time (for review, see Guliano et al. 2003). In HCS, multiple assay
parameters can be analysed in parallel (cell shape, cell viability, translo-
cation events, etc.), giving more information than traditional readouts.
Biosensors are derived by labelling macromolecules with small fluores-
cence dyes or by applying genetic engineering to construct chimeras of
cellular proteins fused to naturally fluorescent proteins, such as GFP,
to establish a genetically encoded sensor. For example, the fusion of
β-arrestin with GFP established a more generic procedure to measure
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activation of a number of different GPCRs through recruitment of GFP-
arrestin to the plasma membrane (Barak 1997). The HCS assays (for re-
view, see Milligan 2003; Grånäs et al. 2003) are widely commercialised,
with companies like Cellomics and BioImage providing the analysis of
whole signalling cascades with an array of readily available assays for
compound profiling.

HSC assays are read on specially adapted imaging systems, loosely
based around inverted fluorescence microscopes. The need for rapid and
reliable automatic focusing, the quantity of image-derived data, and the
complexity of algorithms for accurate image analysis have restricted the
use of these assays to date. Driven by further technical development, the
first examples of screening campaigns for lead identification have been
described, but most companies apply HCS assays in later stages, mainly
for compound series and lead characterisation.

3 Reagent Generation and Supply

High-quality reagents are key to screening campaigns with several mil-
lion compounds, but also for the support of lengthy lead optimisation
processes. For GPCR targets using functional, cell-based assays, the
quantity and quality of biological screening has often been limited by
the capacity and consistency of the cell supply. Many of the preconcep-
tions relating to the use of live cells (Moore and Rees 2001; Williams
and Sewing 2005) are based on the difficulties of maintaining a timely
and high-quality supply of cells. The introduction of advanced, reliable
cell culture automation has been a prerequisite to the application of
functional cell-based assays in higher-throughput lead finding. Where
adherent cells are used the introduction of systems such as SelecT (The
Automation Partnership, Royston, UK) provide the basis for 24/7 cell
supply for screening without human intervention and working beyond
core working hours. This strategy has worked well for HTS, but the
ongoing parallel support for dozens of lead optimisation projects has
been resource-intensive, even with the application of automation, as
programming and running of automated systems is ideally suited for
large batches but less efficient for multiple small cell batches. The in-
troduction of frozen cells (Zuck et al. 2004; Kunapoli et al. 2005) has
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transformed work with cell-based reagents as large batches of cells can
be produced, quality controlled, and frozen and aliquots thawed and
seeded on demand. This technique has provided a simple supply logis-
tic (Fig. 4) and brought cell-based reagents in line with biochemical
assays with respect to the ease of application.

Fig. 4. Supporting lead optimisation for GPCR directed projects with live cells.
Shown are the three methods applied for weekly project support and their
changing, relative contributions to the overall project support from pre-2005
to 1Q 2006. Manual (maintenance and plating by cell culture scientist) and au-
tomated culture require tight scheduling and logistics, whereas the frozen cell
approach can supply cell on short notice (on demand). For further details see
text
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Genetic engineering is a major element in the generation of cell-
based assay reagents as endogenously expressing cell lines (due to lim-
itations of supply, consistency, difficult handling, etc.) are rarely ap-
plied early in lead finding and optimisation, often restricted to scenarios
where there is no freedom to operate. To speed up assay development,
molecular toolboxes have been created (panels of ready-to-clone cell
lines incorporating reporter genes with varying response elements). Al-
though there is an increasing number of references describing transient
expression systems for compound characterisation, larger campaigns
still mainly rely on the generation of stable cell lines, and few examples
are described where large-scale operations are supported by transient
systems. Despite the complex biology and the discovery of cell type-
specific accessory proteins modulating GPCR signalling, do-ability as-
pects (ease of handling, cost and the toolbox approach described earlier)
have driven the use of two simple and robust cell lines, HEK293 and
CHO K1, which remain the workhorses for HTS and higher-throughput
lead optimisation work in most laboratories; and in our experience these
two cell lines cover more then 80% of projects. Beyond mammalian
cells, yeast (Minic et al. 2005) and frog melanocytes (Carrithers et al.
1999) are used for GPCR-directed screening, and platform technolo-
gies are commercially offered as a service from specialised providers
(for example, Arena Pharmaceuticals, San Diego, CA, USA).

The generation of cell lines is standardised in most companies, rou-
tinely applying FACS for the generation of clones with different ex-
pression levels. A thorough characterisation of clones is needed to drive
selection, as different stages of discovery have different needs with re-
spect to reagents. For primary screening, sensitivity is key, whereas in
lead optimisation the differentiation of compounds, for example, full vs
partial agonist, can play a critical role and may not be possible with the
same clone or assay technology.

4 Lead Finding Strategies Applying Biological Screening

For targeting GPCRs, biological screening remains an important tool
in the lead finding strategy of most organisations. With the increasing
availability of structural information and chemistry expertise, screening
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campaigns are complemented and sometimes replaced by knowledge-
based approaches. Rather then being in competition, knowledge-based
approaches allow a more informed choice as to which compounds
should be screened, since a central question within the high-throughput
screening area remains how many compounds have to be screened for
success? Although company collections have grown to many millions,
there is still a large gap between real collection size and theoretical cal-
culation of how many compounds one would have to screen to find
a lead for every target (Wintner and Moallemi 2000). In some com-
panies, full file screening, i.e. screening all available compounds for
all targets, is no longer the default strategy, as cost and timelines re-
main high not withstanding miniaturisation and uHTS. Iterative screen-
ing strategies are applied and can offer a cost and resource sparing
strategy for some GPCR targets, for instance when searching for an-
tagonists for aminergic GPCRs (due an abundance of chemical matter
in many compound files relating to previous chemistry programmes).
Iterative screening in its simplest disguise starts with screening part
of the file and reviewing the identified chemical matter to decide on
the need for more screening. More sophisticated approaches will clus-
ter the compound file and screen varying numbers of signposts for the
clusters rather than all compounds in the collection. Confirmed actives
from screening are starting points for nearest neighbour searches in the
compound file, followed by another round of screening, with a varying
number of iterations to complete the approach.

Beyond the numbers game in primary screening, there have been
general questions raised about the validity of the isolated target para-
digm and molecular mechanism-based screening (Sams-Dodd 2005).
The use of pathway or even whole organism screening has been pre-
sented as a new concept to identify compounds with new modes of
action, but also to target multiple steps in signalling cascades simul-
taneously. Ultimately this leads to the concept of phenotypic screening
where initially no prior target knowledge is required, but compounds
are selected by the induced phenotype (for reviews, see Clemens 2004;
Wakatsuki et al. 2004; Austen and Dohrmann 2005). However, this re-
quires a general change in thinking in all areas of drug discovery and is
challenging when driving SAR as well as safety studies.
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5 Lead Selection

As discussed earlier, GPCR-directed drug discovery has been very suc-
cessful and produced a number of blockbuster drugs. Looking at the
analysis published by Klabunde and Hessler (2002) it becomes obvi-
ous that success is not evenly spread within the family, as two-thirds of
the described examples are directed at GPCRs with bioamine ligands.
Although a time bias may be inherent in this type of analysis, there is
widespread agreement that there is a class difference and programmes
aimed at GPCRs with peptide ligands have been more difficult to ex-
ecute. The lower success rate of these projects has been attributed to
the fact that drug molecules frequently mimic the physicochemistry of
the receptor ligand (Beaumont et al. 2005). These characteristics are not
necessarily compatible with small, orally delivered drug molecules (best
described by the RoF paradigm; Lipinski et al. 1997), which remain at
the centre of many drug discovery efforts. The concepts of target and
ADME space as defined sub-regions of the overall chemical space are
generally accepted today. ADME space is defined by the physicochem-
ical properties of compounds being compatible with the requirement
for oral absorption, dynamics, metabolism and excretion of compounds.
The target space contains all molecules able to modulate a given target
or family of targets such as GPCRs, kinases, etc. Further subdividing
the GPCR family, it becomes clear that there is a different amount of
overlay of sub-families of GPCR and the loosely defined ADME space.
Indeed, aminergic GPCRs and GPCR with peptide ligands can be distin-
guished by the physicochemical profile of properties of populations of

�
Fig. 5a–c. Theory of ligand efficiency-based compound selection. Shown is the
analysis and selection of active compounds from a larger set of compounds
based on ligand efficiency and the impact on the molecular weight profile of
the resulting compound sub-set to illustrate the general approach taken. a Lig-
and efficiency selection. Marked in red are compounds selected based on their
high ligand efficiency (cut-off, 0.4) b Distribution of “actives based on ligand
efficiency”; with respect to potency. c Molecular weight and clogP profile of
the whole compound set. Marked in red are the compounds selected based on
ligand efficiency
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actives identified from biological screening (Nowlin et al. 2006). Con-
ducting this type of analysis on a set of more than 27,000 confirmed
actives derived from GPCR-directed screening campaigns reveals that
the average RoF failure rate per compound is 0.276 in the case of amin-
ergic GPCRs and a much higher failure rate of 0.418 per compound
identified from screening against GPCRs with peptide ligands.

A focus on favourable physicochemical properties is already needed
in the lead selection (and optimisation) strategy, and this has been recog-
nised widely within the industry. For example, it has been noted that
an early focus on potency biases compounds towards higher molecular
weight (for example, Hann and Oprea 2004; Gribbon and Sewing 2005)
and there have been attempts to normalise potency by taking the molec-
ular weight, or more precisely the number of non-hydrogen atoms, into
account. Initially based on the work of Kuntz (Kuntz et al. 1999), the
concept of ligand efficiency-based compound selection has been intro-
duced (Hopkins et al. 2004) and applied to hit and series selection (see
Fig. 5). More complex calculations take multiple variables into account.
They give the scientist a tool to establish a rank order for compounds for
follow-up but also to monitor lead optimisation in multiple dimensions
by reducing the complexity of data (Abad-Zapatero and Metz 2005).

6 Hit-to-Lead and Lead Optimisation

There has been a major focus on the hit-to-lead and lead optimisation
process in many companies (Alanine et al. 2003; Davis et al. 2005),
mainly driven by two factors: the increasing overall cost of drug dis-
covery has put pressure on biology and chemistry teams to execute
multiple projects in parallel with reduced resource time, and as a con-
sequence there has been a need for better process definition and subse-
quent process improvement. The second driver is the new paradigm of
multidimensional compound optimisation (Caldwell et al. 2001; Di and
Kerns 2003), focusing in parallel on potency, selectivity and a panel of
ADME parameters (as the in vivo activity of compounds is the result
of structural elements and physicochemical properties) combined with
early information on safety (mostly centred around HERG liabilities).
This has increased workload in early discovery and exposed the inter-
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face between adjacent areas as key for seamless project execution (with
respect to information flow). The goal is the efficient completion of each
iteration in the lead optimisation process within a well-defined timeline,
a concept that is termed “closed-loop” at Pfizer. Closed-loop describes
the cycle (and interplay) through the main work areas of compound
design, synthesis and purification, and compound flow and screening.
Whereas previously decisions relied on anecdotal knowledge and the
experienced medicinal chemist, the new process is data driven and fo-
cuses on “objective decisions” driven by software wherever possible.
Only this “automation” will allow organisations to cope with the sheer
volume of data from HTS hit lists, the parallel optimisation of multiple
compound series, and the multiple values derived for each compound in
lead optimisation.

Visualisation of multiple parameters is challenging for the scien-
tist and there are developments to provide a reliable, more accessible,
ranking of compounds. Ligand matrices have been introduced (Abad-
Zapatero and Metz 2005) to reduce the number of variables and are
a further development of the concept of ligand efficiency described ear-
lier. Combining varying physicochemical property values (e.g. molecu-
lar weight, clogP, polar surface area, etc.) with potency, these methods
aim to provide a robust basis for selection and to drive optimisation
by introducing numerical rules. It is important to stress that these de-
velopments aim to help the medicinal chemist rather then delegating
decisions to IT systems.

7 Conclusions

Lead finding for GPCR targets has shifted from simple binding assays to
the use of functional assay systems previously only applied as second-
line assays. The complex biology of GPCR mediated signalling and the
potential multiple intervention points for drug therapy will continue to
drive the development of complex assay systems with the prospect of
targeting whole pathways or using phenotypic screens to move beyond
the isolated target paradigm. Within lead selection and subsequent op-
timisation, a shift from purely potency-based selection towards eval-
uation of physicochemical properties predictive of in vivo behaviour
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has driven the introduction of parallel screening for potency, selectivity,
safety and ADME properties. Together these developments provide the
opportunity to break into new territory to reconcile the requirement of
ADME with potency at the selected target driven by in vitro assays.
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