Drug Discovery Today * Volume 13, Numbers 23/24 « December 2008

ELSEVIER

REVIEWS

Physiological relevance of GPCR
oligomerization and its impact on
drug discovery

Rosemarie Panetta' and Michael T. Greenwood?

1 AstraZeneca, R&D Montréal, In-vitro Biology and DMPK Department, Ville St. Laurent, QC, Canada
2 Department of Chemistry and Chemical Engineering, Royal Military College (RMC), Kingston, Ontario, Canada

The potentially large functional and physiological diversity of G-protein coupled receptor (GPCR)
dimers has generated a great deal of excitement about the opportunity that dimerization provides for
enabling novel drug discovery. The discovery of physiologically relevant GPCR dimers suggests that new
drug targets for diseases such as schizophrenia and pre-eclampsia can be developed by targeting dimers.
Most of the previous work on GPCR dimers made use of the overexpression of differentially tagged
GPCRs in heterologous cell systems. Current emphasis on the development of physiologically relevant
cell systems that endogenously express the appropriate combination of GPCR dimers and accessory
proteins is leading to dramatic increases in our understanding of GPCR dimers. These and other new
tools such as GPCR-specific antibodies will be required to develop GPCR dimer specific drugs. Given that
ligands are available for only a small percentage of the large number of potentially druggable GPCRs, the
use of GPCR dimers might provide the necessary targets to increase the breadth and depth of receptors

available for therapeutic interventions.

G-protein coupled receptors (GPCRs) are seven transmembrane
domain (TMD) proteins that mediate the intracellular effects of a
large number of different extracellular stimuli that include light,
odorants, neurotransmitters and hormones [1]. It is well estab-
lished that GPCRs are involved in mediating a multitude of
physiological and pathophysiological processes [2—-4]. Not surpris-
ingly, GPCRs are the primary target for 26.8% of prescription drugs
and new drug candidates are continually being developed for
selective GPCRs [5-7]. Additionally, GPCRs are also of great impor-
tance in other aspects of human biology including drug addiction
because many recreational drugs target these receptors [8,9].
GPCRs are associated with a heterotrimeric G-protein that
consists of a, B and vy subunits with the G, subunit bound to
GDP [1]. Upon occupancy by the agonist, the receptor conforma-
tion is shifted to the active state, causing the heterotrimeric G-
protein to dissociate. This results in the displacement of the GDP
by GTP on the G, subunit while the Gg, subunits remain bound.
Both Gg, and the GTP bound G, are thus activated and can
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stimulate or inhibit effector proteins such as adenylyl cyclase,
phospholipases and a variety of ion channels [1]. The observed
diversity in the responses in terms of magnitude and physiological
effects of different GPCR agonists has historically largely been
attributed to the large repertoire of available G-protein and effec-
tor systems. Although the basic tenets of this model have stood up
to vigorous testing, it is increasingly apparent that the model is
greatly oversimplified [10-12]. For example, up until a few years
ago it was largely thought that the intrinsic GTPase activity of the
G, subunit was sufficient to regulate the G-protein activation/
deactivation cycle. Today, it is well known that the regulators of G-
protein signaling (RGSs) serve as GTPase activating (or accelerat-
ing) proteins (GAPs) and are capable of greatly stimulating the
intrinsic GTPase activity of most G, proteins [13]. Thus, alterations
in the levels of RGS proteins will greatly influence GPCR-mediated
responses without altering the levels of active receptor.

In addition to RGSs, a multitude of other GPCR interacting
proteins (GIPs) have been identified and the functional implica-
tions of their interactions are being characterized [14-16]. For
example, the brain has been shown to express dozens of different
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dopamine receptor interacting proteins (DRIPs) that have been
shown to interact with the dopamine D2 receptor [17]. A variety of
terms including signalsome and signaplex have been coined to
describe the protein complexes that are now known to be involved
in mediating the effects and the regulation of GPCRs [17]. These
complexes are involved in all the aspects of GPCR biology includ-
ing receptor targeting, pharmacology, potency and signaling spe-
cificity. For example, proper targeting of the «;p adrenergic
receptor requires the scaffolding protein dystrophin [18]. A more
widespread example involves the ability of many different GPCRs
to signal to different intracellular pathways in both G-protein-
dependent and -independent manners [1,12,15]. A single GPCR
can activate different G-proteins and associated effector systems or
they can activate different intracellular pathways by interacting
with and activating other proteins such as B-arrestins [19]. The
stimulation of two different effector systems for GPCRs like the 3,-
adrenergic receptor (82AR) can lead to the concomitant activation
of adenylyl cyclase via G,s proteins and the ERK1/2 MAP kinases
via the recruitment of B-arrestin. There is clinical significance to
such findings because the B-blocker carvedilol antagonizes the G
pathway while stimulating the B-arrestin pathway [20]. Such
pharmacological and functional pleotropism also serves to
increase the repertoire of GPCR-mediated responses [10,11].
Increases in our understanding of the effects of the cellular
and phenotypic context encountered by endogenously
expressed receptors along with a greater appreciation of the
allosteric complexity of GPCRs themselves have led to some
fairly dramatic changes in the way GPCRs are viewed and studied
[4,10,11,21]. As well as posing a great challenge, these new

TABLE 1

aspects of GPCR biology are also of great interest because there
is enormous potential for drug discovery. To take advantage of
the knowledge gained, these new paradigms will have to be
taken into account when developing strategies to screen for
new GPCR drugs and the functional analysis of the newly
identified compounds [4,22-24]. Although almost 30% of all
prescription drugs target GPCRs, it should be noted that only a
very small number of the total repertoire of GPCRs are actually
targeted. Of the 323 GPCRs that are estimated to have bona fide
possibilities of being drug targets (excluding odorant and taste
receptors), only a small number of these (46) are actually used
[3,22]. Adapting drug discovery strategies to the new GPCR
paradigms might allow this vast potential of untapped GPCRs
to be targeted [4,22-25].

Of all the new aspects of GPCR biology, GPCR dimerization (or
oligomerization), the ability of these receptors to interact with
each other in conjunction with agonist trafficking, is likely to have
profound impacts on drug discovery. The ability to form homo-
and hetero-dimers involving diverse GPCR subtypes with the same
or different ligand has potentially far reaching implications, espe-
cially with regard to drug discovery [26,27]. Although this topic
has been extensively reviewed in recent years [26,28-34], in this
review we examine some recent advances in the field that serve to
exemplify some of the successes, pitfalls and practical aspects of
the biology of GPCR dimerization.

GPCR dimers are ubiquitous
Although there was some early evidence that GPCRs might exist as
dimers [35], it was not until the discovery that a dimer between the

Examples of GPCR dimers®

Names of GPCRs Function Highlight Clinical relevance Ref

GABAzR1-GABAgR2 Targeting Both receptors required GABAgR agonist [36]
for GABAR function Baclofen is an antispasm

T1R1-T1R3 Targeting Dimer is required ? [37]
for umami taste

T1R1-T1R2 Targeting Dimer might be required ? [37]
for sweet taste

EP,-B,AR Decrease potency Decrease airway smooth Asthma? [38]
muscle relaxation

KOR-DOR Altered pharmacology 6'-GNTI is selective Tissue-specific [40]
for the dimer agonist for pain

KOR-CXCR4 Altered desensitization Fate of one GPCR can Pain? [46]
be altered by different GPCR

GnRHR-GnRHR Dominant negative ER-trapped GnRHR mutant Hypogonadotropic [49]
retains wild-type GnRHR hypogonadism
in the ER

MT,-GRP50 Dominant negative Orphan GPR50 might be a ? [51]
ligand-independent regulator

CB,-A(A)R Coactivation Adenosine interferes with motor Parkinson’s disease? [62]
responses to cannabinoid in the
rat brain

5-HT,s-mGLuR2 Altered signaling Site of action of hallucinogenic Schizophrenia? [63]
drugs

AT,-B, Altered potency Increased dimers observed in Pre-eclampsia [64]

patients with pre-eclampsia hypertension

?See text for more details.
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two different GABA receptors, GABAgR1 and GABAgR2, was
required to form fully functional GABA receptors and the existence
of GPCR dimers was commonly accepted [36]. When expressed
alone GABAgR1 is retained in the ER because it requires the
coexpression of GABARR2 to be properly targeted to the cell sur-
face. Furthermore, both subunits seem to have further distinct
roles in the complex given that the GABAgR1 seems to be largely
responsible for ligand binding while the GABAgR2 is required for
G-protein coupling. Further support for the fact that GPCR dimers
might in fact be more like a functional synergy of two or more
proteins than a simple complex of proteins came from the dimers
formed by the family of three taste receptors (T1R1, T1R2 and
T1R3) [37]. In addition to being required to get to the cell surface,
dimerization of the different family members is required for the
response to certain agonists. Thus T1R1 and T1R3 dimers are
required for umami taste while T1R1 and T1R2 dimers seem to
behave like the well-known sweet receptor. The GABA and T1R
receptors are typical of the C family of GPCRs and serve to illustrate
the ubiquity of the process of dimerization for the receptors in this
family [3].

In many ways, the A or the rthodopsin family of GPCRs is of
more general interest because it is the largest family and it contains
most of the receptors for well-characterized agonists such as
adrenergic, opioid and dopaminergic [3]. A large number of in
vitro studies have served to catalog the ability of different family
members to form homo- and hetero-dimers when overexpressed in
cultured mammalian cell systems [30]. Here we will largely focus
on hetero-dimers given that these are of more general interest in
terms of developing novel drug targets. These types of experiments
have been useful in documenting the apparent selectivity in the
choice of receptors that can form dimers as well as some of the
functions of the different dimers. The latter includes proper tar-
geting of the receptor (biogenesis), altered coupling, altered phar-
macology, altered internalization and ligand-independent
functions such as the ability of some receptors to function as
dominant negatives. Several interesting examples exist for each
of these categories and here we will highlight a few examples that
are likely to be functionally relevant (Table 1).

Functions of GPCR dimers
The formation of dimers to achieve appropriate targeting of a
given receptor is a commonly observed phenomenon in the field
[28]. Mutant receptors unable to leave the ER often serve to trap
wild-type receptors in the ER and prevent them from reaching the
cell surface. In a few cases, the wild-type receptor can rescue an ER-
trapped mutant receptor and bring it to the cell surface. Thus
many early studies exploited this phenomenon to identify poten-
tial GPCR dimers [1]. It should be noted that the use of a GPCR as a
chaperon to achieve proper targeting for another GPCR is not
limited to GPCRs. Receptor activity-modifying proteins (RAMPS)
are probably the most widely studied example of these non-GPCR
chaperons [1]. These single TMD proteins are absolutely essential
for the targeting of the calcitonin-receptor-like receptor (CRLR)
and surprisingly they also have profound effects on receptor
pharmacology [16].

There are many reported cases where one of the receptors in a
GPCR dimer can serve to alter the coupling or regulate the potency
of the other receptor [27]. Using the contraction of airway smooth

muscle (ASM) cells as a physiological readout, McGraw et al. [38]
were able to show that stimulation of the prostaglandin E1 EP,
receptor in an EP;—B,-adrenergic dimer results in a decrease in the
ability of B,-adrenergic-mediated ASM relaxation. This example
serves to highlight that there will be tissue-specific effects of some
GPCR ligands depending on the dimer that is expressed.
Alterations in the pharmacology of individual receptors in a
dimer, such that the dimer has a new pharmacological profile,
might be one of the most interesting aspects of dimerization when
it comes to drug discovery [31,33] (see Box 1). Drugs targeting
opioid receptors have an important effect in alleviating pain but it
is well known that the activation of opioid receptors also leads to
complications with tolerance, addiction and desensitization in

BOX 1
Development of GPCR dimers as drug targets

Bouvier’s group provided one of the earliest studies that directly
examined GPCR dimerization [84]. They used sequential
immunoprecipitation to demonstrate that the overexpressed
differentially tagged B,-adrenergic receptors (,AR) form homo-
dimers. This group additionally showed that a peptide
corresponding to the sixth transmembrane domain (TMD) portion
of the B,AR could be used to disrupt the dimer and decrease
receptor function. Others have shown that the use of TMD-derived
peptides could also be used to disrupt dimers for other GPCRs
[85,86]. It has recently been shown that a dimer-inhibiting TMD4
peptide of the chemokine receptor CXCR4 shows promise as a
therapeutic strategy for several inflammatory conditions [86]. Some
drugs like the opioid agonist 6'GNTI originally thought to be
specific for the KOR receptor have been shown to have preference
for the KOR-DOR opioid receptor dimer [40]. In line with these
data, many groups have tried to identify contact sites in GPCR
dimers to guide them in developing models that would permit
rational drug design. Computer modeling followed by mutagenesis
studies has been used with varying degrees of success to identify
crucial regions involved in dimerization [87]. The difficulties
encountered are not surprising considering that an understanding
of the fine structure of GPCRs is still lacking so that even rational
drug design of monomeric GPCRs cannot be generically applied
[88]. Disulphide trapping and domain swapping experiments have
also been used to identify crucial residues involved in dimerization
[63,89,90]. Most of these studies point to the importance of the
TMDs of family A receptors being involved in dimer formation [30].
The ability to develop models of GPCR dimers would theoretically
allow the development of dimeric or bivalent drugs that could
interact with both receptors in a dimer and provide potentially
new therapeutics [91]. With this in mind, rational strategies to
develop novel bivalent ligands for dimeric receptor combinations
such as the Mu/Kappa opioid receptors as well as homo-dimeric
gonatropin-releasing hormone receptors (GnRHRs) have been
reported [92,93]. Although such strategies have had only modest
success, they might prove much more fruitful when combined with
our increasing knowledge of the structure of GPCR dimers [34,91].
Of increasing importance to our understanding of the
pharmacology of GPCRs is the expansion of the concept that
GPCRs are highly allosteric proteins [94]. Thus GPCR ligands that
bind to sites other than the natural orthosteric agonist binding site
can serve to modulate GPCR responses. The specificity of allosteric
modulators for GPCR dimers is also a growing interest
[31,33,95,96]. Because individual receptors in a dimer appear to
cooperate to form the functional GPCR dimer, the potential exists
that allosteric modulators for one receptor might affect the
function of each dimer partner.
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patients chronically administered with opioid agonists [8]. The
opioid receptors provide one of the more compelling examples
that illustrate the potential that dimerization has in increasing our
ability to develop highly specific drugs. The k-opioid receptor
(KOR) has been shown to dimerize with the 8-opioid receptor
(DOR) [39]. The pharmacology of this dimer was also found to
differ from either of the monomers such that the agonist, 6'-
guanidinonaltrindole (6’-GNTI), which was previously thought
to be a KOR selective analgesic agonist, has been shown to be
selective for the dimer. Furthermore, the effect of 6/-GNTI is tissue
selective because analgesia was observed when it was injected in
the spinal cord of the mouse but not in the brain [40]. These and
other studies suggest that highly selective drugs having fewer side
effects can be developed by targeting GPCR dimers expressed in
tissue-specific manners [41]. There is evidence that several other
drugs that were originally believed to be agonists for a single GPCR
including antiparkinsonian and antipsychotic dopamine ligands
[42,43] might well be specific for GPCR dimers. Finally, there are
other drugs that are thought to have therapeutic value in part
because they cross-bind several different receptors [22]. Some of
the off-target effects of these so-called ‘dirty drugs’ may be because
of their ability to bind GPCR dimers.

Homologous desensitization of a GPCR is largely because of
agonist-mediated molecular changes on the receptor that can lead
to its internalization [44]. The rate and extent of internalization is
very much receptor and context dependent [45]. Some receptors
internalize rapidly while others appear to avoid internalization
altogether. Although receptor internalization was once thought to
be exclusively involved in terminating signal responses, it is now
well known that internalized GPCRs might also be involved in
activating new signaling cascades [12]. Heterologous desensitiza-
tion by contrast involves the process by which the agonist-
mediated activation of one receptor leads to the inactivation
(and often the internalization) of a different receptor. Receptor-
mediated activation of a protein kinase (such as PKA) that can
phosphorylate the unoccupied receptor is the common mechan-
ism evoked to explain this phenomenon. Numerous studies, most
of which are on the basis of receptor overexpression, have demon-
strated that the rates of desensitization and/or internalization of a
given receptor can be greatly influenced by coexpressing another
receptor, as observed for KOR and the chemokine CXCR4 receptor
[32,46]. Many of these cross-desensitizations, including the
CXCR4-mediated decrease in KOR responsiveness, are also
observed in vivo [46]. Despite these findings and the fact that
appropriate controls were performed that show receptor specificity
in the process, there remains a great deal of scepticism as to
whether dimer formation or some other mechanism is involved
in the observed effects of coexpressed receptors on internalization
[32,34].

Coexpression of a mutant GPCR receptor (i.e. unable to bind
agonist, to leave the ER or to activate the G-protein) with a wild-
type homologous or heterologous receptor will often result in
blocking the function of the wild-type receptor [47]. This type
of dominant negative effect can be observed in yeast and it might
also be responsible for certain forms of genetically dominant
diseases associated with defective GPCRs [48]. For example, in
hypogonadotropic hypogonadism a mutant allele expressing an
ER-trapped gonadotropin-releasing hormone receptor (GnRHR)

can serve as a dominant negative and block the biogenesis of
the receptor that is expressed by the wild-type allele [49]. The
development of cell permeable receptor specific chaperon-like
drugs is likely to be an effective therapeutic avenue for these types
of syndromes [50]. The use of dominant negative GPCRs has also
been shown to be part of the normal repertoire that is used to
regulate receptor signaling [47]. For example, alternative splicing
of numerous GPCR-encoding genes, including the dopamine D3
and the calcitonin receptors produces truncated proteins that
dimerize with their cognate receptor and serve as dominant nega-
tive regulators [26]. Other examples include the identification of
some orphan receptors, like GPR50, that are capable of inhibiting
the heterologous melatonin MT; receptor [51]. Using an immor-
talized human endothelial cell line that endogeneously expresses
both receptors, it was shown that siRNA-mediated downregulation
of GPR50 expression by 60% was sufficient to increase the level of
pharmacologically detectable MT; receptors and to increase its
signaling potency. There is somewhere in the order of 140 orphan
receptors identified in the human genome and it has been postu-
lated that no actual ligands might exist for many of these orphan
receptors and instead they would dimerize with, and regulate in a
ligand-independent manner, the signaling response of other
GPCRs [30,51]. These and other studies suggest that siRNA might
be used against certain GPCRs to modulate responses for thera-
peutic purposes [47].

Criticism of the ubiquity of dimers

One of the rallying cries from some of the proponents of GPCR
dimerization is centered around the concept that GPCRs are born,
function and die as dimers (or oligomers) [29]. The evidence for
this concept is very strong in many cases especially for family C
receptors, including GABAgRs. For family A receptors, a good deal
of the support for this concept is on the basis of experiments that
involve co-overexpression of differentially tagged GPCRs in cul-
tured mammalian cells. Methodologically, the interactions
between receptors can be detected using sequential immunopre-
cipitation (i.e. HA, c-myc tags) or by resonance energy transfer
(RET) techniques (i.e. luciferase, different fluorescent proteins
(YEP) tags) such as fluorescence resonance energy transfer (FRET)
or bioluminescence resonance energy transfer (BRET) [27,30,34].
Many modifications of these techniques have been developed,
some of which are rather sophisticated and allow for precise
monitoring of GPCR-GPCR interaction under different conditions
such as the real time examination of their interactions [52].
Although no one now refutes the existence of GPCR dimers on
the basis of the cumulated data available, there is nevertheless
debate within the field regarding the interpretation of GPCR
dimerization data [53,54]. The majority of this criticism is on
the basis of the overinterpretation and over-reliance on methodol-
ogies that have some potential shortcomings. One major criticism
is in regard to the fact that most studies rely on the use of
transfected cells that overexpress tagged GPCRs [34,53]. The fact
that these proteins are endogenously expressed at very low levels
coupled to the lack of high-quality antibodies to GPCRs, makes it
such that their overexpression is in most cases required to monitor
the receptor [25]. Overexpressed GPCRs represent a nonphysiolo-
gical increase in the levels of the receptor, so it is not hard to
imagine that under such conditions there would not be a certain
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amount of nonphysiological interactions [55]. These issues are
now largely being addressed and there are efforts to control
expression levels by using low concentrations of DNA for trans-
fection, as well as by using inducible promoters, to obtain cell
lines that express endogenous-like levels of tagged GPCR proteins
[55]. Meyer et al. [55] addressed this issue by using FRET of
fluorescent-labeled neurokinin-1 receptors (NK1R) in HEK293
cells expressing physiological levels and supra-physiological
levels of the receptor. They found that NKIR could be found to
interact with each other only when overexpressed at high levels.
In addition, evidence was presented that the interaction was
because of the accumulation of NK1R in cholesterol-rich micro-
domains and thus the observed positive FRET responses might
represent nonspecific receptor interactions. It should neverthe-
lessbe noted that in yeast, where physiological levels of the tagged
receptors can be studied, all the available evidence strongly
suggests that the adage regarding the birth and death of GPCRs
as dimers is true at least as it pertains to the STE2-encoded GPCR
[48] (see Box 2). RET methodologies also come under scrutiny [34]
because some critics suggest that RET signals might be seen if
GPCRs are in close enough proximity without actually touching
each other [53]. Other criticisms, including some physicochem-
ical considerations, suggest that many GPCR dimers might only
exist transiently like many other interacting proteins while some
studies suggest that some dimers might be formed in response to
or during agonist binding [32,54].

One particularly appealing and compelling piece of evidence for
higher order GPCR structures is the images published on cryoelec-
tron microscopy of rhodopsin in outer trod segments. They show
the receptors in tight groups that suggest a complex quaternary
structure [56]. Models, supported by this and a variety of other
data, have been put forward to suggest that dimeric forms of
rhodopsin and many other GPCRs would be the functional signal-
ing that serves as the activator of a heterotrimeric G-proteins.
Biochemical evidence has previously demonstrated that GPCRs
were functionally monomeric proteins and a recent review of these
studies suggests that the data still hold true today [57]. More recent
studies using reconstituted GPCRs show that a variety of these
receptors, including rhodopsin, Bs-adrenergic and neurotensin
receptors, are capable of activating G-proteins as monomers
[58-60].

Taking everything together, it is argued that a more modest
interpretation of the available data, and avoiding ‘sweeping gen-
eralizations’, would allow one to conclude that the immense
diversity of GPCR structure and function will also apply to the
dimerization of GPCRs [53].

Strategies to identify physiologically relevant dimers

There are many real life examples in which the stimulation of one
type of GPCR leads to the modulation of a different GPCR [10].
These types of functional interactions are often due to crosstalk
without direct physical interaction between the receptors. Exam-
ples include the oxytocin-mediated release of prostaglandin recep-
tor agonist in parturition and the modulation of neurotransmitter
GPCR release by other GPCR agonists such as cannabinoids [9,61].
To investigate the possibility that the observed GPCR crosstalk
might be because of dimerization several different strategies can be
employed [27,34]. First, it would be wise to make sure that the two

BOX 2
Yeast as a genetic system to characterize mammalian
GPCR dimers
The process of mating in the yeast Saccharomyces cerevisiae is
largely mediated by GPCRs [97]. Using powerful genetic
approaches, a great deal of information regarding the process of
signaling from the a-factor binding GPCR (Ste2p) has been
uncovered in yeast including the first demonstration that the Gg,
subunit can mediate the signaling responses of GPCRs, as well as
the identification of regions within the endogenous a-factor
receptor that are responsible for its dimerization [48,97]. Yeast
strains have been developed that have allowed for the functional
expression of a multitude of different mammalian GPCRs [98]. This
has been exploited for several purposes including the identification
of functional important residues in different GPCRs and the
identification of agonists capable of activating orphan GPCRs
[99,100]. Of interest here, the analysis of dimerization of the
mammalian C5a GPCR, including the identification of regions
within the receptor that are likely to be involved in mediating this
interaction, has also been carried out in yeast [48]. Finally it has
recently been demonstrated that the interaction of the ligand
bound GPCRs for the two different sex pheromones (Ste2p for a-
factor and Ste3p for a-factor) appears to be a necessary step for the
fusion of the two haploid cells that occurs during mating [101]. The
latter study raises the possibility of using a mating assay to quickly
identify mammalian GPCRs that can interact with each other and
to develop possible high-throughput assays to identify crucial
residues and develop drugs capable of blocking dimerization.
Genetic modifications including the removal of the endogenously
expressed Ste2p receptor have served to increase the number of
mammalian GPCRs that can be expressed in yeast. Many of these
heterologously expressed receptor can now be shown to couple to
the endogenous pheromone response signaling pathway [98].
Nevertheless, there are still several mammalian GPCRs that cannot
be functionally expressed in yeast [102]. It seems probable that the
removal of the Ste2p receptor increased the signaling responses
from heterologous mammalian GPCRs because the endogenous
receptor can interfere with mammalian receptor signaling. This
interference is likely to be because of, at least in part, to the yeast
receptor dimerizing with the heterologously expressed mammalian
GPCR. In this light, it seems probable that some mammalian GPCRs
might not function in yeast because of interference from the other
yeast GPCR (GPR1) [97]. Further modification of the available yeast
strains to include the removal of GPR1 should serve to increase the
repertoire of mammalian GPCRs and GPCR dimers that can be
studied in yeast. It is worth noting that GPCRs are also actively
being studied in several other genetically amenable model systems
including fruit fly, slime mold and the worm C. elegans [103-105].
These organisms express multiple GPCRs and will probably serve to
shed light on the importance of dimerization in the process of
GPCR signaling in metazoans.

receptors investigated are actually expressed in a single cell type (at
least at the mRNA level) so that the GPCR dimer being investigated
is physiologically relevant [32]. A surprising number of studies
have been carried out in which different GPCR pairs that are very
unlikely to ever meet in vivo are overexpressed. Although a variety
of different strategies have been employed, it nevertheless remains
difficult to conclusively demonstrate that GPCRs are dimerizing in
vivo. Many have suggested that the gold standard remains coim-
munoprecipitation of the native receptor from an actual tissue or
cell [30,31]. There still remain issues associated with coimmuno-
precipitation of the multimembrane spanning domain proteins
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because the receptors might only be interacting with each other in
vitro as the cellular extracts are being prepared. A variety of con-
trols including immunoprecipitation of each receptor from tissues
that express only one of the receptor pairs would go a long way
toward confirming the existence of the bona fide dimer in vivo.
Physiological studies can then be carried out to determine the role
of the dimer and the possibility that this receptor dimer can be
used as a candidate drug target. Examples of such studies include
the involvement of canabinoid/adenosine A2 dimers in canabi-
noid-induced motor effects in the striatum [62], the interaction of
serotonin 2A (5-HT,4) and glutamate 2 (mGLuR2) receptors as
mediators of hallucinogenic drugs [63] and angiotensin II AT, and
bradykinin B, receptor dimers in pre-eclampsia [64]. An alternative
strategy to confirm dimerization would be to generate animal
models in which differentially tagged versions of the two receptors
would be knocked into the genome to replace the wild-type
version of the gene. Thus RET analysis could be performed under
conditions of wild-type levels of expression and in primary cells
derived from a variety of different tissues.

Paradigm shift from molecular-based targets to
pathway-based in vivo systems

Once a candidate GPCR dimer has been selected, modification to
existing drug screening strategies would need to be put in place.
Historically, early drugs for GPCRs were often designed on the
basis of the structure of the native agonists and further developed
by monitoring physiological effects in an isolated tissue (i.e. blood
vessel) or whole animal [65]. This was before the advent of mole-
cular cloning and actually required no, or very little, knowledge of
the structure of the receptor. The identification and cloning of
genes encoding GPCRs ushered in a new era of drug development
[66]. The ability to overexpress a desired GPCR-encoding cDNA in
a heterologous cell line such as CHO or HEK [67] in conjunction
with the development of automated assays to monitor the activa-
tion of the different receptors [68] brought about the ability to
carry out screens using large chemical libraries [7]. With the
probable identification of all human genes encoding GPCRs, the
number of potential molecular-based GPCR targets now seem
limitless especially when it is considered that drugs actually exist
for a very few of these receptors [3]. Such high-throughput screens
(HTSs) were successful at identifying in vitro ligands for several
known and orphan receptors [7]. Subsequent molecular modeling
allows for the development of these primary hits into higher
affinity ligands for the target. In spite of the successes of this
strategy, and notwithstanding the fact that investment into drug
discovery is ever increasing, the ability to develop new drugs has
been decreasing in recent years. It has been estimated that 6% or
less of preclinical stage candidate drugs pass on to market [69]. This
decreased success can be attributed to several factors including the
depletion of the so-called easy drug targets that are pharmacolo-
gically and physiologically easy to monitor, as well as the fact that
drugs developed using in vitro assays often lack in vivo efficacy are
toxic or give rise to unwanted side effects [69]. Although the
development of novel screening systems will increase the cost
of drug discovery, given the diminishing returns, it might be
worthwhile to place more resources on developing in vivo like
HTS technologies. The proposed changes are not trivial, but several
promising avenues for the development of such systems have been

described [70-75]. Many of these new systems involve a change in
philosophy away from single molecular-based targets toward path-
way-based systems. These approaches have more resemblance to
the strategies used by biotechnologists that endeavor to alter the
metabolism of microbes to get them to produce desired biological
products [66,69,76-78].

Instead of overexpressing two different GPCRs in a heterologous
cell line, a new strategy could consist of the identification of a
suitable in vivo cell system that endogenously expresses both
receptors. Care would be taken to use cells derived from a tissue
of interest and that the appropriate response to the stimulation of
the receptors is maintained upon culturing of the cells. These
could be primary cells like the platelet cells that were used to
show that patients with pre-eclampsia contained higher levels of
angiotensin II AT; and bradykinin B, receptor dimers [64].
Although primary cells are commonly used for toxicology assess-
ments, the difficulties associated with their propagation and cul-
ture might limit their use to secondary screens or to screen a panel
of already available agonists [71,74]. For example, existing agonists
for monomeric GPCRs might be screened for their ability to
activate a GPCR dimer of interest in cultured primary cells. Given
that GPCR dimers, like monomers, are highly allosteric molecules,
agonists that alter the behavior of one receptor will probably alter
the structure of both GPCRs in the dimer. Thus, though the opioid
agonist 6/'-GNTI was originally thought to be a KOR-specific ago-
nist, it was later found to have very little affinity for opioid receptor
monomers but instead it had high affinity for KOR/DOR dimers
[40]. As mentioned above, altered pharmacological responses are
also observed in several other dimers including the Angll AT,
receptor, which shows a fivefold increase in signaling responses
when it is dimerized to the bradykinin B, receptor [64]. Thus these
types of screens using available GPCR ligands would probably
serve to uncover several physiologically relevant GPCR dimer
ligands [79]. These will probably prove to be invaluable tools that
are desperately needed in the pursuit of the structure and function
of GPCR dimers [80].

Alternative cells that have been suggested include the use of
existing lines that closely mimic endogenous cells or immortalized
primary or adult progenitor cells [74,81]. For example, an immorta-
lized human endothelial cerebral cell (hnCMEC/D3) was found to
express the melatonin MT; and the GPRS0 orphan receptors endo-
genously and was used to show that GPR50 dimerizes with and
inhibits signaling from MT; [82]. The siRNA-mediated knockdown
of MT; was used to confirm this effect. In addition to siRNA, the use
of primary cells derived from gene knockout (KO) animals can alsobe
effective in assessing the importance of both receptors in the dimer.

The use of pluripotent embryonic stem (ES) cell lines, which are
derived from the inner cell mass of blastocysts of in vitro fertilized
human or other mammalian eggs, probably holds the greatest
potential for the development of novel screening systems [70-72].
These cells can be propagated in vitro and made to differentiate
into a wide range of different cell types including many that
express multiple GPCRs such as cardiomyocytes, endothelial
and smooth muscle cells [70]. Although generating, culturing
and using these cells are theoretically rather straightforward
[70], a large number of technical hurdles largely impede the
widespread use of these cells. The ability to consistently generate
terminally differentiated cells with identical phenotypes and
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obtaining cell populations that are phenotypically homogeneous
are some of the associated problems [72]. In one recent study, it
was found that dopaminergic neuronal cells derived from mouse
ES cells were found to be heterogeneous because they also con-
tained a relatively high percentage of other cellular subtypes [83].
Of advantage is the ability to generate ES cells from genetically
altered, or other, mice strains that serve as models for different
diseases. The promise exists that compounds identified in screens
using more in vivo like cells are more likely to elicit similar
responses in in vivo systems.
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