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For years, conventional drugdesign atG-protein coupled receptors (GPCRs)hasmainly focusedon the inhibitionof
a single receptor at a usually well-defined ligand-binding site. The recent discovery of more and more
physiologically relevant GPCR dimers/oligomers suggests that selectively targeting these complexes or designing
small molecules that inhibit receptor–receptor interactions might provide new opportunities for novel drug
discovery. To uncover the fundamentalmechanisms anddynamics governingGPCRdimerization/oligomerization,
it is crucial to understand the dynamic process of receptor–receptor association, and to identify regions that are
suitable for selective drug binding. Thisminireviewhighlights current progress in thedevelopment of increasingly
accurate dynamic molecular models of GPCR oligomers based on structural, biochemical, and biophysical
information that has recently appeared in the literature. In view of this new information, there has never been a
more exciting time for computational research into GPCRs than at present. Information-drivenmodernmolecular
models of GPCR complexes are expected to efficiently guide the rational design of GPCR oligomer-specific drugs,
possibly allowing researchers to reach for the high-hanging fruits in GPCR drug discovery, i.e. more potent and
selective drugs for efficient therapeutic interventions.
© 2009 Elsevier Inc. All rights reserved.
Introduction
G-protein coupled receptors (GPCRs) are abundant membrane
proteins consisting of an extracellular N-terminus, seven highly
conserved transmembrane (TM) domains, three intracellular (IC)
and three extracellular (EC) loops, and an intracellular C-terminus.
Despite their architectural homology, GPCRs can respond to diverse
stimuli and initiate various intracellular signaling cascades (Luttrell
2008) in either G-protein-dependent or independent manners
(Delcourt et al. 2007; Lefkowitz 2007). As a result, GPCRs mediate a
variety of physiological and pathophysiological processes (Thompson
et al. 2008), are the primary targets for about 30% of prescription
drugs (Overington et al. 2006), and are likely to be potential targets
for new therapeutic drugs (Xiao et al. 2008).

Targeting the orthosteric ligand-binding sites (i.e. the same binding
sites recognized by endogenous ligands) of GPCRs for the development
of therapeutic drugs has engaged, and continues to engage, many
academic researchers and pharmaceutical industries (Lagerstrom and
Schioth 2008). However, the growing body of evidence that GPCRs form
clinically relevant dimers/oligomers with implications in pain (Finley
et al. 2008; Waldhoer et al. 2005), asthma (McGraw et al. 2006),
Parkinson's disease (Carriba et al. 2007), schizophrenia (Gonzalez-
Maeso et al. 2008), pre-eclampsia hypertension (AbdAlla et al. 2001),
andhypogonadotropic hypogonadism(Leanos-Mirandaet al. 2005), has
l rights reserved.
generated a great interest in GPCR dimers/oligomers as exciting new
targets for novel drug discovery (Panetta and Greenwood 2008).

Small-molecule drug discovery at GPCR dimers is certainly more
challenging than conventional GPCR drugdiscoveryat single orthosteric
ligand-binding sites, but represents an innovative direction for the 21st
century medicine. One of the fundamental challenges in developing
GPCR dimer-specific drugs is to understand the mechanisms and
dynamics governing the interaction between receptor pairs and/or
higher-order oligomers. Despite the numerous efforts to explore this
issue, the information available is still very limited. This minireview
summarizes current progress in the development of increasingly
accurate computational models of GPCR oligomers using important
structural, biochemical, and biophysical information that has become
available in recent literature. These computational models further
refined on the basis of detailed structural and dynamic information
derived fromexperimentsmay provide amore complete understanding
of the molecular and energetic basis of GPCR oligomerization, thus
facilitating the design of novel GPCR oligomer-specific drugs.

New structural templates for GPCR monomeric models

Over the last ten years, the number of GPCR crystal structures has
increased remarkably going from the single crystal structure of bovine
rhodopsin in year 2000 (Palczewski et al. 2000) to twenty-four
different crystal structures of rhodopsin-like class A GPCRs in year
2008 (Bortolato et al. 2009). Specifically, high-resolution crystal
structures are currently available for native and mutant bovine
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rhodopsin (Li et al. 2004; Nakamichi et al. 2007; Nakamichi and Okada
2006a,b; Okada et al. 2002, 2004; Palczewski et al. 2000; Salom et al.
2006; Standfuss et al. 2007; Stenkamp 2008; Teller et al. 2001), native
bovine opsin (Park et al. 2008; Scheerer et al. 2008), native squid
rhodopsin (Murakami and Kouyama 2008; Shimamura et al. 2008),
engineered human β2-adrenergic receptor (Cherezov et al. 2007;
Hanson et al. 2008; Rasmussen et al. 2007; Rosenbaum et al. 2007),
turkey β1-adrenergic receptor mutant (Warne et al. 2008), and
engineered human adenosine A2A receptor (Jaakola et al. 2008).

Fig. 1 shows global superpositions of representative current GPCR
crystallographic structures of bovine rhodopsin, squid rhodopsin, β2-
adrenergic receptor, β1-adrenergic receptor, ligand-free bovine opsin,
and adenosine A2A receptor corresponding to Protein Data Bank (PDB)
(Bermanet al. 2000) identification codes 1GZM, 2ZIY, 2RH1, 2VT4, 3CAP,
and 3EML, respectively. Although the overall helical-bundle topology is
conserved among the different GPCR structures, several differences can
be identified from their comparison. Fig. 1a shows the largest structural
differences between adrenergic and rhodopsin receptors in cartoon
representations. For instance, a large difference is observed in TM1 of
adrenoceptors compared to bovine rhodopsin due to the lack of a
proline-induced kink in this helix. Notably, two of the four β1-
adrenergic receptormolecules thatwere found in the unit cell exhibited
a 60° kink in TM1. Another large difference between adrenoceptors and
rhodopsin can be ascribed to the pronounced structural plasticity of the
EC2 loop of adrenoceptors compared to rhodopsins, and of the IC2 loop
of β1-adrenergic receptor compared to all other available GPCR crystal
structures. Particularly interesting is the unexpected difference in the
conformation of IC2 between β1-adrenergic (short α-helix parallel to
the membrane surface) and β2-adrenergic (extended conformation)
receptors because of thehigh sequence conservation between these two
cognate receptors. However, one cannot exclude the possibility that
crystallographic artifacts and/or experimental conditions may be
causing this structural difference.

The cytoplasmic side of TM5–TM6 helices also exhibits conforma-
tional differences as shown in Fig. 1b where a comparison between
Fig. 1. Structural comparison between representative class A GPCR crystal structures. Crystal
(2RH1), β1-adrenergic receptor (2VT4), ligand-free bovine opsin (3CAP), and adenosine A
respectively. a) Global superposition of bovine rhodopsin, β2-adrenergic receptor, and β1-a
IC2, and TM1) shown in cartoon representation; b) Global superposition of squid and bovine
(intracellular view) of bovine rhodopsin, ligand-free opsin, and adenosine A2A receptor wi
representative crystal structures of squid (Murakami and Kouyama
2008; Shimamura et al. 2008) and bovine (Li et al. 2004; Palczewski
et al. 2000) rhodopsin reveals longer TM5 and TM6 helices and/or a
unique IC3 loop in squid rhodopsin. This difference may result in a
specific coupling mode of squid rhodopsin with its G-protein linked Gq,
suggesting a possible reason for rhodopsin signaling specificity between
vertebrates and invertebrates. Another clear structural difference is
revealed by comparison of ligand-free bovine opsin with all other
available GPCR crystal structures. In fact, opsin crystal structure exhibits
a pronounced opening at the cytoplasmic side, achieved by a 6–7 Å
outward movement of TM6, and consequent rearrangement of the IC2
and IC3 loop regions. As shown as an example in Fig. 1c by global
superposition of adenosine A2A, bovine rhodopsin, and ligand-free
opsin receptors, bovine rhodopsin is the only crystal structure exhibiting
an intact network of hydrogen bonds and charge interactions among
residues E/D3.49, R3.50 and E6.30, usually referred to as the “ionic lock”.
The two-numeral identifiers refer to the generalized Ballesteros–
Weinstein numbering system (Ballesteros and Weinstein 1995) with
the first number indicating the TM helix, and the second number
indicating the position in the helix with respect to the most conserved
residue or position 50 in the amino acid sequence. For β2-adrenergic,
β1-adrenergic, and adenosine A2A receptors the possibility cannot be
ruled out that changes at the cytoplasmic side of these engineered and/
or mutant GPCRs are due to their non-native state and/or the special
experimental conditions used for their crystallization, and/or percent-
age of basal activity. Notably, submicrosecond molecular dynamics
simulations of β1- (Vanni et al. 2009) and β2-adrenergic (Dror et al.
2009; Vanni et al. 2009) receptors in a lipid bilayer under physiological
conditions recover the “ionic lock” that is absent in the crystal
structures. This ionic lock is also present in a complete β1-adrenergic
receptor crystal structure recently solved crystallographically in the
Schertler's lab (Gebhard F.X. Schertler, personal communication).

Important differences among available GPCR crystal structures are
also found at the orthosteric ligand-binding pocket site. While the
rhodopsin and adrenoceptor ligand-binding pockets are very similar
structures of bovine rhodopsin (1GZM), squid rhodopsin (2ZIY), β2-adrenergic receptor
2A receptor (3EML) are depicted in cyan, orange, blue, red, magenta, and grey colors,
drenergic receptor with regions exhibiting the largest conformational differences (EC2,
rhodopsinwith TM5 and TM6 helices in cartoon representation; c) Global superposition
th “ionic lock” residues E/D3.49, R3.50, and E6.30 in stick representation.



Table 1
Examples of GPCRs whose TM1, TM4, and/or TM5 regions have been proven
experimentally to play a role in dimerization/oligomerization.

GPCRsa TMs Experimental approach Reference

D2DR TM1,
TM4,
TM5

Truncated forms, cysteine
cross-linking, FRET, BRET,
BiFC, BiLC

Lee et al. (2003); Guo et al. (2005);
Guo et al. (2003); Guo et al. (2008)

5-HT4 TM4 BRET Berthouze et al. (2007)
α1b TM1,

TM4
Truncated forms, FRET Carrillo et al. (2004);

Lopez-Gimenez et al. (2007)
C5a TM1,

TM4
Disulfide trapping Klco et al. (2003)

CCR5 TM1,
TM4

FRET Hernanz-Falcon et al. (2004)

mGluR2 TM4,
TM5

Co-immunoprecipitation,
FRET, allosteric binding

Gonzalez-Maeso et al. (2008)

VT2R TM4 FRET Mikhailova et al. (2008)
5-HT2C TM1,

TM4,
TM5

Disulfide trapping Mancia et al. (2008)

a α1b, α1b-adrenergic receptor; BiFC, bimolecular fluorescence complementation;
BiLC, bimolecular luminescence complementation; BRET, bioluminescence resonance
energy transfer; CCR5, chemokine CCR5 receptor; C5a, C5a receptor; D2DR, dopamine
D2 receptor; FRET, fluorescence resonance energy transfer; mGluR2, metabotropic
glutamate receptor; VT2R, Arginine vasotocin receptor; 5-HT4, serotonin 5-HT4
receptor; 5-HT2C, serotonin 5-HT2C receptor.

Fig. 2. Alternative configurations of the TM4 interface of GPCR dimers. a) Simultaneous
involvement of TM4 and TM5 at the dimerization interface; b) Exclusive involvement of
TM4 at the dimerization interface.
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(albeit different) and their bound ligands make most contacts with
TM3, TM5, and TM6, the ligand-binding pocket location is completely
different in the adenosine A2A structure. In this structure, the ligand
appears to be involved in much closer interactions with TM6 and TM7,
because of a shift of the extracellular portions of TM2 and TM5 toward
the ligand-binding pocket, and a shift of TM3 toward TM5.

Even slight differences in the arrangement of TM helices and large
loops of GPCRs can affect the performance of structure-based drug
design strategies applied to this family of receptors. Recent computa-
tional work on β2-adrenergic receptor has shown an improvement in
the predictive power of the β2-adrenergic receptor crystallographic
structure compared to rhodopsin-based models for the discovery of
novel chemical classes acting at this receptor (Costanzi 2008; Kolb et al.
2009; Sabio et al. 2008; Topiol and Sabio 2008). This observation
highlights the need formore high-resolution crystal structures of GPCRs
in their native ligand-binding states, hence for the development and
assessment of enhanced expression and purification methods, to
improve rational drug design at this family of receptors. Since GPCR
structural biology projects are quite complex, and usually require
several years of persistent work, homology modeling strategies using
better templates can be used in the interim to generate enhanced
molecular models for most GPCR subtypes of the human genome. In
case of low sequence identity between all GPCR templates and target
sequences (e.g., less than 30% sequence identity as recently calculated
for membrane proteins (Forrest et al. 2006)), the choice of an available
crystal structure over another for homology modeling approaches
seems to be quite irrelevant, as neither of these templates are expected
to yield optimal molecular models of the receptor under study. Recent
calculations carried out in my laboratory (Mobarec et al., manuscript in
preparation) suggest that, in case of low template-target sequence
identity, multiple templates using all available GPCR crystal structures
may provide an improvement over single-template homologymodeling
strategies for the generation of more accurate overall models. However,
these models are not necessarily better models for use in rigid protein-
flexible ligand docking strategies aimed at drug design.

New biochemical and biophysical data for GPCR
oligomeric models

More andmore experimental data support the view that GPCRs exist
and function as contact dimers or higher-order oligomers with TM
regions at the interfaces. In contact dimers/oligomers of GPCRs, the
original TM helical-bundle topology of each individual protomer is
preserved and interaction interfaces are formed by lipid-exposed
surfaces. Although domain-swap models, i.e. models in which domains
TM1–5 and TM6–7 would exchange between protomers, have also been
proposed in the literature, there is limited direct evidence that supports
them (Vohra et al. 2007). On the other hand, compelling experimental
evidence exists for the involvement of lipid-exposed surfaces of TM1,
TM4 and/or TM5 at the dimerization/oligomerization interfaces of
several GPCRs (see summary in Table 1). For instance, either the
employment of various truncated forms of dopamine D2 receptor (Lee
et al. 2003) or cross-linking of cysteine mutants of this receptor (Guo
et al. 2005; Guo et al. 2003; Guo et al. 2008) supported the direct
involvement of TM4 in the homodimerization of this GPCR. Based on
observed differences in the rates of cross-linking at specific locations in
the presence of agonists or inverse agonists (Guo et al. 2005), we
suggested alternative molecular models of the TM4 interface (with or
without the simultaneous involvement of TM5; Fig. 2a and b,
respectively) of dopamine D2 receptor homodimers, and inferred
about the likelihood of specific conformational rearrangements of this
interface (protomer displacement or exchange) over others (TM4
rotation around its own helical axis) using an elastic network model
(Nivand Filizola 2008). ThatTM4plays an important role indimerization
has also been reported for serotonin 5-HT4 receptor homodimer
(Berthouze et al. 2007), serotonin 5-HT2C homodimer (Mancia et al.
2008), α1b-adrenoceptor homodimer (Carrillo et al. 2004; Lopez-
Gimenez et al. 2007), C5a receptor homodimer (Klco et al. 2003),
chemokine CCR5 homodimer (Hernanz-Falcon et al. 2004), serotonin 5-
HT2A-metabotropic glutamate receptor 2 heterodimer (Gonzalez-
Maeso et al. 2008), and corticotropin releasing hormone-VT2 arginine
vasotocin receptor heterodimer (Mikhailova et al. 2008) using several
approaches, such as receptor fragmentation, mutagenesis, biolumines-
cence and fluorescence resonance energy transfer (BRET and FRET),
disulfide trapping, or self-association. However, TM4 association (with
or without the participation of TM5) appears to be only one component
of larger oligomeric arrangements, as recently demonstrated for α1b-
adrenoceptor (Lopez-Gimenez et al. 2007), C5a receptor homodimer
(Klco et al. 2003), chemokine CCR5 homodimer (Hernanz-Falcon et al.
2004), serotonin 5-HT2C receptor (Mancia et al. 2008), and dopamine
D2 receptor (Guo et al. 2008) using several techniques including three-
color fluorescence resonance energy transfer (3-FRET), bimolecular
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fluorescence (BiFC) and luminescence (BiLC) complementation, or
disulfide-trapping experiments. In the proposed oligomeric arrange-
ments of these receptors, TM1helices form interfaces in addition to those
involving TM4 and/or TM5. Notably, the simultaneous involvement of
TM1, TM4, and TM5 at dimerization/oligomerization interfaces was first
proposed for murine rhodopsin in native rod outer segments based on
inferences from atomic force microscopy topographs (Fotiadis et al.
2003; Liang et al. 2004). Although time-resolved FRET and snap-tag
technologies have recently provided further evidence for the oligomeric
state of both class A and class C GPCRs (Maurel et al. 2008), the proposed
oligomeric arrangement of rhodopsin remains controversial (Chabre et
al. 2003).

Several computational strategies (recently reviewed in Fanelli and
De Benedetti (2006); Filizola and Weinstein (2005); Nemoto and Toh
(2006); Reggio (2006); Vohra et al. (2007)) have also predicted TM1,
TM4, and/or TM5 as likely dimerization/oligomerization contact
interfaces of GPCRs. Among at least 28 different possibilities for TM
packing of GPCR homodimers, the preferential involvement of TM4
and/or TM5 in homodimeric interfaces was independently predicted by
computational methods for several GPCRs, including adenosine A3
receptor (Kim and Jacobson 2006), dopamine D2 receptor (Filizola et al.
2005; Guo et al. 2005; Nemoto and Toh 2006), rhodopsin (Periole et al.
2007), δ- and κ-opioid receptors (Filizola and Weinstein 2002), and
lutropin receptor (Fanelli 2007). Our correlated mutation analysis-
based approach further refined on the basis of specific criteria to reduce
the number of false positives, identified TM1 and TM4 most often as
putative interfaces among experimentally known rhodopsin-like GPCR
dimers/oligomers (Filizola et al. 2005; Filizola and Weinstein 2005),
including opioid receptors (Filizola et al. 2002; Filizola and Weinstein
2002). In the case of opioid receptors, we predicted TM4 and/or TM5 as
the most likely interfaces of δ- and κ-opioid receptor dimerization, and
TM1 as the most likely interface of dimerization for μ-opioid receptors.
Although it might be conceivable that the molecular determinants at
dimerization/oligomerization interfaces can differ even among cognate
GPCRs, thus providing a possible rationale for their functional
selectivity, it must be kept in mind that the stringent criteria that our
original evolutionary-based computational methods used to eliminate
as many false positives as possible could be responsible for either
missing an actual interface, or favoring a higher-order oligomerization
interface in one receptor subtype but not another. Moreover, the
accuracy of all these sequence-based computational tools may be
impaired by the paucity of amino acid sequences from different
organisms available for each GPCR subfamily, which strongly reduces
the statistical significance of the dataset used for calculations. Last but
not the least, the use of the rhodopsin crystal structure in the original
calculations to single out lipid-exposed correlated mutations for
predictions of contact dimers/oligomers on the basis of solvent
accessibility values may have added an additional level of uncertainty.
In fact, the recently revealed differences between rhodopsin and non-
rhodopsin GPCR crystal structures are likely to result in some variations
in solvent accessibility values at equivalent positions in different GPCRs.

Guided by experiments, we have recently proposed two alternative
molecular models of the tetrameric arrangement of dopamine D2
receptor, with both TM1 and helix 8 (H8) at one symmetric homodimer
interface, and either TM4 and TM5 or TM4 alone at the other
homodimer interface (Guo et al. 2008). Notably, our proposed
configuration of the TM1,H8-TM1,H8 interface of the dopamine D2
receptor homodimer based on cross-linking data was obtained using
the recent high-resolution crystal structure of the β2-adrenergic
receptor (Rasmussen et al. 2007) as a template for each dopamine D2
receptor protomer. The TM1 kink that is present in rhodopsin-based
models of dopamine D2 receptor prevented this specific information-
driven packing of TM1, which also differed from the symmetric TM1
interfaces of GPCRs in parallel configurations deriving from either
crystallography (Cherezov et al. 2007; Murakami and Kouyama 2008;
Park et al. 2008; Salom et al. 2006; Scheerer et al. 2008), electron-
microscopy (Ruprecht et al. 2004; Schertler 2005), or atomic force
microscopy (Fotiadis et al. 2003; Liang et al. 2004). It is worth
mentioning here that additional non-symmetric interfaces (e.g.,
involving TM3 and TM6 helices) were identified in our proposed
dopamine D2 receptor oligomeric arrangements, but these additional
contacts remain to be tested experimentally.

Although the experimental literature supports more and more the
involvement of specific TM helices at dimerization/oligomerization
interfaces of GPCRs, the specific contribution of individual amino acids
to these interfaces has beenmore difficult to determine or to generalize.
As a consequence, general examples of GPCR dimerization-disrupting
mutants of motifs or residues within the TM helices are scarce. For
instance, despite the presence of a glycophorin A like GXXXGmotif in a
fewGPCRs, disruption of this motif was suggested to have a detrimental
effect on the yeast pheromone receptor dimerization (Gehret et al.
2006; Overton et al. 2003) and theβ2-adrenergic receptor (Hebert et al.
1996), but not on the dimerization/oligomerization of α1b-adrenocep-
tor (Carrillo et al. 2004; Stanasila et al. 2003) or the class B secretin
receptor (Lisenbee and Miller 2006). A number of studies employing
peptides corresponding to specific TM domains have also been reported
to cause GPCR dimerization disruption and/or to modulate function
(Harikumar et al. 2006; Ng et al. 1996; Wang et al. 2006). However,
although findings of these experiments were generally shown to be
specific for the sequences of certain synthetic peptides, a specific
peptide–receptor interaction at one sitemay still modulate the ability of
the receptor to form dimers at different interfaces.

Although it is difficult to imagine that single point mutations are
sufficient to disrupt entire dimerization/oligomerization interfaces of
GPCRs, there are a few pertinent examples in the literature. For
instance, mutations of I1.54 and V1.47 of the human chemokine
receptor CCR5 were shown to generate nonfunctional receptors that
could not dimerize or trigger signaling (Hernanz-Falcon et al. 2004).
To facilitate identification of dimerization-disrupting mutants of
GPCRs, we have recently contributed to the design of an ad-hoc
computational method whose efficacy was tested by comparing
experimental data from mutagenesis of the TM helix–helix interface
of glycophorin A with computational predictions at that interface
(Taylor et al. 2008). Using a rhodopsin homodimer involving TM4 and
TM5 at the interface as a template, we predicted sets of three and five
dimerization-disrupting mutations, whose effect remains to be tested
experimentally.

Small molecules targeting GPCR oligomers

In view of the emerging evidence that GPCR heterodimers can
generate very distinct signals from the corresponding homodimers
(Milligan 2008), the development of small-molecule ligands that are
specific for these complexes is attracting a great deal of attention as a
potential new way to discover novel drugs with lesser side effects. Co-
administration of conventional drugs targeting each of the two
protomers in a GPCR dimer may result in limited therapeutic effect
due to the potentially different pharmacokinetics and bioavailability of
the two drugs. Thus, one must think of alternative approaches (e.g., see
approaches schematically depicted in Fig. 3) to efficiently target GPCR
homo-/heterodimers.

Bivalent ligands

One proposed approach to target GPCRoligomers is based on the use
of so-called bivalent ligands (recently reviewed in Berque-Bestel et al.
(2008)), i.e. ligands composed of two covalently linked (through a
spacer) pharmacological recognition units (pharmacophores) which
may target the two receptor orthosteric binding sites on a heterodimer
simultaneously (Fig. 3a). Since these ligands would preferentially bind
to the heterodimer in selective tissues and less so to the individual
protomers, they are expected to improve significantly receptor



Fig. 3. Examples of small molecules targeting the TM region of GPCR heterodimers.
(a) Bivalent ligands, i.e. molecules composed of two pharmacophores (green andmagenta
colors) covalently linked through a spacer (cyan connecting line); (b) Monovalent “drug-
like” heterodimer-specific compounds (yellow color), and (c) Interface-disrupting
compounds (cyan color).
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selectivity. Portoghese and colleagueswere among thefirst investigators
to synthesize in the early 80's bivalent ligands (for opioid receptors), and
to suggest that their enhanced potency was associated with simulta-
neous occupation of proximal recognition sites (Erez et al. 1982;
Portoghese et al. 1987, 1986a,b, 1985, 1982; Takemori et al. 1990). More
recently, they explored the possibility that bivalent ligands could exhibit
higher antinociceptive activity compared to that achieved by co-
administration of the corresponding individual pharmacophores by
targeting a δ–μ opioid receptor heterodimer (Daniels et al. 2005).
Specifically, they synthesized several bivalent ligands to δ and μ opioid
receptors differing in the length of the spacer betweenpharmacophores
(oxymorphone and naltrindole for δ and μ-opioid receptors, respec-
tively), and revealed that ligands with certain spacer lengths (e.g.,
MDAN-18) produced more potent compounds with lesser side effects
compared to individual pharmacophores. Portoghese and colleagues
also synthesized bivalent ligands composed of δ and κ opioid receptor
antagonist pharmacophores (naltrindole and 5′-guanidinonaltrindole
for δ- and κ-opioid receptors, respectively) separated by spacers of
variable lengths (Xie et al. 2005). One of these bivalent ligands (KND-
21) was found to exhibit antinociceptive activity when administered
directly to the spinal cord, but not to the brain, thus providing support
for the ability of this compound to selectively target a δ–κ opioid
receptor complex in the spinal cord. Based on Portoghese's pioneering
work,manymoreGPCRbivalent ligands toorthosteric binding siteshave
been synthesized over the years (see Berque-Bestel et al. (2008) for a
recent list), although only a few of them have been reported to target
GPCRdimers, and to exhibit higher affinityand selectivity in vitro and/or
in vivo compared to their monovalent counterparts. Given the recent
surge in the number of ligands (see May et al. (2007) for a recent list)
that target allosteric binding sites in GPCRs (i.e. binding sites that lie
outside the orthosteric binding sites of endogenous ligands), bivalent
ligands targeting simultaneously allosteric and orthosteric sites onGPCR
dimers may constitute an additional new source of inspiration for
potentially selective new drugs (Antony et al. 2008).

Specific spacer lengths were suggested to be critical parameters for
the achievement of optimal bridging and binding to opioid receptor
complexes (Daniels et al. 2005). Although an optimal spacer length
between 18 and 25 atoms resulted from studies on opioid receptors,
there is little or no formal evidence that this observation can be
generalized to other GPCRs. Distances calculated between the centers
of mass of ligand-binding sites of interacting GPCR protomers in
refined dimeric/oligomeric molecular models may provide an idea of
optimum spacer lengths for bivalent ligands in respect to binding and/
or potency for a given receptor. These distances may vary depending
on the TM regions at the interface, as well as the specific GPCR dimeric
configuration. In our refined dimeric models of opioid receptors
(unpublished results), distances between the orthosteric ligand-
binding sites of the interacting protomers hover around ~35 Å,
~20 Å, and ~30 Å for the TM1-TM1, TM4-TM4, and TM4,5-TM4,5
interfaces, respectively. Nevertheless, it is still unclear how bivalent
ligands bind to GPCR heterodimers. Combined efforts by the
computational and experimental communities are required to shed
light on the molecular determinants that are responsible for selective
activation of GPCR heterodimers by bivalent compounds.
Monovalent “drug-like” compounds

Bivalent ligandsmay not be ideal candidates for orally available drugs,
given their reduced drug-likeness according to Lipinski's Rule-of-Five
(Lipinski et al. 2001). Reasoning that GPCR dimerization/oligomerization
may alter the binding sites of the receptor complex by affecting the
dynamics of each individual protomer (Niv and Filizola 2008), the
developmentofmonovalent “drug-like”heterodimer-specific compounds
(Fig. 3b) may be more desirable. A few monovalent “drug-like”
compounds that preferentially target heterodimers have recently
appeared in the literature. Although not totally selective towards δ–κ
opioid receptor heterodimers compared to the respective homodimers,
ligand 6′-guanidinonaltrindole (Waldhoer et al. 2005), which exhibits in
vivo action as a spinally selective analgesic, constitutes one of the first
published examples that, albeit not trivial, the development of more
“drug-like” compounds targeting selectively GPCR heterodimersmight be
truly possible. More recently, dopamine D1 agonist SKF83959 was
identified as a selective agonist at the Gq/11-coupled dopamine D1–D2
receptor heterodimer by acting as a full agonist for the D1 receptor and a
high-affinity partial agonist for a pertussis toxin-resistant D2 receptor
within the complex,while failing to activate adenylate-cyclase coupledD1
or D2 receptors or Gq/11 through D1 receptor homomeric units (Rashid
et al. 2007). Examples of compounds that do not bind the heterodimer
but selectively bind homodimers also exist in recent literature. One of
these compounds is the selective antagonist 8-[2-(4-(2-methoxyphenyl)
piperazin-1-yl)ethyl]-8-azaspiro[4,5]decane-7,9-dione (BMY 7378)
(Hague et al. 2006), which is unable to detectα(1D)-adrenergic receptor
binding sites innative tissues co-expressingα(1B)- andα(1D)-adrenergic
receptor, possibly due to the masking effect of α(1B)–α(1D)-adrenergic
receptorheterodimers. Althoughmore “drug-like”, themodeof bindingof
these compounds is equally obscure. One possibility is that one of the
interacting protomers in a dimer mediates an allosteric effect that is
transmitted to the orthosteric site of the other protomer, such as the latter
site is sufficiently perturbed to engender a new pocket. To prove or
disprove this type of hypotheses, integrated computational and experi-
mental efforts are required to characterize at the molecular level the
nature of the binding of either heterodimer-selective (e.g., 6′ guanidino-
naltrindole and SKF83959) or homodimer-selective (e.g., BMY 7378)
small-molecule ligands. In the meantime, large-scale or high-throughput
strategies (recently reviewed in Gupta et al. (2006); Milligan (2006)) can
be employed to screen for more “drug-like” small-molecule ligands
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targeting GPCR homo- and/or heteromers with the ultimate goal of
discovering novel drugs of therapeutic interest.

Interface-disrupting compounds

There are several examples in the literature hinting at the
relevance of GPCR oligomers to disease (recently reviewed in Milligan
(2008); Panetta and Greenwood (2008)). Since oligomerizationmight
also contribute to the side effects of current therapeutics, the
discovery of small molecules that are capable of disrupting dimeriza-
tion/oligomerization interfaces of GPCRs (Fig. 3c) may also identify
novel pathways for drug discovery. Discovering small-molecule drugs
that inhibit protein–protein interactions is an emerging but still very
challenging area in drug design (see Blazer and Neubig (2008); Wells
and McClendon (2007); and White et al. (2008) for recent reviews),
mostly because of the intrinsic characteristics of protein–protein
interfaces. Most protein–protein interfaces consist of large and flat
contact areas with no well-defined grooves and pockets (Jones and
Thornton 1996; Lo Conte et al. 1999), comparedwith those involved in
small-molecule ligand–protein interactions. However, not all interface
residues, but rather a few so-called “hotspots”, are usually essential for
recognition and binding, and are therefore expected to disrupt
protein–protein interfaces if mutated. As for other proteins, identify-
ing the “hotspots” of GPCR dimerization/oligomerization interfaces
(see related discussion in previous section) is not a trivial matter. Even
if one had a good idea of GPCR dimerization-disrupting mutants, how
to use this information to design small-molecule inhibitors of
receptor–receptor interactions is rather complex. Identifying small
or medium-sized peptides targeting TM dimerization interfaces of
GPCRs may be a good starting point, although it is usually difficult to
infer about their specificity. The recent successful computational
design of peptides that specifically recognize the TM helices of two
closely related integrins (αIIbβ3 and αvβ3) in micelles, bacterial
membranes, and mammalian cells through optimization of the
geometric complementarity of the target-host complex is somewhat
encouraging (Caputo et al. 2008; Yin et al. 2007). These peptides may
now serve as lead sequences for the development of more drug-like,
small-molecule peptidomimetics inhibitors of integrin protein–pro-
tein interactions, which might ultimately find applications as clinical
diagnostics or therapeutics.

To the best of my knowledge, there are no current examples of
small molecules that are capable of disrupting GPCR dimerization/
oligomerization interfaces. Given the considerable progress made in
the past few years (see Blazer and Neubig (2008); Wells and
McClendon (2007); White et al. (2008) for recent reviews) towards
developing small molecules inhibitors of protein–protein interfaces,
including inhibitors of several critical components of G-protein
signaling pathways (Blazer and Neubig 2008), the expectation is
that these and other successes will encourage more interest and
research in developing small-molecules targeting the interfaces of
GPCR pairs and/or higher-order oligomers.

Concluding remarks and outlook

Albeit challenging, targeting GPCR dimers/oligomers has gener-
ated a great deal of excitement about a new opportunity to discover
more potent and selective drugs with lesser side effects. The wealth of
new structural, biochemical, and biophysical information on GPCR
monomers and dimers/oligomers that is recently appearing in the
literature offers us a unique opportunity to build increasingly accurate
computational models of GPCR complex systems. These models,
eventually refined on the basis of detailed structural and dynamic
information obtained from experiments, may be used in combined
efforts by the computational and experimental communities to
identify the molecular determinants that are responsible for selective
activation of functional GPCR heterodimers, with the ultimate goal of
developing small-molecule therapeutics targeting these receptor
complexes. This is a non-trivial and very challenging process, as
hopefully evinced by this manuscript. Priorities for the future include
the development of advanced computational strategies to study at an
atomic-level resolution the dynamic activation mechanisms of GPCR
oligomers in the presence of their interacting G-proteins and explicit
representations of their physiological environment. Integration of
these computational studies with newly developed experimental
tools able to analyze the influence of heteromerization on GPCR
function and pharmacology is expected to produce new major
breakthroughs in the GPCR field in the not too distant future with
the long-awaited development of novel potent drugs with lesser side
effects acting at these receptors. To further facilitate discovery through
rational design of new physiological and pharmacological experi-
ments on GPCR oligomers, we are currently developing a GPCR-
Oligomerization Knowledge Base (GPCR-OKB) (Skrabanek et al. 2007)
that will store up-to-date computational and experimental informa-
tion on GPCR oligomers under the expert supervision of experimental
leaders in the field. This soon-to-be-released database uses recom-
mendations for the recognition and nomenclature of GPCR hetero-
mers defined by the International Union of Basic and Clinical
Pharmacology (Pin et al. 2007).
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