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REVIEW Sciences

A day in the life of a G protein-coupled receptor: the
contribution to function of G protein-coupled
receptor dimerization

G Milligan

Molecular Pharmacology Group, Division of Biochemistry and Molecular Biology, Institute of Biomedical and Life Sciences, University
of Glasgow, Glasgow, Scotland, UK

G protein-coupled receptors are one of the most actively studied families of proteins. However, despite the ubiquity of protein
dimerization and oligomerization as a structural and functional motif in biology, until the last decade they were generally
considered as monomeric, non-interacting polypeptides. For the metabotropic glutamate-like group of G protein-coupled
receptors, it is now firmly established that they exist and function as dimers or, potentially, even within higher-order structures.
Despite some evidence continuing to support the view that rhodopsin-like G protein-coupled receptors are predominantly
monomers, many recent studies are consistent with the dimerization/oligomerization of such receptors. Key roles suggested
for dimerization of G protein-coupled receptors include control of protein maturation and cell surface delivery and providing
the correct framework for interactions with both hetero-trimeric G proteins and arrestins to allow signal generation and its
termination. As G protein-coupled receptors are the most targeted group of proteins for the development of therapeutic small
molecule medicines, recent indications that hetero-dimerization between co-expressed G protein-coupled receptors may be a
common process offers the potential for the development of more selective and tissue restricted medicines. However, many of
the key experiments have, so far, been limited to model cell systems. Priorities for the future include the generation of tools and
reagents able to identify unequivocally potential G protein-coupled receptor hetero-dimers in native tissues and detailed
analyses of the influence of hetero-dimerization on receptor function and pharmacology.
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Guanine nucleotide-binding protein (G protein)-coupled
receptors (GPCRs) are frequently described as the most
tractable target class for the development of novel, small
molecule therapeutic medicines (Schlyer and Horuk, 2006).
In part, this reflects the historical success of a wide range of
medicines that target GPCRs, including those that recognize
and respond to neurotransmitters including adrenaline/
nor-adrenaline, dopamine, histamine and 5-hydroxytrypta-
mine. It is also likely that drugs that bind to GPCRs that
respond to agents as diverse as ions, chemokines, endo-
cannabinoids, free fatty acids, nucleotides, peptide hormones
and vitamins will offer the potential to treat a wide range of
disorders where there is current unmet need (Wise et al., 2004).
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The development of radioligand-binding experiments, based
on the selectivity and high affinity of antagonist drugs,
allowed the direct detection and quantitation of GPCR
expression (Hill, 2006). While the complex shapes of
[*H]antagonist/agonist competition-binding experiments
were instrumental in the appreciation of interactions
between GPCRs and their cognate, signal transducing
heterotrimeric G proteins (Milligan and Kostenis, 2006), the
monophasic nature of [*H]antagonist/antagonist competi-
tion-binding experiments promoted the concept of GPCRs as
single, non-interacting species. Until the last decade, despite
a number of earlier suggestions to the contrary (see
Salahpour et al., 2000 for review), it was generally accepted
that GPCRs, therefore, existed as monomers. Over the last 10
years, this dogma has gradually reversed, such that despite a
number of recent reports indicating that functional GPCRs
either can be (Bayburt et al., 2007; Whorton et al., 2007), or
routinely are, (James et al., 2006; Meyer et al., 20006)
monomers, the vast majority of the literature favours the
concept that GPCRs exist, and potentially function, as either



dimers or higher-order oligomers (Milligan, 2004, 2007). As
well as the expectation that individual GPCRs will exist as
homo-dimers, that is, that both protomers of the dimer will
be the same polypeptide, there has been growing evidence of
the potential of many GPCRs to hetero-dimerize when co-
expressed (Milligan, 2006). This suggests the probability of
novel and distinct pharmacology and mechanisms of
regulation, and hints at means to design more selective
therapeutic ligands with reduced side effects (Milligan,
2006). The International Union of Basic and Clinical
Pharmacology has recently presented recommendations for
the recognition and nomenclature of GPCR hetero-dimers/
multimers (Pin et al.,, 2007) and the G Protein-Coupled
Receptor Oligomerization Knowledge Base (GPCR-OKB)
ontology  project (http://pbtest.med.cornell.edu/wiki/
index.php/GPCR_OKB) curates information on this topic
(Skrabanek et al., 2007). The aim of this review will be to
consider the evidence that supports GPCR dimerization/
oligomerization and to address the functional and pharma-
cological consequences thereof. As the review is related to
the Life Sciences 2007 symposium ‘A day in the life of a
GPCR’, the dimeric/oligomeric status of GPCRs at various
stages in their life history from synthesis to destruction has
also been considered.

Metabotropic glutamate-like receptors exist and
function as dimers

Although relatively small in number, the metabotropic
glutamate-like, or family C GPCRs (Brauner-Osborne et al.,
2007) clearly exist and function as dimers (Bonde et al.,
2006). A defining feature of the de-orphanized members of
this family is the presence of a long N-terminal domain that
binds the physiological, orthosteric ligand. Early studies on
the quaternary structure of each of mGluRS5 (Romano et al.,
1996), mGluR1a (Robbins et al., 1999) and the Ca2+-sensing
receptor (Ray et al., 1999) demonstrated these to be dimers
linked via intermolecular, extracellular disulphide bonds,
while initial analysis of the molecular basis of interactions
between the two polypeptides that generate the functional
y-aminobutyric acid (GABA)g receptor indicated a likely key
role for so-called ‘coiled-coil’ interactions involving the
intracellular C-terminal tails (White et al., 1998). Although
clearly important, subsequent studies have also implicated
roles for further, non-covalent interactions in dimerization
of all family C GPCRs (Romano et al., 2001; Zhang et al.,
2001) that reflect interactions between the transmembrane
elements of the individual polypeptides. Most importantly,
the ability to generate and purify the isolated extracellular
domain of mGluR receptors has resulted in the production of
crystals and the analysis of structural detail at atomic level
resolution that has confirmed the key contribution of the
extracellular domain to dimerization (Tsuchiya et al., 2002;
Muto et al., 2007).

Although there have been reports of hetero-dimerization
between the mGluR1 and the Ca®*-sensing receptor (Gama
et al.,, 2001) and, recently, between the Ca2+-sensing
receptor and the subunits of the GABAy receptor (Chang
etal., 2007), the general consensus is that the various mGIluR
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subtypes exist and function predominantly as homo-dimers.
In contrast, both the functional GABAy receptor (Marshall
etal., 1999) and both the sweet and umami T1 taste receptors
(Chandrashekar et al.,, 2006; Palmer, 2007) reflect the
constitutive hetero-dimerization of pairs of co-expressed
family C GPCRs. These are currently the most compelling,
and functionally best-defined examples of GPCR hetero-
dimerization (Pin et al., 2007). In the case of the GABAg
receptor, initial identification of a seven transmembrane
domain GPCR (GABAy R1) that bound a radiolabelled
antagonist with high affinity but displayed low affinity for
and lack of response to GABA (Kaupmann et al., 1997),
resulted in a search for partner polypeptides that might alter
the pharmacology and function of GABAgR1. Combinations
of informatic approaches, co-immunoprecipitation and yeast
two-hybrid screens lead to the identification of GABAgR2, a
distinct class C GPCR, which, although unable to bind GABA
itself, was able to uncover functional responses to GABA
and the anticipated pharmacology of the GABAj receptor
when co-expressed with GABAp R1. Detailed investigation
demonstrated that a key role of the GABAgR2 polypeptide
was to mask an endoplasmic reticulum (ER) retention motif
within the intracellular C-terminal tail of GABAz R1
(Margeta-Mitrovic et al., 2000) and allow cell surface
delivery, and hence function, of the hetero-dimeric complex.
In a similar vein, sweet tastes are identified by cells of the
taste papillae that co-express the class C T1R2 and T1R3 taste
receptors, while perception of umami sensations requires the
co-expression of the T1R1 and TI1R3 receptors. Mouse
knockout studies have been of particular use in confirming
the physiology of these pairings (Zhao et al., 2003) and the
food and flavours industry has been highly active in exploring
the detailed pharmacology of these GPCR hetero-dimers.

Do rhodopsin-like GPCRs also exist and function as
dimers/oligomers?

In recent years, a vast literature has emerged to support the
concept that family A, rhodopsin-like GPCRs also exist, and
potentially function, as dimers/oligomers. In addition, an
emerging literature suggests that hetero-dimerization might
be almost as common as homo-dimerization. However, at
the current time, most of the reported examples of family A
GPCR hetero-dimerization fail to meet each and all of the
strict requirements suggested by Pin et al. (2007), particularly
in relation to clear demonstration of their existence in native
tissues. Furthermore, a number of recent studies have
questioned both the existence of dimers at low expression
levels (James et al., 2006) and suggestions that dimerization
is inherently required for function (Bayburt et al., 2007;
Whorton et al., 2007).

Methods to assess GPCR quaternary structure

Central to efforts to explore (and to question) GPCR
dimerization is the approaches that have been employed
(Milligan and Bouvier, 2005). Particularly, due to a dearth of
selective high affinity anti-GPCR antibodies, early studies
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relied heavily on the ability to co-immunoprecipitate forms
of co-expressed GPCRs, which had been differentially
epitope-tagged and then co-expressed transiently in hetero-
logous cell lines. Despite controls that involved the
mixing of detergent extracts from cell populations, each
expressing only one form of the GPCR and/or either ultra
centrifugation or passage through 0.22 pM filters to ensure
that extracts were truly soluble and did not contain
membrane fragments that contained both, but monomeric,
forms of the receptors being studied, exclusive reliance on
co-immunoprecipitation is now generally considered insuf-
ficient. The mainstay of both homo- and hetero-dimeriza-
tion studies on rhodopsin-like receptors is various forms of
resonance energy transfer techniques, based on the non-
radiative transfer of energy between an energy donor linked
to one GPCR and an energy acceptor linked to a second
GPCR (Milligan and Bouvier, 2005; Pfleger and Eidne, 2006).
As the biophysical basis of these approaches restricts
detection of signals to distances approximately twice the
dimensions of a GPCR protomer, positive signals are
consistent with, but do not necessarily prove that, the
GPCRs containing the energy transfer donor and acceptor
molecules interact physically. As high level co-expression of
pairs of GPCRs tagged with resonance energy transfer
competent donors and acceptors can result in energy transfer
that simply reflects proximity and crowding and is described
as ‘bystander’ effects (Mercier et al.,, 2002), many recent
studies have employed ‘saturation’ resonance energy transfer
techniques (Mercier et al., 2002; Wilson et al., 2005; James
et al., 2006). In these, varying ratios of the acceptor and
donor species are co-expressed and energy transfer measured.
These are also useful in assessing the relative propensity of
pairs of GPCRs to interact, as it is assumed that the
dimerization potential of distinct but co-expressed GPCRs
is not purely stochastic (Bush et al., 2007), and to further
validate selectivity of ‘dimerization’. Despite recent discussion
of the most appropriate way to perform and control such
experiments (James et al., 2006; Bouvier et al., 2007;
Salahpour and Masri, 2007), there is general agreement that,
for dimers, such ‘saturation’ techniques should generate
hyperbolic curves in which the extent of energy transfer
approaches a maximum value asymptotically as the ratio of
(energy acceptor) to (energy donor) increases and all
available donors become complexed with acceptors
(Milligan and Bouvier, 2005; Vrecl et al., 2006). By contrast,
random collisions or ‘bystander’ effects are expected to
generate signals that (at reasonable expression levels)
increase in an essentially linear manner with increasing
(acceptor)/(donor) ratio.

Although combinations of co-immunoprecipitation and
resonance energy transfer-based studies are employed most
commonly, other approaches that have been used to argue in
favour of GPCR dimerization and/or oligomerization include
agonist-induced co-internalization studies (Yesilaltay and
Jenness, 2000; Jordan et al., 2001; Sartania et al., 2007),
analysis of radioligand-binding studies (Albizu et al., 2006;
Kopanchuk et al., 2006) and ‘dominant negative’ and ER
trapping studies (Salahpour et al., 2004; Wilson et al., 2005;
Herrick-Davis et al., 2006; Pidasheva et al., 2006; Sanchez-
Laorden et al., 2006).
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A day in the life of a GPCR dimer

It has been suggested that GPCRs are ‘born as dimers and die
as dimers’. Does the available experimental data support this
claim?

Synthesis of GPCR dimers

Both for the rhodopsin-like and metabotropic glutamate-like
GPCRs, dimerization is initiated during protein synthesis in
the ER (Margeta-Mitrovic et al., 2000; Salahpour et al., 2004;
Wilson et al., 2005). As with many other transmembrane
proteins, interactions of GPCRs with various chaperonins
appear to be an essential step in protein folding. Misfolded
proteins fail to pass cellular quality control and are processed
for subsequent proteosomal destruction (Petaja-Repo et al.,
2001). As introduced earlier, clear evidence of the early
assembly of GPCR dimers developed from studies on the
GABAjg receptor. Expression of the GABAgR1 subunit in
isolation results in ER retention, while co-expression with
the GABAgR2 subunit relieves this by masking the ER
retention motif of the GABAgR1 subunit and hence allows
cell surface delivery of the hetero-dimer (Margeta-Mitrovic
et al., 2000). This appears to be a specialized example of a
general phenomenon. A series of studies have taken
advantage of the requirement for correct assembly of GPCR
dimers, prior to maturation and transport to the cell surface,
to explore the selectivity of GPCR dimerization. For example,
Salahpour et al. (2004) replaced the intracellular C-terminal
tail of the B,-adrenoceptor with the corresponding region of
the GABAgR1 subunit to generate an ER retained form of the
Bs-adrenoceptor. This export deficient GPCR prevented cell
surface delivery of the wild type Bz-adrenoceptor when the
two forms were co-expressed. An equivalent approach was
adopted by Wilson et al. (2005) to examine CXCR1/CXCR2
homo- and hetero-dimerization, using the C-terminal 14
amino acids of the a,c-adrenoceptor that also contains a
strong ER-retention motif. When this sequence was added
to the C-terminal tail of the human CXCR1 receptor, it
produced an ER-retained form, and co-expression of this
variant with either wild-type CXCR1 or CXCR2 functioned
to prevent their delivery to the cell surface. Importantly, co-
expression of the ER-retained CXCR1 receptor with the o4-
adrenoceptor did not modulate cell surface delivery of the
adrenoceptor, which a range of other approaches had shown
not to interact with CXCR1 (Wilson et al., 2005). Such
studies demonstrated that protein-protein interactions in
the ER are selective. Although not employing an ER-retained
mutant, Bush et al. (2007) recently employed a broad
spectrum screen for GPCRs that might interact with the
olfactory receptor M71 by measuring cell surface delivery of
M71 when co-expressed with a range of other GPCRs. A wide
range of mutant GPCRs also fail to traffic effectively through
the ER and Golgi compartments. However, these are not
necessarily dimerization-deficient mutants and, in all but a
few potential cases, ER trapping reflects ineffective protein
folding, which can, in some cases, be recovered by the use of
so-called ‘pharmacological chaperones’ (Leskela et al., 2007),
small molecule ligands that may have potential in the



treatment of diseases that stem from the production of
misfolded, mutant GPCRs (Ulloa-Aguirre et al., 2004; Robben
and Deen, 2007).

Do ligands alter the quaternary structure of GPCR
dimers?

The experiments discussed above clearly indicate that the
quaternary structure of GPCRs can be established at an early
stage in biogenesis, and further studies have indicated that,
at least for the B,-adrenoceptor, the G protein a-subunit and
the B/y-complex become associated with the receptor dimer/
oligomer prior to membrane delivery (Dupre et al., 2006).
This general view is opposed, however, by experiments that
support a model in which delta opioid peptide (DOP)-mu
opioid peptide (MOP) receptor hetero-dimers only form at
the cell surface and that such interactions require the
presence of a G protein that these receptors are able to
interact with and activate (Law et al., 2005). Furthermore,
there is little available direct information on the affinity of
interactions between pairs of GPCR protomers and it is
hence possible that GPCR quaternary structure can be
modulated by ligand binding. Although a wide range of
studies on dimerization of rhodopsin-like GPCRs have
reported minimal effects of ligands (see Milligan, 2004 for
review), a number of reports have demonstrated alterations
of resonance energy transfer signals subsequent to the
addition of receptor ligands (Milligan, 2004). Both increases
and decreases of signal have been reported but appropriate
interpretation of such observations is more complex
(Milligan and Bouvier, 2005). As both distance and
dipole orientation of resonance energy transfer donor and
acceptor species alter the effectiveness of energy transfer,
then relatively small changes in conformation of a receptor
may be detected as an alteration in signal. Indeed, studies
employing intramolecular fluorescence resonance energy
transfer between two reporters incorporated into the
sequence of a single GPCR polypeptide have been used to
examine movements between the third intracellular
loop and the C-terminal tail in response to the binding of
both agonist and inverse agonist ligands (Vilardaga et al.,
2003; Rochais et al., 2007). Furthermore, the exact location
that energy transfer reporter constructs are introduced
into, at least, hetero-trimeric G protein subunits has recently
been shown to influence the extent and even direction of
signal alteration upon activation. This has resulted in
different conclusions being reached as to whether these
subunits dissociate from one another or, rather, only
re-orientate upon activation (Frank et al.,, 2005; Digby
et al., 2006; Gales et al., 2006). Thus, although resonance
energy reporters are invariably linked to the C-terminal
tail of the receptor(s) in question for GPCR dimerization
studies, the conformation of this region might be altered in
the presence of ligands and hence cause an alteration in
signal. With such caveats in mind, and although the
majority of studies suggest otherwise, it remains unclear
whether ligand binding truly alters the dimerization/
oligomerization state of at least certain GPCRs. However,
data from atomic level structures of the extracellular
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domain of mGluR receptors in the presence or absence
of ligands demonstrate ligand-dependent movements in
and between these elements without inherently modifying
overall protein—protein interactions. Given such uncertainties,
it has been proposed that ligand-induced alterations in
the organization of GPCR dimers should only be considered
as compelling if agonist and inverse agonists produce
contrasting data and if the concentrations of ligands
required to produce such effects are consistent with pre-
existing pharmacological knowledge (Percherancier et al.,
2005).

The use of cysteine cross-linking experiments to explore
potential dimer interfaces of the D2 dopamine receptor
has demonstrated that agonist and inverse agonist ligands
alter the relative orientation of amino acids on the outward
facing elements of transmembrane domain IV (Guo et al.,
2005). These studies undoubtedly demonstrate relative
movements of the protomers within the D2 dopamine
receptor dimer/oligomer in response to binding of ligands
and allowed the authors to speculate on a model of
organizational structure based, in part, on the organization
of rhodopsin protomers viewed in situ via atomic force
microscopy in mouse rod outer segment discs (Fotiadis et al.,
2004, 2006). Although inherently true for the GABAjg
receptor in which only the GABAg R1 subunit is
able to bind the agonist GABA, and in which although
the GABAg R2 subunit does not bind the ligand, it is the
key subunit in G protein activation (Havlickova et al., 2002;
Pin et al., 2005), recent studies have also indicated that
binding of a single molecule of agonist to the BLT1
leukotriene B(4) receptor dimer results in conformational
alterations of the protomers, and that this is dependent
upon interaction with G protein (Damian et al., 2006). As
will be discussed later, a number of studies are beginning to
appear that are consistent with binding of a ligand to one
protomer of a GPCR hetero-dimer altering the pharmacology
or function of the partner protomer. As such, allosteric
effects across the dimer interface in response to ligand
binding may provide a useful means to probe the presence
of GPCR hetero-dimers in physiologically relevant settings
(Milligan and Smith, 2007). It may thus require the
application of approaches distinct from those based on
resonance energy transfer to more fully explore the effects of
ligand binding on GPCR quaternary structure. In this regard,
it is interesting that the active metabolite of the anti-
thrombotic drug clopidogrel has been reported to dissociate
oligomers of the P2Y12 receptor in both transfected cells and
in platelets (Savi et al., 2006), while atomic force microscopy
has been employed to indicate that agonist-activation of the
mating factor receptor Ste2p from the budding yeast
Saccharomyces cerevisiae results in an increase in its dimeriza-
tion/oligomerization state (Shi et al., 2007). Such observa-
tions are not, however, consistent with early reports
indicating this receptor to be a dimer/oligomer in the
absence of ligand and this being unaffected by ligand
binding (Overton and Blumer, 2000, see Overton et al.,
2005 for review). Constitutive formation of dimers/oligomers
also appears to be the case for the equivalent receptor system
in the fission yeast Schizosaccharomyces pombe (Ladds et al.,
2005).
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Is dimerization of rhodopsin-like GPCRs required
for function?

If GPCRs are transported to the plasma membrane as dimers/
oligomers, then it might be anticipated that they function
as dimers. Certain modelling studies have attempted to
rationalize this on the basis that the footprint of, for
example, a rhodopsin dimer may be more appropriate than
a monomer of the receptor to bind the transducin o/p/y G
protein hetero-trimer (Fotiadis ef al., 2004). This is supported
by reconstitution and biophysical studies on the BLT1
leukotriene B4 receptor complexed to a G protein hetero-
trimer consisting of the Gaiz-, B1- and y,-subunits (Baneres
and Parello, 2003) and, although in a much less direct
manner, by studies co-expressing both the wild-type and
inactive forms of the serotonin 5-HT,c receptor (Herrick-
Davis et al., 2005). The generality of such conclusions has
been questioned, however, in recent studies by Dell’Orco
et al. (2007), who employed computational analyses to
indicate that a 1:1 rhodopsin:transducin stoichiometry was
the most likely organization. In attempts to explore if GPCR
monomers can directly interact with and activate G proteins
both Bayburt et al. (2007) and Whorton et al. (2007) have
recently employed nanodiscs; high-density lipoprotein
particles sufficiently small to allow incorporation of a very
limited number of protein molecules. After demonstrating
the presence of only a monomer of the B-adrenoceptor in
such particles, Whorton et al. (2007) added a G, hetero-
trimer and demonstrated both activation of the G protein by
the B,-adrenoceptor agonist isoproterenol and the type of ‘2
site’ [*H]antagonist/agonist-binding competition indicative
of GPCR-G protein interaction. Similar conclusions on the
capacity of monomeric rhodopsin to interact with transdu-
cin were obtained by Bayburt et al. (2007). Earlier studies had
shown a capacity of monomeric rhodopsin to activate
transducin but suggested this to be less effective than for
rhodopsin dimers and oligomers (Jastrzebska et al., 2006).
The key question, however, is not whether isolated GPCR
monomers are able to activate G proteins but rather, if
GPCRs are delivered to the cell surface as dimers/oligomers
and are pre-associated with their relevant G protein
complex, if such demonstrations of monomer function are
of direct physiological relevance. In one attempt to examine
this question, Hernanz-Falcon et al., 2004 initially employed
an informatic approach to identify amino acids in trans-
membrane helices I and IV that they predicted to be at the
interface of the chemokine CCRS receptor dimer/oligomer.
Following mutation of these residues, both resonance energy
transfer signals and signal transduction capability was lost
but cell surface delivery of the receptor was reported to be
maintained. This would suggest that a monomer of the
CCRS receptor is not functional.

Do GPCRs internalize as dimers?

A further suggestion for a key role of GPCR dimerization in
function is to provide an appropriate footprint for interac-
tions with arrestins. The arrestins are viewed predominantly
as polypeptides involved in the turn-off and desensitization
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of G protein-mediated signalling. However, in recent years, a
substantial body of data has emerged to suggest that they can
also function to initiate a distinct series of signal transducing
events (Reiter and Lefkowitz, 2006; DeWire et al., 2007) and
that ligand-induced GPCR conformations suitable for the
binding of arrestins can be teased apart from those involved
in G protein recognition. Based on crystal structures and the
molecular dimension of arrestins (Han et al., 2001; Milano
et al., 2006), it appears possible that a single arrestin might
bind to a GPCR dimer. Furthermore, it has recently become
clear that arrestins are themselves able to dimerize (Storez
et al., 2005; Milano et al., 2006) and, that as well as homo-
dimerization, hetero-dimerization between arrestin 2 and
arrestin 3 can occur (Storez et al., 2005; Milano et al., 2006).
Although the regulation between monomer and dimer forms
is suggested to alter nuclear to cytoplasmic distribution of
the arrestin, if arrestin dimers moved to the cell surface to
interact with agonist-activated GPCRs, then such an arrestin
dimer might be anticipated to be able to interact with a
string, or array, of GPCRs and hence might scaffold higher-
order oligomers of GPCRs, such as those of the
ajp-adrenoceptor observed recently using multicolour fluor-
escence resonance energy transfer (FRET) imaging (Lopez-
Gimenez et al., 2007). Philip et al. (2007) have also recently
detected a fraction of the bradykinin B2 receptor with
characteristics of a higher-order oligomeric structure.

If an arrestin monomer interacts with dimeric GPCRs, then
it should be expected that GPCRs, which internalize in an
arrestin-dependent manner will do so as dimers. This should
certainly be the case for strong interactions that result in
the co-internalization of the receptor(s) and the arrestin and
may also be the case for weaker interactions in which the
arrestin and GPCR separate soon after entry into the
endocytic process. Both Yesilaltay and Jenness (2000) and
Overton and Blumer (2000) demonstrated co-internalization
of the wild-type Saccharomyces cerevisiae mating factor
receptor Ste2p and co-expressed mutants that were either
unable to bind the ligand (Yesilaltay and Jenness, 2000) or
were C-terminally truncated to eliminate agonist-mediated
endocytosis (Overton and Blumer, 2000). The former studies
were also consistent with the binding of a single molecule of
agonist being sufficient to drive internalization of the GPCR
dimer. In an extension of this basic concept, Sartania et al.
(2007) demonstrated that, when each variant was expressed
individually, the agonist isoprenaline was able to cause
internalization of the wild-type B,-adrenoceptor but not of
an Asp''*Ser mutant that does not bind catecholamine
ligands with high affinity (Figure 1). By contrast, 1-(3'4'-
dihydroxyphenyl)-3-methyl-1-butanone, that is able to
interact with and activate Asp''*Serp,-adrenoceptor but not
the wild-type B,-adrenoceptor, caused internalization only of
the mutant (Figure 1). However, following co-expression of
the wild-type and Asp''3Ser forms of the B,-adrenoceptor,
either isoprenaline or 1-(3'4’-dihydroxyphenyl)-3-methyl-1-
butanone caused internalization of both forms of the
receptor (Figure 1). These data indicate that wild-type and
Asp''3Ser B,-adrenoceptors dimerize and that agonist occu-
pancy of only one protomer within the dimer is sufficient to
cause internalization. As internalization of the P,-adreno-
ceptor is dependent on arrestins then, although indirect,



these results might also be extrapolated to indicate that
arrestins interact with a GPCR dimer. Cao et al. (2005) also
examined potential internalization and trafficking of a
Bz-adrenoceptor dimer by co-expression of wild-type and
C-terminally mutated, recycling deficient forms of this
receptor. They showed that the presence of a mutated form
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of the receptor inhibited the recycling of the wild-type B,-
adrenoceptor and targeted the wild-type receptor to lysoso-
mal compartments for destruction. Combining data from a
number of studies, there is good evidence, therefore, for the
B2-adrenoceptor at least existing as a dimer/oligomer from
synthesis to destruction.

a
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wild type B,-adrenoceptor Asp113Ser B,-adrenoceptor
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Figure 1 The B,-adrenoceptor is internalized as a dimer following the binding of a single molecule of agonist ligand to either protomer. (a)
leferentlally epitope-tagged forms of either the wild-type B,-adrenoceptor (green) or an Asp''3Ser B,-adrenoceptor mutant (red) were
expressed in Flp-In, T-Rex HEK293 cells. The wild-type receptor was internalized in response to challenge with isoprenaline but not to L158,870
(-(3'4- dlhydroxyphenyl) 3-methyl-1-butanone), while the reverse was true for the Asp''3Ser B,-adrenoceptor. The cartoons illustrate both
forms of the B,-adrenoceptor forming dimers via interactions involving transmembrane domain VI (Hebert et al., 1996) and the assumption
that each promoter within the dimer is able to bind a molecule of the appropriate agonist. Docking of the Iigands is based on mutational
analysis of how the p,-adrenoceptor binds ligands. (b) With N-terminally HA-tagged wild-type B,-adrenoceptor (HA-B,-AR) (green) expressed
stably and constltutlvely and N-terminally VSV-G tagged Asp''3Ser B,-adrenoceptor (VSV-G-Asp''3Ser-B,- AR) (red) cloned into the Flp-In
locus, HA-B,-AR is expressed in both the absence (—) and presence (+ ) of the antibiotic DOX, while VSV-G-Asp 113Ser-B,-AR is expressed only
following exposure of the cells to DOX. Merge, indicated the extent of overlap of the distribution (yellow) of the two forms of the receptor
when they are both expressed. (c) Following co-expression of HA-B,-AR (green) and VSV-G-Asp''3Ser-B,-AR (red), isoprenaline causes
internalization of both forms of the p,-adrenoceptor and the co-internalized receptors overlap in distribution (merge, yellow). The cartoon
illustrates that a HA-B,-AR/VSV-G-Asp' '3Ser-B,-AR dimer can only bind a single molecule of isoprenaline. (d) Following co-expression of HA-B,-
AR (green) and VSV-G Asp1 135er-B,-AR (red), L158,870 also causes internalization of both forms of the f,- adrenoceptor and the co-internalized
receptors overlap in distribution (merge, yellow). The cartoon illustrates that a HA-B,-AR/VSV-G- Asp’”Ser-Bz-AR dimer can only bind a single
molecule of L158,870. These data are consistent with the B,-adrenoceptor being internalized as a dimer and in response to agonist occupancy
of either protomer within the dimer. Data are adapted and extended from Sartania et al., 2007. DOX, doxycycline; HA, hemagglutinin; VSV,
vesicular stomatitis virus.
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Figure 1 Continued.

Does the co-internalization of pairs of co-expressed
GPCRs define their hetero-dimerization?

A substantial number of studies have observed co-internali-
zation of pairs of distinct but co-expressed GPCRs in
response to ligands with significant affinity for only one
of the pair. Such studies have generally been interpreted
as further evidence of hetero-dimerization. For example,
co-expression of D1 and D2 dopamine receptors has been
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reported to result in the co-internalization of both receptors
in response to addition of agonist ligands selective for either
protomer (So et al., 2005). Equally, following co-expression
of the B,-adrenoceptor and the DOP receptor in HEK293
cells, Jordan et al. (2001) demonstrated that the opioid
agonist etorphine caused internalization of the B,-adreno-
ceptor as well as of the DOP receptor, although etorphine
does not have inherent affinity for the p,-adrenoceptor and
did not cause internalization of the p,-adrenoceptor when it



was expressed alone. Equally, the B,-adrenoceptor agonist
isoprenaline caused internalization of the DOP receptor only
when it was co-expressed with the B,-adrenoceptor (Jordan
et al., 2001). These authors also showed that co-expression
of the kappa opioid peptide (KOP) receptor with the
Bs-adrenoceptor resulted in limitation of isoprenaline-
induced internalization of the B,-adrenoceptor, again poten-
tially an effect related to opioid receptor-p,-adrenoceptor
hetero-dimerization, because the KOP receptor is resistant to
internalization even in response to agonist selective for this
GPCR. By contrast, a related study by Cao et al. (2005)
indicated that the reciprocal regulation of B,-adrenoceptor
and DOP receptor internalization by selective ligands could
only be observed following co-expression of high levels of
these two receptors. As such, although observation of dual
regulation of pairs of receptors by ligands with significant
affinity for only one is certainly consistent with hetero-
dimerization (Laroche et al., 20035), the levels of expression of
the receptors need to be carefully controlled to limit low
affinity, potentially non-physiological interactions. In a
recent study on interactions between the cannabinoid CB1
receptor and the orexin-1 receptor, Ellis et al. (2006) noted
that when expressed individually in HEK293 cells, the
orexin-1 receptor was present largely at the plasma mem-
brane, whereas the cannabinoid CB1 recycled continuously
and, at steady state, was predominantly in recycling endo-
somes. As a means to regulate expression levels of one of the
partner GPCRs, the orexin-1 receptor was expressed from an
inducible locus. When expression of the orexin-1 receptor
was induced in the presence of the cannabinoid CB1
receptor, now both receptors were present largely in
recycling endosomes and were shown to be within the same
protein complex. Treatment of these cells with either the
cannabinoid CB1 receptor antagonist/inverse agonist rimo-
nabant or the orexin-1 receptor blocker SB-674042 caused
the trapping of both receptors at the cell surface (Ellis et al.,
2006). These results are again consistent with the two GPCRs
forming hetero-dimers and maintaining this status through-
out endocytosis and recycling to the cell surface. Impor-
tantly, this was a specific interaction. Turning on expression
of the MOP receptor from the inducible locus in the presence
of the recycling cannabinoid CB1 receptor did not result in
the MOP receptor adopting the recycling phenotype (Ellis
et al., 2006). While these results are not supportive of hetero-
dimerization between the cannabinoid CB1 and MOP
receptor, it must be noted that other workers have indeed
reported hetero-dimerization between this pair of receptors
and functional consequences thereof (Rios et al., 2006). Such
variations in conclusions between studies are not uncom-
mon in this area, as it is a relatively immature field and a
great deal of extra work will be required to unravel the details
of the selectivity and basis of GPCR hetero-dimerization.

What is the molecular basis for GPCR dimerization
and can it be disrupted?

Although it is now widely accepted that GPCRs are able to
homo-dimerize and that certain pairs are able to hetero-
dimerize, particularly for the rhodopsin-like GPCRs, under-
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standing of the molecular basis of these contacts remains
limited. Previous reviews (Milligan, 2004, 2007) have
described a number of the early efforts to explore this issue,
including potential contributions of the extracellular
N-terminus and the intracellular C-terminal tail to protein-
protein interactions. Evidence has begun to favour direct
contacts between residues on the lipid-facing elements of
the transmembrane helices. Although both ‘contact’ and
‘domain-swap’ models of dimerization have been proposed,
direct evidence in support of the ‘domain-swap’ model, in
which it is suggested that transmembrane domains I-V and
VI-VII that are separated by the third intracellular loop of
the receptor are exchanged between the promoters of a
dimer, is limited (Vohra et al., 2007). In the ‘contact’ model
of dimerization, where such unravelling of the structural
organization of the bundle of transmembrane helices is not
required, transmembrane domains IV and/or V have gained
most support as dimerization interfaces in recent times.
Transmembrane domain IV was implicated in the dimeriza-
tion of the dopamine D2 receptor in early studies by Lee et al.
(2003) that employed various truncated forms of the
receptor and by Guo et al. (2003), who employed a cysteine
cross-link approach. Further studies by Guo et al. (2005)
extended these studies by replacing residues all along
transmembrane helix IV with cysteine residues and then
performing cross-linking experiments in the presence of
agonist or inverse agonist ligands. Differences in the rates of
cross-linking of individual sites were indicative of alterations
in the dimer interface associated with active and inactive
receptor states and were consistent with the concept of
allosteric effects of ligands being communicated between
protomers across the dimer interface (Guo et al., 2005).
Endogenous cysteine residues located in transmembrane
domains III and IV have also been shown to play an
important role in dimerization of the 5-HT, receptor
(Berthouze et al., 2007). A key role for transmembrane helix
IV in homo-interactions of the ajp-adrenoceptor was also
uncovered by combinations of receptor fragmentation
(Carrillo et al.,, 2004) and mutagenesis (Lopez-Gimenez
et al., 2007). As in earlier studies employing the complement
C5a receptor (Klco et al., 2003), self-association between
transmembrane domain IV helices was insufficient to
explain the comprehensive interaction map for the
ajp-adrenoceptor fragments and resulted in initially models
(Carrillo et al., 2004) and subsequently direct experimental
support (Lopez-Gimenez et al., 2007), for an oligomeric
organization of this receptor. It remains unclear if certain
aspects of the observed packing and potential interaction
interfaces of rhodopsin in native rod outer segments simply
reflect the high expression levels of rhodopsin. However,
oligomeric complexes of rhodopsin have been identified in
detergent extracts (Jastrzebska et al., 2006) and transmem-
brane helix IV-transmembrane helix V interactions modelled
from the images obtained via atomic force microscopy
(Fotiadis et al., 2006). A crystal structure of a photo-activated
rhodopsin dimer at a resolution of 4.15 A (Salom et al., 2006)
indicated roles for transmembrane helices I and II as well as
the intracellular helix 8. These interactions were suggested to
be in addition to the previously reported transmembrane
helix IV/V interactions and to potentially provide a
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framework to produce the oligomeric arrays of rhodopsin
observed in situ. The lack of uniformity in which trans-
membrane helices are implicated as dimerization interfaces
for different GPCRs may reflect that multiple helices play
roles, as predicted in various models (Vohra et al., 2007), but
that experimental scientists have concentrated on limited
regions simply because the task of exploring this on a global
and systematic level would be challenging. The contribution
to GPCR dimerization of individual amino acids within
transmembrane helices has been even more difficult to
explore or to generalize. Although sequences such as the
glycophorin A like GXXXG motif have been identified in a
range of GPCRs and in a range of distinct transmembrane
helices, only for the yeast pheromone receptor has disrup-
tion of such a motif indicated it to play a key role (Overton
et al., 2003; Gehret et al., 2006). By contrast, in the oyp-
adrenoceptor, disruption of such motifs in two separate
transmembrane helices was without significant effect
(Stanasila et al., 2003; Carrillo et al., 2004) and this was also
the case following mutation of a potential GXXXG motif in
transmembrane helix VII of the class B secretin receptor
(Lisenbee and Miller, 2006). Other motifs that have been
suggested to contribute to stabilization and specificity of
interactions between transmembrane helices include QXXS
(Sal-Man et al., 2005) and Aromatic-xx-Aromatic (Sal-Man
et al., 2007).

A series of computational modelling studies have also
tried to consider likely homo-dimer interfaces. For the
adenosine A3 receptor, Kim and Jacobson (2006) concluded
that, among a number of possibilities, interactions involving
transmembrane helix IV and transmembrane helix V were
more favoured. In a related study, Fanelli (2007) employed
computational modelling to conclude a likely key role
for intermolecular transmembrane helix [V-transmembrane
helix IV interactions in dimerization of the lutropin
receptor. Although apparently counter-intuitive, modelling
studies have also suggested that structurally highly related
receptors, such as the dopamine D2, D3 and D4 receptors,
may have different homo-dimer interfaces (Nemoto and
Toh, 2005). If this is true, then prospects for finding an
underlying, common pattern seem poor. A series of studies
have attempted to disrupt GPCR dimerization. One strategy
has been to employ peptides corresponding to specific
transmembrane domains. Wang et al. (2006) demonstrated
that a synthetic peptide corresponding to transmembrane
domain IV of the chemokine CXCR4 receptor reduced FRET
signals between co-expressed energy transfer competent
forms of this receptor and blocked a number of CXCR4-
mediated effects. By contrast, for the cholecystokinin
receptor, peptides corresponding to transmembrane helices
VI and VII appeared to interfere with dimerization (a peptide
corresponding to transmembrane helix IV was not tested)
but this did not result in an alteration of function
(Harikumar et al., 2006). As such, the current lack of clarity
on the key interaction interfaces of individual homo-dimers
has restricted studies on the effects of disrupting GPCR-
dimerization. It is also possible that because numerous
elements seem to contribute to the basis and selectivity of
GPCR dimerization, single point mutations may be insuffi-
cient to prevent dimerization.
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Although the bulk of studies to date have concentrated on
homo-dimeric interactions, both modelling and experimental
studies have also addressed aspects of the interfaces of
hetero-dimers. An early example in which potential hetero-
dimer interfaces were modelled and predicted indicated
that although closely related, hetero-dimers between opioid
receptor subtypes might employ different contact interfaces
than the corresponding homo-dimers (Filizola et al., 2002).
Although interesting, this remains to be tested experimen-
tally. One example of efforts to explore the interface between
protomers within a hetero-dimer is for interactions between
the adenosine A2a and dopamine D2 receptors (Torvinen
et al., 2004), a pairing that has been much studied (Canals
et al., 2003) and is of potential physiological and therapeutic
significance (Fuxe et al., 2005). As an experimental approach
to interfere with GPCR hetero-dimerization, McLaughlin
et al. (2007) ‘knocked down’ protease activated receptor
3 levels in endothelial cells and, by doing so, moderated
function of the protease activated receptor 1, which they
demonstrated to form a hetero-dimer with protease activated
receptor 3. Similarly, Levoye et al. (2006a) also utilized a
small interfering RNA-based strategy to knock down levels
of the orphan GPCR GPRS0 and, by doing so, uncovered
binding to, and signalling via, the melatonin MT1 receptor
that they proposed to form a non-functional hetero-dimer
with GPRSO0 in cells in which they are co-expressed. Such
studies have also allowed these authors to speculate whether
all ‘orphan’ GPCRs actually have natural orthosteric ligands,
or whether some might act simply as hetero-dimer partners
to alter the functionality of other, specific co-expressed
GPCRs (Levoye et al., 2006b).

Does GPCR dimerization have relevance to disease?

Alteration in the function and activity of many GPCRs is
targeted by the pharmaceutical industry in attempts to treat
a wide range of common diseases and disorders. A sub-
stantial number of diseases, even though many are relatively
rare, are associated with mutations in GPCRs (Tao, 2006) and
polymorphic variation can alter disease susceptibility
(Thompson et al., 2005). Given the importance of effective
GPCR dimerization in cellular quality control prior to plasma
membrane delivery, then forms of GPCRs that fold incor-
rectly might be anticipated to interfere with dimerization of
wild-type GPCRs and hence interfere with their cell surface
delivery and function. This has been observed for a
substantial number of GPCRs. For example, mutants of the
melanocortin 1 receptor that are retained intracellularly act,
in a dominant negative manner, to limit the function of the
wild-type receptor (Sanchez-Laorden et al., 2006). A number
of mutants of this receptor are associated with red hair and
the exact effect of the mutant on the extent of malfunction
and dimerization with a wild-type allele was suggested to
modulate the complexity of skin phenotypes. In a similar
manner, mutations of the calcium-sensing receptor are
known that are associated with familial hypocalciuric
hypercalcaemia and severe neonatal hyperthyroidism. These
are able to dimerize but not to transit through the ER
(Pidasheva et al., 2006). Certain mutations of the thyroid



stimulating hormone receptor that are associated with
dominant resistance to thyroid stimulating hormone also
seem to produce these effects by interacting with and
entrapping the wild-type form of this receptor intracellularly
(Calebiro et al., 2005), while other examples of similar effects
include mutants of the ghrelin/growth hormone-releasing
hormone receptor (McElvaine and Mayo, 2006; Leung et al.,
2007), the gonadotropin-releasing hormone receptor
(Brothers et al., 2004) and others. These examples hint at
commonality in such mechanisms. Although Nemoto and
Toh (2005) noted that a missense mutation in transmem-
brane helix IV of the dopamine D2 is associated with
myoclonus dystonia, and that this was within a region they
had predicted as a dimerization interface, no direct data have
yet indicated this to be a GPCR dimerization defect.

Hetero-dimers may also be relevant to disease states.
Although still requiring independent verification, studies
from Quitterer and co-workers have implicated alterations in
the relative amounts of hetero-dimers involving the angio-
tensin AT1 receptor and, for example, the bradykinin B2
receptor in disease and suggested that both preeclampsia and
some forms of experimental hypertension might be disorders
associated with altered GPCR hetero-dimerization (AbdAlla
et al., 2001, 2005). Furthermore, interactions between the
angiotensin AT1 receptor and the p,-adrenoceptor have been
reported to result in either AT1 receptor blockers or
Bz-adrenoceptor antagonists blocking function at both
receptors (Barki-Harrington et al., 2003). In a similar vein,
hetero-dimerization between the f,-adrenoceptor and pros-
taglandin receptors of the E class in airway smooth muscle
has been reported to result in reduced bronchodilator
response to fBr-adrenoceptor agonists and thus, potentially,
to impact on asthma (McGraw et al.,, 2006). As such,
although a research area still in its infancy, there may be
numerous examples of ways in which GPCR hetero-dimer-
ization may contribute to the actions (and perhaps side
effects) of therapeutic medicines.

Do GPCR hetero-dimers offer a novel set of
pharmacological targets?

One of the most common questions asked of those exploring
GPCR hetero-dimerization is whether they provide a distinct
group of targets for novel drug design. This question has
been addressed to some extent in previous reviews (Maggio
et al., 2005; Prinster et al., 2005; Milligan, 2006). Three
aspects of GPCR function offer potential in this regard.
Firstly, it may be possible to identify ligands that are selective
for GPCR hetero-dimers. Secondly, it is becoming clear that
GPCR hetero-dimers can generate very distinct signals from
the corresponding homo-dimers and thirdly, hetero-dimers
may offer a means to improve tissue selectivity of function.
In terms of the potential to generate hetero-dimer selective
ligands, it has been clear for many years that multiple
observed opioid pharmacologies cannot be explained easily
by consideration only of the three major opioid receptors
acting in isolation (Gupta et al., 2006). Furthermore, co-
expression of pairs of opioid receptors has, at least in part,
helped to unravel such effects. Portoghese and co-workers
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have actively explored the actions of a series of opioid
ligands in which two distinct pharmacophores are separated
by a linker arm of varying length. Using such reagents,
although they are tool compounds rather than inherent
drug-like molecules, has suggested that, for example, hetero-
dimers between DOP and KOP receptors may reflect the
pharmacologically, rather than molecularly, defined delta(1)
and kappa(2) receptors (Xie et al., 2005). Similarly, the
marked pharmacological differences observed following co-
expression of pairs of opioid receptors is likely to reflect a
level of hetero-dimerization or interaction (Fan et al., 2005;
Snook et al., 2006). An orthosteric ligand that has the
capacity to regulate a GPCR hetero-dimer is bovine adrenal
medulla peptide 22. The DOP receptor and sensory neuron-
specific receptor-4 are co-expressed in dorsal root ganglia
and are able to hetero-dimerize/oligomerize (Breit et al.,
2006). Bovine adrenal medulla peptide 22 contains pharma-
cophores for each of the individual receptors, but at opposite
ends of the bovine adrenal medulla peptide 22 peptide
sequence. Hence, without further processing, bovine adrenal
medulla peptide 22 is able to interact with both elements of
the DOP receptor/sensory neuron-specific receptor-4 hetero-
dimer, and in doing so produce a distinct pharmacology that
allows selective ligands at these two receptors to produce
effects across the hetero-dimer.

To develop a true capacity to examine the physiological
importance of GPCR hetero-dimerization requires the
identification and use in animal models of small molecule
ligands that are highly hetero-dimer selective. This will
clearly not be a trivial challenge, and hence the report of ¢’
guanidinonaltrindole as a highly selective agonist at
DOP/KOP receptor hetero-dimers (Waldhoer et al., 2005)
has attracted a great deal of attention (Park and Palczewski,
2005). Not least, this reflects the in vivo action of 6
guanidinonaltrindole as a spinally selective analgesic
(Waldhoer et al., 2005) rather than effects being reported
only in heterologous, transfected cells. These results clearly
require independent confirmation, but offer hope for the
identification of further selective ligands via large-scale
screens. Strategies to screen for such ligands have been
discussed recently (Milligan, 2006). Although it is not
entirely clear how 6 guanidinonaltrindole might bind
selectively to the DOP/KOP hetero-dimer, attempts to dock
this ligand within a suitable computational model and a
comparison of this with the KOP receptor ligand 5’
guanidinonaltrindole could be revealing.

There is also emerging evidence that GPCR hetero-dimers
may generate different signals than the corresponding
homo-dimers. Once again, co-expressed pairs of opioid
receptors that are able to interact physically have contrib-
uted significantly to understanding. For example, DOP-MOP
receptor interactions are reported to alter G protein coupling
selectivity as George et al. (2000) reported a loss of pertussis
toxin sensitivity of signal transduction following co-expres-
sion of these two receptors. One possible explanation for this
is a selective recruitment of Gz to the DOP-MOP hetero-
dimer. A different alteration in function has recently also
been reported for DOP-MOP hetero-dimers as they have
been shown to result in B-arrestin 2-dependent activation of
the extracellular regulated kinases mitogen-activated protein
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kinases (Rozenfeld and Devi, 2007). D1/D2 dopamine
receptor hetero-dimers are also reported to generate novel
CaZ* signals, via activation of G¢/G;; G proteins when the
two receptors are co-expressed and such signals can be
observed in the striatum (Rashid et al., 2007). Interestingly,
such responses become desensitized by agonist occupancy of
either protomer (So et al., 2007). It appears likely that more
examples of differential or biased signal transduction from
GPCR hetero-dimers will be uncovered as this issue is
explored more fully. Such effects may also contribute to an
ability to utilize previously characterized ligands in distinct
ways or to help explain unanticipated effects of ligands in
physiologically relevant cells and tissues, and in both animal
models and patients. Finally, even if ligands display only
relatively modest differences in affinity and potency, rather
than complete specificity, at GPCR hetero-dimers compared
to the homo-dimers, higher affinity and potency may allow
these to function in a cell or tissue-selective manner if the
hetero-dimer in question is expressed only in tissues of
therapeutic interest. For all of these reasons, further research
into the extent, molecular basis and functional conse-
quences of GPCR hetero-dimerization is likely to be pursued
actively.
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