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Abstract Protein-protein interactions are involved in the
regulation of alarge number of biological processes. It is
well established that a variety of cell surface receptors
interact with each other to form dimers, and that this is
essential for their activation. Although the existence of G
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protein coupled receptor dimers was predicted from ear-
ly pharmacological and biochemical analysis, solid evi-
dence supporting dimerization has come within the past
few years following the cloning of G protein coupled re-
ceptor cONAs. Using differential epitope tagging and se-
lective immunoisolation of receptor complexes, dimer-
ization of a number of G protein coupled receptors in-
cluding members of the rhodopsin, secretin, and metabo-
tropic glutamate receptor families have been reported.
More recently fluorescence or bioluminescence reso-
nance energy transfer techniques have been used to ex-
amine dimerization of these receptorsin live cells. These
studies have found that whereas in some cases there is an
agonist induced increase in the level of dimers, in others
there is a decrease or no change in dimer levels. Several
recent studies have also reported the ability of related
members of G protein coupled receptors to heterodimer-
ize. These heterodimers exhibit distinct physical and
functional properties. Examination of possible sites of
interactions between receptors has implicated a role for
extracellular, transmembrane and/or C-terminal region in
dimerization. The functional consequences of dimeriza-
tion, explored mainly using mutant receptors, have dem-
onstrated a role in modulating agonist affinity, efficacy,
and/or trafficking properties. Thus dimerization appears
to be a universal phenomenon that provides an additional
mechanism for modulation of receptor function as well
as cross-talk between G protein coupled receptors.
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Abbreviations BRET: Bioluminescence resonance
energy transfer - CAMP: Cyclic adenosine
monophosphate - CCR: Chemokine receptor -

DAMGO: [p-Ala2,MePher-Glys-ol]enkephalin -
Deltorphin II: Tyr-p-Ala-Phe-Glu-Val-Val-Gly-NH, -
DPDPE: [p-Penz,p-PenSenkephalin - DTT: Dithiothreitol -
FRAP: Fluorescence resonance energy transfer after
photobleaching - FRET: Fluorescence resonance energy
transfer - GABAgR: y-Amino butyric acid receptor -



GIRK: G protein coupled inwardly rectifying K+
channels - GPCR: G protein coupled receptors -

GST: Glutathione-S-transferase - HA: Hemagglutinin -
MAPK: Mitogen-activated protein kinase -

SDSPAGE: Sodium dodecy! sulfate—polyacrylamide
gel electrophoresis - SSR: Somatostatin receptor -
TIPPW: H-Tyr-Tic[y,CH2NH]Phe-Phe-OH
(Tic=1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid -
TM: Transmembrane

Introduction

The activation of different classes of plasma membrane
receptors regulates the activity of practically every cell
of the body. The vast majority of these receptors belong
to the superfamily of G protein coupled receptors
(GPCRs) which at current estimates account for approx.
1% of the genes present in a mammalian genome. Ago-
nists or antagonists of GPCRs as well as agents that in-
terfere with cellular pathways regulated by these recep-
tors are widely used in drug therapy.

All GPCRs share a common three-dimensional struc-
ture consisting of seven transmembrane (TM) helices
(I-V11) linked by three alternating intracellular (iy, 15,
and i5) and extracellular (e, e,, and e;) loops. A disul-
fide bond formed by two cysteine residues conserved in
most GPCRs (one in e; and the other in e,) is probably
important for the packaging and stabilization of a re-
stricted number of conformations for these seven TM
helices [1]. The extracellular and transmembrane regions
of the receptor are involved in ligand binding [2, 3, 4]
while the intracellular surface is important for G protein
activation and function [5, 6, 7, 8]. Structurally GPCRs
can be classified into three major receptor families [9].
Family A (rhodopsin/B,-adrenergic receptor-like) recep-
tors comprise by far the largest family of GPCRs and li-
gands acting on these receptors are remarkably diverse
(photons, amino acids, proteins). Receptors belonging to
this class are characterized by the presence of approx. 20
highly conserved amino acids localized mainly in the
TM regions. A role for these residues in protein stability
and/or in mediating agonist induced conformational
changes has been proposed based on mutagenic studies
[10]. Family B (secretin/glucagon receptor) receptors
make up a relatively small group of receptors character-
ized by the presence of a large N-terminal extracellular
domain that contains six well-conserved cysteine resi-
dues in addition to the some 20 highly conserved resi-
dues within the TM regions [11]. Family C (metabotrop-
ic glutamate and calcium-sensing receptor) receptors are
characterized by a very long N-terminal extracellular do-
main that appears to be sufficient for ligand binding.
These receptors share approx. 20 cysteine residues in the
extracellular region and a TM receptor core that may be
involved in ligand binding as well as other receptor func-
tions[12].

Models describing the interaction of GPCRs with
their G protein targets are generaly based on the as-
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sumption that the receptors exist as monomers and
couple to G proteins in a 1:1 stoichiometric ratio. How-
ever, recent studies suggest that these classical models of
receptor/G protein coupling are oversimplified since a
number of studies have reported not only the presence
but also arole for GPCR multimers in modul ating recep-
tor function [13]. In addition, some GPCRs need to form
heterodimers in order to be correctly folded, exported to
the membrane and obtain their final identity [1, 14]. In
this review we present several lines of evidence support-
ing dimerization of GPCRs as well as discuss possible
mechanisms and functional implications of this phenom-
enon.

Homodimerization

The ability of GPCRs to dimerize or oligomerize was not
recognized until recently despite a significant amount of
circumstantial evidence derived from cross-linking ex-
periments, target size analysis and hydrodynamic studies
(Table 1). In recent years, with the availability of GPCR
cDNAs and specific antibodies to the receptors, it has
been possible to critically evaluate the hypothesis that
“GPCRs physically interact with each other to form di-
mers/oligomers and this interaction modulates their func-
tion.”

Early indirect evidence
Pharmacological evidence

Complex binding data from early pharmacologica stud-
ies provided indirect evidence for the existence of GPCR
dimers. Studies with adrenergic and muscarinic receptors
showed homo- or heterotropic cooperativity in ligand
binding analysis [15, 16, 17, 18, 19, 20, 21]. More re-
cently receptor isolation using affinity chromatography
followed by western blotting provided direct evidence
for the ability of adrenergic and muscarinic mg receptor
dimers/multimers to bind ligands [22, 23]. Radioligand
binding studies with two different receptor antagonists
suggested the existence of D, dopamine receptor dimers
[24]. The receptor density was found to be approx.
1.5-fold greater with nemonapride than with spiperone.
Photoaffinity labeling with radioiodinated ligands show-
ed that spiperone labeled only the monomers while ne-
monapride labeled both the monomers and the dimers
[24]. Radioiodinated ligand blotting studies with placen-
tal leteinizing hormone receptors aso led to the detec-
tion of dimeric receptors (180 kDa) in solubilized prepa-
rations [25]. The apparent molecular weight of the recep-
tor dimer is consistent with that determined by sucrose-
density gradient centrifugation [26]. Finally, pharmaco-
logical evidence for the presence of opioid receptor di-
mers came from the use of dimeric enkephalin or mor-
phine analogs, which exhibited higher affinity for & or pu
receptors [27]. Furthermore, these analogs exhibited sev-
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Table 1 Homodimerization of G protein coupled receptors

Receptor Technique Year References
Family A
Monoamine
,-Adrenergic Binding assays 1975, 1976 15, 16
Target size analysis 1982, 1983 28, 29
Western blot analysis 1996 22
Immunoprecipitation 1998 572
BRET 2000 682
o,-Adrenergic Target size analysis 1983 29
Dopamine Target size analysis 1987 39
Photoaffinity labeling 1996 24
Cross-linking studies 1996, 1998 24, 42
Immunopreci pitation 1994, 1997 52, 53
Small molecule
Muscarinic Photoaffinity labeling 1983 43
Binding assays 1985, 1987, 1988, 1989, 1991 17,18, 19, 20, 21
Target size analysis 1985, 1986 37,38
Western blot analysis 1995, 1999 63, 23
Immunopreci pitation 1999 23
Histamine Immunoprecipitation 1997 602
Platel et-activating factor Immunopreci pitation 1994 61a
Peptide
Opioid Binding assays 1982 27
Target size analysis 1983, 1986 30, 31, 33
Hydrodynamic analysis 1986 32
Immunoprecipitation 1997, 1999 58, 592
Angiotensin 11 Gel exclusion analysis 1980, 1983, 1987 50, 51, 47
Cross-linking studies 1982, 1984, 1987, 1990, 1991 45, 46, 47, 48, 49
Vasopressin V, Immunoprecipitation 1996, 1998 22, 622
Bradykinin Cross-linking studies 1999 44
Somatostatin FRAP 2000 692
Protein
Gonadotropin-rel easing hormone Target size analysis 1985 36
FRET 2001 702
Thyrotropin Target size analysis 1987 35
Cross-linking studies 1987 35
Immunopreci pitation 1992, 1995 54, 55
L uteinizing hormone Density gradient centrifugation 1990 26
Ligand blotting 1991 25
Immunopreci pitation 1992 56
Human chorionic gonadotropin Immunoprecipitation 1992 56
Chemokine CCR2 Cross-linking studies 1999 41
Immunopreci pitation 1999 41a
Family B
lg-Hepta Immunoprecipitation 1999 64
Family C
Calcium-sensing Cross-linking studies 1998 40
Density gradient centrifugation 1998 66
Immunoprecipitation 1998, 1999 40, 652
Metabotrophic glutamate Western blot 1999 67
Crystallography 2000 101a

a|ndicates recent studies providing direct evidence for dimerization



eral-fold greater potency than their monomeric counter-
partsin the guinea pig ileum bioassay [27].

Biochemical evidence

Radiation inactivation studies. Radiation inactivation
(target size analysis) is a technique based on the inverse
relationship between the dose-dependent inactivation of
a macromolecule by ionizing radiation and the size of
that macromolecule. This technique was used to show
that a number of GPCRs exist as multimeric arraysin the
plasma membrane. For example, radiation inactivation
showed that the molecular weight of the functional unit
of the B,-adrenergic receptor from mammalian lung
membranes was approx. 109 kDa whereas the subunit
molecular weight of the receptor was found to be 59 kDa
by sodium dodecy! sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). Taken together these results sug-
gested that the mammalian lung B,-adrenergic receptor is
a dimer of two identical subunits [28]. This technique
was also used to demonstrate the functional size of the
o,-adrenergic receptor in human platelet membranes as
approx. 160 kDa [29]. Radiation inactivation studies
with the opioid receptor showed that the molecular mass
of the membrane bound receptor ranges from 100 to
200 kDa depending on the assay conditions, and that it
becomes 60 kDa in the presence of Na*, Mg?*, and gua-
nosine triphosphate [30, 31]. Consistent with this, the
hydrodynamic size of the solubilized opioid receptor
complex was found to be 200 kDa [32]. These studies
led to the suggestion that the native form of the opioid
receptor is an oligomeric array of the receptor complex-
ed with G proteins [33]. Analysis of the target size of
thyrotropin receptor revealed the presence of a thyroid-
stimulating hormone binding component of 71 kDa. This
estimate is approximately twice that obtained by cross-
linking studies (approx. 31 kDa), presenting the possibil-
ity that the functional receptor consists of a high molecu-
lar weight complex in its native state [34, 35]. Similar
observations were aso made for the gonadotropin-
releasing hormone receptor [36] and for the muscarinic
receptor [37, 38]. In the case of the D, dopamine recep-
tor the functional molecular mass for the agonist binding
site was found to be higher than the antagonist binding
site, suggesting that agonists bound to the oligomeric re-
ceptor [39].

Cross-linking studies. Cross-linking studies have sup-
ported the existence of dimeric or oligomeric complexes
of the dopamine D, receptor [24], calcium-sensing re-
ceptor [40], and chemokine receptor (CCR2) [41]. In
the case of the D, dopamine receptor, radioiodinated
4-azido-5-iodonemonapride detected both the monome-
ric (120 kDa) and the dimeric (approx. 250 kDa) forms
of the D, receptor whereas radioiodinated azidophen-
ethylspiperone detected only the monomeric form [42].
Photoaffinity labeling of muscarinic receptors present in
partialy purified membrane fractions from various brain
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Fig. 1 Biochemical characterization of (3,-adrenergic receptor and
D, dopamine receptors. Human embryonic kidney cells were tran-
siently transfected with Flag-tagged human B,-adrenergic receptor
cDNA or D, dopamine receptor cDNA. After 72 h the cells were
incubated without (=) or with (+) 5 mM Dithiobis-(succinimidyl-
propionate) (DSP, Pierce) and subjected to Western blotting with
anti-Flag (M1) antibody as previously described [58, 59]. Treat-
ment with the cross-linking agent (DSP) results in a reduction in
the level of both the approx. 45 kDa (monomer) and approx.
90 kDa (dimer) forms of the B,-adrenergic receptor but stabilizes a
higher molecular weight oligomeric form. Treatment with the
cross-linking agent appears to decrease the level of the lower mo-
lecular weight (monomer) form of the D, dopamine receptor but
does not affect the level of the major approx. 130 kDa (dimer)
form

regions indicated that the receptor is present in the brain
as a dimer of 80 kDa and a tetramer of 160 kDa [43].
More recently dimerization of bradykinin B, receptors
was demonstrated by cross-linking of agonists (but not
antagonists) to endogenously expressed receptors in
PC-12 cells [44]. Cross-linking of radioiodinated ago-
nists to angiotensin Il receptors in a variety of tissues
showed that the receptor exists as a noncovalent dimer
(approx. 116 kDa) with two subunits of similar molecu-
lar weight (approx. 60 kDa) [45, 46, 47, 48, 49]. The di-
meric nature of this receptor was also supported by the
detection of two peaks of radioactivity by gel exclusion
chromatography [47, 50, 51]. Similar studies have indi-
cated that the receptors for thyroid stimulating hormone
are present in oligomeric complexes of a 31-kDa subunit
in FRTL-5 thyroid cells [35]. In our laboratory we have
seen that treatment of cells expressing either the B,-ad-
renergic receptor or the D, dopamine receptor with a
cross-linking agent such as dithiobis (succinimidyl pro-
pionate) leads to the detection of oligomeric complexes
with a concomitant decrease in the monomeric receptor
species (Fig. 1).

I mmunoprecipitation studies using antibodies to endoge-
nous receptors. Immunoprecipitation and Western blot
analysis have been used to gain further support for the
presence of dimers among severa members of the rho-
dopsin family. Studies with dopamine receptors showed
the presence of dimers in heterologous cells and in brain
tissue. Immunoprecipitation of the D, long form of dopa-
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mine receptors expressed in heterologous cells with are-
ceptor specific antibody identified two major receptor
species at approx. 44 kDa and at approx. 93 kDa sug-
gesting the presence of receptor monomers and dimers
[52]. Both receptor species could be immunoprecipitated
from digitonin solubilized preparations of cells metaboli-
cally labeled with 32P or [3H]palmitate [52]. |mmunopre-
cipitation studies with dopamine D5 receptor specific an-
tisera also showed two protein species of approx. 85 and
180 kDa (in addition to an approx. 45-kDa protein) in
human, monkey, and rat brain membranes [53]. This
suggests that the D4 receptor exists as a dimer and a
tetramer in both primate and rodent brain. In al three
species examined the tetrameric form of the D5 protein
was found to be the most abundant species. These forms
of the D5 receptor were resistant to reducing agents and
detergent treatment [53]. The presence of dimers was
also observed with D4, a naturally occurring truncated
form of D5 dopamine receptor lacking TM VI and VII
[53]. Furthermore, when immunoblots of proteins ex-
tracted from rat prefrontal cortex or from cells cotrans-
fected with both receptors were probed with the Dgy-
specific polyclonal antibody, both the tetrameric and the
dimeric protein species gave immunoreactive signals
[53]. In addition, the same receptor species was also
identified in proteins from rat brain immunoprecipitated
with anti-D5 antibody [53] suggesting the dimerization
between the D5 and D proteins [53]. Confocal micros-
copy confirmed the presence of both proteinsin the same
pyramidal-like neurons with greatest colocalization in
the proximal portion of the apical dendrites [53]; thus it
is likely that the dimeric form of D4-D4¢ plays a physio-
logical role in vivo. Under nonreducing conditions mem-
branes prepared from cells expressing thyroid-stimulat-
ing hormone were found to contain both glycosylated
and unglycosylated dimeric and monomeric receptor
forms [54]. Neither reducing agents nor high concentra-
tions of a combination of detergents (SDS and Triton
X-100) appeared to affect the level of dimers [54]. Im-
munoprecipitation with antisera raised against the thy-
roid-stimulating hormone receptor also identified the di-
meric forms of the receptor in plasma membranes of hu-
man thyroids [55]. Similar experiments with membranes
from ovaries of pseudopregnant rats revealed the pres-
ence of dimers of luteinizing hormone/human chorionic
gonadotropin receptors [56].

Recent direct evidence

I mmunoprecipitation studies using antibodies
to epitope-tagged receptors

Differential epitope tagging of GPCR cDNA followed by
selective immunoprecipitation of the dimer has been
used to confirm the ability of GPCRs to dimerize in het-
erologous cells. Coexpression of differentially epitope
tagged [,-adrenergic receptor (with either c-myc or he-
magglutinin (HA) epitopes) followed by immunoprecipi-

tation and Western blotting with selective antisera result-
ed in the visualization of the dimeric (90 kDa) and mo-
nomeric (45 kDa) receptor forms [57]. Receptor dimers
were also detected in digitonin-solubilized membrane
extracts as well as in affinity purified receptor prepara-
tions [57]. The specificity of dimerization was demon-
strated by the lack of coimmunoprecipitation of c-myc
tagged muscarinic receptors when coexpressed with the
HA tagged (3,-adrenergic receptors [57].

Direct demonstration of the existence of opioid recep-
tor dimers came from similar immunoprecipitation stud-
ies of differentially tagged receptors [58, 59]. In these
studies Flag and c-myc epitope tagged & or K receptor
cDNAs were used. Immunoprecitipation with anti-myc
antisera followed by Western blotting with anti-Flag an-
tisera resulted in the visualization of & [58] and k [59]
dimers only in cells expressing the receptors. These & or
K opioid receptor dimers were seen in a variety of cell
lines [58, 59]. The & opioid receptor exhibits little or no
dimeric forms in the absence of cross-linker; cross-link-
ing agents are needed to stabilize the & receptor dimers
[58]. In contrast, K receptors exist as SDS stable dimers
regardiess of the presence or absence of cross-linking
agents [59]. Furthermore, treatment with reducing agents
resulted in a decrease in the size of the immunoreactive
material to one corresponding to that of K receptor
monomers suggesting the involvement of disulfide bonds
in the dimerization of this receptor [59].

Western blot analysis of immunoprecipitates from
cells expressing HA tagged-histamine H, receptors re-
veaed four bands of molecular mass of approx. 30, 60,
80, and 120 kDa [60]. These bands were also detected
when the same blots were probed with an antibody di-
rected against the C-terminal 14 amino acid residues of
the receptor, indicating that they correspond to full-
length HA-tagged H, receptors. From the molecular
mass as predicted from its amino acid sequence it was
suggested that the 60-kDa band most likely represents
the dimer, the 80-kDa band the trimer, and the 120-kDa
band the tetramer of the histamine H., receptor [60].

Immunoprecipitation studies have also shown the
presence of dimers in the case of the platelet activating
factor receptor [61], the human V, vasopressin receptor
[22, 62] and the chemokine CCR2 receptor [41]. Differ-
ential tagging of the m; muscarinic receptor at the C-ter-
minal tail was used to confirm the presence of dimers.
These dimers represented 45% of total receptors present
on the cell surface and 30% of intracellular receptors
[23]. Dimer and oligomer formation has also been ob-
served in the case of the m; and m, muscarinic receptors
[23, 63].

The members of the secretin family (family B of
GPCRs) have aso been examined for dimerization.
Ig-Hepta is an unusual member in that its hepta-helical
transmembrane region is similar to the secretin receptor
family, but its large exodomain (1053 amino acid resi-
dues) is unique in having immunoglobulinlike repeats, a
motif characteristic of the members of the Ig superfamily
of cell surface receptors. Western blots, with Ig-Hepta



antisera, of detergent extracts from rat lung membranes
detected a single band of approx. 160 kDa under reduc-
ing conditions [64]. Under nonreducing conditions sig-
nificant amounts of |g-Hepta migrated as an approx.
260-kDa species. Recombinant Ig-Hepta expressed in
COS-7 cells behaved as an approx. 130 kDa and an ap-
prox. 260 kDa species under reducing and nonreducing
conditions, respectively [64]. The presence of the dimer-
ic form of Ig-Hepta receptor was confirmed by coimmu-
noprecipitation/Western blot analysis of the differentially
tagged 1g-Hepta receptors [64].

Members of family C of GPCRs have also been
shown to exist as dimers using immunoprecipitation and
Western blot analysis. Surface labeled heterologous cells
transiently expressing differentially tagged calcium-sens-
ing receptors were found to exist as two major proteins
of approx. 200-300 kDa and 300-500 kDa under nonre-
ducing conditions and a major band of 160 kDa (mature
monomeric receptor) under reducing conditions (in the
presence of dithiothreitol, DTT) [40]. A dimeric band
was also detected (under nonreducing conditions) with
an anti-calcium-sensing receptor antiserum [40]. lodo-
acetamide was included in the lysis buffer to prevent
nonspecific disulfide bond formation between the free
thiol groups of the native receptor. Use of a noncleavable
membrane—impermeant cross-linker demonstrated that
more than 85% of the calcium-sensing receptors are
present on the cell surface in the form of dimers [40].
The presence of dimers under nonreducing conditions
suggested that these receptors form dimers/oligomers via
intermolecular disulfide bonds that are sensitive to re-
ducing agents [40, 65]. In a related study, kidneys of
anesthetized rats were perfused with N-ethylmaleimide
to rule out any artifactual formation of disulfide bonds
during tissue processing and endosome purification. Su-
crose density gradient centrifugation of solubilized endo-
somal proteins detected the presence of the dimeric and
monomeric forms as seen in Western blots [66].

Examination of metabotropic glutamate R1-a., recep-
tors in baby hamster kidney cells or P2 membranes from
rat cerebellum by Western blotting also detected dimers
(approx. 300 kDa) in the absence of DTT and monomers
(approx. 150 kDa) in the presence of DTT [67]. This
strongly suggested a role for disulfide bonding in recep-
tor dimerization. Treatment of BHK cells with brefeldin
A, adrug that blocks the transit of proteins from the en-
doplasmic reticulum to the Golgi apparatus, did not pre-
vent dimerization, suggesting that this process takes
place in the endoplasmic reticulum [67].

Effect of agonists on homodimerization

A number of studies have evaluated the effect of ago-
nists on the level of receptor dimers and found that in
some cases they stabilize and/or increase the level of di-
mers while in others they have no effect or decrease the
level of dimers. A time-dependent increase in receptor
dimerization, following agonist treatment, was observed
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Fig. 2 Effect of agonist treatment on the level of the approx.
90 kDa (dimeric) form of Flag-tagged [3,-adrenergic receptor. Hu-
man embryonic kidney cells expressing (3,-adrenergic receptors
were treated with increasing doses of isoproterenol for 30 min at
37°C. Following treatment the cells were washed and incubated
with 5 mM DSP and subjected to Western blotting as described
[58, 59]. The level of Flag-tagged (,-adrenergic receptor was de-
termined by Western blotting using Flag (M1) antibody and the
levels of tubulin using anti-tubulin antibody (Sigma). A A repre-
sentative autoradiogram showing the level of anti-Flag-tagged
[,-adrenergic receptors (upper) and tubulin (lower) following
treatment with the agonist. B Autoradiograms from five indepen-
dent experiments were densitized and the ratio of the f,-adren-
ergic receptor to tubulin was determined as described [58]. The
data present mean +SEM (n=5). Control The ratio of B,-adren-
ergic receptor levels to the tubulin levels; the level in untreated
cells is taken as 100%. Statistical analyses did not reveal signifi-
cant differences between treated and control groups

in the case of PB,-adrenergic receptor as determined by
agonist binding to membranes or affinity purified recep-
tors [22]. Similarly, agonist treatment showed an in-
crease in bioluminescence resonance energy transfer
(BRET) signal [i.e., the emission from the yellow fluo-
rescence protein (tagged to the receptor C-tail) as a con-
sequence of the activation energy generated by the addi-
tion of the substrate to luciferase (also tagged to the
C-tail)] [68]. This increase could be due to a change in
the level of dimers and/or change in the conformation of
the receptor upon agonist binding. We have recently
found that treating whole cells expressing epitope-tagged
B,-adrenergic receptors with different doses of isoproter-
enol leads to asmall decrease in the level of dimers, with
no significant increase in the level of monomers (Fig. 2).
Furthermore, treatment of these cells with isoproterenol
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for avaried period of time did not significantly affect the
level of receptor dimers (Nivarthi and Devi, unpub-
lished). These findings are consistent with the possibili-
ty, that rather than a net increase in the number of dimers
upon agonist treatment, there is a change in the confor-
mation of the receptor that leads to the increase seen in
BRET signal. Fluorescent resonance energy transfer af-
ter photobleaching (FRAP) was used to examine the ef-
fect of agonist treatment on the dimerization of the
somatostatin receptor (SSR) in live cells [69]. Using
fluorescein and rhodamine-conjugated monoclonal anti-
bodies against the epitope tag on the SSR5 receptor, the
authors showed that there was a significant slowing of
the photobleaching process upon addition of the rhoda-
mine-labeled cells to the fluorescein-labeled cells, and
this was further decreased in the presence of the agonist
[69]. These results suggest that there is an agonist-medi-
ated increase in the level of dimers. However, it should
be noted that these changes in energy transfer could be
due to changes in receptor conformation leading to
changes in the energy transfer. The fluorescence reso-
nance energy transfer (FRET) method was used to dem-
onstrate that only agonists and not antagonists promoted
the microaggregation (dimerization/oligomerization) of
the gonadotropin-releasing hormone receptor [70]. The
doses of the agonists that promoted receptor microaggre-
gation were within the physiological range and the time
course indicated that these events occur immediately af-
ter agonist binding and persist up to 80 min [70]. These
results led the authors to conclude that the gonadotropin-
releasing hormone receptor undergoes agonist-mediated
microaggregation.

In the case of the calcium sensing receptor, agonists
induced a concentration-dependent increase in the dimer-
ic (240-310 kDa) form which was accompanied by a de-
crease in the level of the monomeric (121 and
138-169 kDa) form in solubilized endosomes purified
from rat kidney inner medullary collecting duct [66]. Di-
mers of differentially epitope tagged chemokine CCR2
receptors were detected on Western blots only after treat-
ment of transfected cells with the agonist [41].

Stimulation of endogenously expressed bradykinin B,
receptors in PC-12 cells with agonists also leads to the
increased formation of receptor dimers and higher oligo-
merization states [44]. Chemical cross-linking with ra-
dioiodinated agonists showed an increase in receptor di-
mers with a concomitant decrease in monomers in cells
transiently expressing the D, dopamine receptor [24] and
the SSRs [69].

Agonist treatment does not affect the levels of some
GPCRs dimers. In order to study the effect of agonists
on o-mating factor receptor (STE2 in yeast) the receptor
(lacking C-terminal tail regulatory domain) was C-termi-
nally tagged with either cyan-fluorescent protein or
yellow-fluorescent protein and subjected to FRET analy-
sis [71]. Coexpression of the differentially tagged trun-
cated receptors resulted in an increase in FRET efficien-
cy, which was not affected by agonist treatment suggest-
ing that agonists did not affect the levels of truncated re-

ceptor dimers [71]. Similarly, incubation of m; musca-
rinic receptor expressing cells with increasing concentra-
tions of carbachol, followed by SDS-PAGE and Western
blot analysis showed an absence of agonist effect on m;
receptor dimer formation [23].

In the case of opioid receptors, agonist treatment had
either no effect (K receptors) or caused a decrease in the
level of dimers (0 receptors) [58, 59]. Whereas several
selective and nonselective agonists could decrease the
level of dimers (with a concomitant increase in the level
of monomers), morphine at concentrations that elicit
functional responses did not decrease the level of o di-
mers [58]. Taken together, these results propose differen-
tial effects of agonists in modulating the levels of GPCR
dimers.

Functional implications of homodimerization

The function of GPCR dimerization/oligomerization has
been addressed either through the use of peptides that
block dimerization or mutant receptors that do not di-
merize. Treatment of (3,-adrenergic receptors with a pep-
tide that blocks dimerization (TM VI peptide) resulted in
a decrease in agonist-mediated adenylyl cyclase activity
[22]. Agonist treatment of membranes expressing the re-
ceptor induced a modest but reproducible increase in the
amount of dimer in a time-dependent manner; agonist
treatment also protected the dimer from the disruptive
effect of TM VI peptide [22]. These observations sug-
gest that agonist-induced dimerization is the mechanism
by which the receptor activates Gs. Alternatively, dimer-
ization may be the consequence of the interaction of the
receptor with other membrane proteins. However, this
appears less likely since an agonist-induced increase in
the amount of receptor dimer was also observed with pu-
rified (,-adrenergic receptors [22]. The role of dimer-
ization in receptor activity was studied using a mutant
B,-adrenergic receptor (C341G) that exhibited lower
levels of maximal agonist-stimulated adenylate cyclase
activity i.e., a constitutively desensitized receptor [57]. If
there was no functional interaction between the mutant
and wild-type receptors, an intermediate phenotype for
receptor activity would be expected upon coexpression
of these two. In contrast to the expected results, full re-
ceptor activity was observed, suggesting an interaction
between wild-type and mutant receptors [57]. Coexpres-
sion of the C314G mutant receptors with another
B,-adrenergic receptor mutant (S261, 262, 345, 346A),
which has mutations in the two consensus protein kinase
A sites and is somewhat resistant to agonist promoted
desensitization, resulted in a receptor that was able to in-
duce adenylate cyclase signaling with an efficacy similar
to that of wild-type receptors [57]. This indicated that
both the wild-type and mutant (S261, 262, 345, 346A)
B,-adrenergic receptors acted in a dominant positive
fashion complementing the C314G phenotype [57].

A double cysteine mutant of the muscarinic m; recep-
tor, which does not form disulfide bonded dimers (al-



though it forms noncovalent receptor dimers and mul-
timers), displayed a greater than 50-fold reduction in
binding affinities for agonists and antagonists than the
wild-type receptor. Additionally, phosphoinositol assays
showed that this mutant receptor exhibited substantially
less agonist potency (>10,000-fold) than m; wild-type
receptor [23].

Cotransfection of a mutant of the human platel et-acti-
vating factor receptor that did not exhibit coupling to G
proteins (D63N) with the wild-type receptor resulted in
the formation of a constitutively active receptor pheno-
type [72]. Agonist-induced inositol phosphate production
was higher in cells transfected with a 1:1 ratio of wild-
type:D63N mutant than with wild-type alone [72]. Con-
trols showed that the mutant receptor alone could not in-
duce inositol phosphate production in response to ago-
nist stimulation. The same set of studies showed that co-
expression of wild-type chemokine receptor CCR2B
with a carboxyl-terminal deletion mutant resulted in a
decreased affinity and responsiveness to agonists [72].
These studies suggest that dimerization plays an impor-
tant role in the modulation of signal transduction in addi-
tion to influencing agonist affinity.

In the case of the calcium-sensing receptor the func-
tional consequences of cysteine to serine mutations on
dimerization and signaling were examined by studying
the effect of agonists on the accumulation of inositol
phosphates in HEK 293 cells [73]. The double point mu-
tant receptor (C101S/C236S), which did not exhibit co-
valent dimerization, had a decreased affinity for extra-
cellular Ca*2 and slower response kinetics with agonists
[65]. Coexpression in HEK293 cells of specific pairs of
mutant calcium-sensing receptors, each with a reduced
or absent activity because of specific loss-of-function
mutations, led to the partial reconstitution of extra-
cellular calcium-dependent signaling [74], suggesting a
role for dimerization in affecting signaling of this recep-
tor.

The extent of involvement of dimerization in signal-
ing was examined through the use of a number of dele-
tion mutants of V, vasopressin receptor. Cotransfection
of mutant V, vasopressin receptors, truncated by intro-
duction of a translation stop codon into either the third
intracellular loop, second intracellular loop, or second
extracellular loop, with the wild-type V, receptor into
COS-7 cells, led to an inhibition of maximum binding
and of agonist-stimulated cyclic adenosine monophos-
phate (CAMP) levels. Little or no inhibition of agonist-
induced cAMP responses was seen when receptors trun-
cated at either the i, or e; loops were cotransfected with
the wild-type receptor. The observed inhibition of ago-
nist-stimulated CAMP levels by i,, i5, and e, mutant re-
ceptors, which do not have the intracellular domains pre-
dicted to beinvolved in G protein coupling, suggests that
the observed effects did not occur via the sequestration
of the stimulatory G protein [62]. In the case of the SSR
coexpression of mutants that lack the second extracellu-
lar loop (and therefore lack ligand binding) with mutants
lacking the C-terminal tail (and therefore lack signaling)
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led to a decrease in CAMP production in response to
somatostatin 28 [75].

The role of dimers/oligomers of a-mating factor re-
ceptor (STE2) in signaling has been demonstrated by co-
expressing a dominant interfering mutant of the receptor
with the wild-type receptor; this led to the attenuation of
signaling efficiency [69]. Signal attenuation was not due
to G protein sequestration since the effect was observed
even after overexpression of G proteins (a, 3, and y).
Expression of the untagged mutant receptors with cyan
fluorescent protein and yellow fluorescent protein tagged
wild-type receptors led to the disruption of FRET effi-
ciency. These results support a role for dimerization in
modulation of receptor signaling. The a-mating factor
receptors also undergo agonist-mediated internalization
[71]. Interestingly, coexpression of an endocytosis defec-
tive mutant with the wild-type receptor led to efficient
internalization of the mutant receptor, supporting a role
for receptor dimerization in agonist-mediated endocyto-
Sis.

Dimerization appears to play arole in the endocytosis
of opioid receptors [58, 76]. & opioid receptors undergo
agonist-induced monomerization [58]. Only agonists that
induce receptor internalization are also able to induce re-
ceptor monomerization. Furthermore, a C-taill deletion
mutant (AC15) that is dimerization deficient is unable to
undergo rapid agonist-induced internalization. This sug-
gests an active role for receptor monomerization in ago-
nist-mediated endocytosis. It is interesting to note that K
receptors that do not undergo agonist-induced internal-
ization are not able to undergo agonist induced mono-
merization [76] consistent with arole for receptor mono-
merization in agonist-mediated endocytosis.

In the case of bradykinin B, receptors dimerization
does not appear to play a role in signal transduction
since a mutant receptor truncated at the N-terminus,
which did not exhibit agonist-induced receptor dimer-
ization, behaved as the wild-type receptor with respect to
agonist mediated increases in inositol phosphate levels
[44]. Interestingly, these mutant receptors were not phos-
phorylated by G-protein coupled receptor kinase 2, did
not undergo desensitization or significant agonist-medi-
ated internalization or downregulation suggesting a role
for dimerization in the trafficking of these receptors [44].

Heterodimerization
Pharmacological studies

Several lines of evidence have suggested the existence of
GPCR heterodimers (Table 2). A phenomenon called
“intramembrane receptor-receptor interaction” provided
the first clues about the possible existence of GPCR het-
eromers. These studies showed that the binding of a neu-
rotransmitter or modulator to its receptor modifies the
characteristics of the receptor for another neurotransmit-
ter or modulator [77, 78, 79, 80, 81]. Studies using chi-
meric receptors between the a.,.-adrenergic receptor and
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Table 2 Heterodimerization of

G protein coupled receptors Receptor Technique Year References
B,-Adrenergic—a,-adrenergic Binding studies 1980 77
Cholecystokinin-dopamine Binding studies 1981 78
Vasoactive intestinal peptide-serotonin  Binding assays 1983 79
o,.-Adrenergic—m; muscarinic Binding assays 1993 82
GABAzR1-GABAgR2 Immunopreci pitation 1998, 1999 89, 90, 91, 92
K—0 Opioid Immunoprecipitation 1999 59
M,—M; muscarinic Binding assays 1999 120
Serotonin 1B—1D Immunoprecipitation 1999 93
Adenosine A;—D; dopamine Western blot 2000 99
Angiotensin AT ,—bradykinin B, Cross-linking/Western blots 2000 98
p—o0 Opioid Immunoprecipitation 2000 95, 96
Somatostatin SSTR1-SSTR5 Binding assays, trafficking 2000 69
SSTR5-D, dopamine Binding assays, pbFRET 2000 75
B,-Adrenergic—d opioid Immunoprecipitation 2001 97
[3,-adrenergic— opioid Immunoprecipitation 2001 97

m; muscarinic receptor, in which transmembrane do-
mains VI and VIl were exchanged (a,J/ms and mgy/a,,),
also suggested the existence of GPCR heterodimers.
When transfected separately the chimeric receptors were
not able to bind to the specific radiolabeled antagonists
[82]. However, when the receptors were coexpressed
specific binding sites could be detected [82]. These sites
displayed ligand binding properties similar to those of
the two wild-type receptors providing support to the no-
tion that the chimeric receptors heterodimerize to gener-
ate the ligand binding site [82]. Several pharmacological
studies have suggested the possible heterodimerization
between opioid receptor subtypes (for review see [83]). &
receptor ligands have been shown to modulate p1 receptor
mediated antinociception [84, 85]. Chronic treatment
with morphine leads to the selective upregulation of a
subpopulation of & opioid receptors and treatment with
B-funaltrexamine, an irreversible p-antagonist, selective-
ly modifies the binding of agonists for receptors [86, 87,
88]. These studies led Rothman et al. [86, 88] to divide
the d receptors into two subtypes, those that are associat-
ed with p receptors (p-6 complex) and those that are not.
Recent studies with coexpression of cloned receptor
cDNAs have allowed the critical evaluation of thisissue.

Biochemical characterization

Direct evidence for GPCR heterodimerization between
closely related members have come from studies with
several members of family A GPCRs [e.g., y-amino bu-
tyric acid B, opioid, serotonin, and SSRs) [59, 75, 89,
90, 91, 92, 93]. The y-amino butyric acid B receptor
(GABAgR) 1 is a seven-transmembrane domain protein
that has a high affinity for GABAgR antagonists [89, 90,
91, 92]. GABAZR1 can account for some but not all of
the functional properties of the native GABAgR. Use of
the yeast two-hybrid system (Y 2H) and the COOH-ter-
minal intracellular region of GABAgR1, as a bait to
screen arat brain cDNA library as well as GenBank dat-
abase searches for expressed sequence tags showing a
high degree of homology to the GABAzR1 sequence, led

to the identification of a previously unidentified protein
with seven internal hydrophobic segments characteristic
for seven-TM GPCR proteins [94]. This protein exhibit-
ed a 36% amino acid sequence identity with GABAgR1
and was denoted as “GABAgR2” [94]. In situ hybridiza-
tion of serial rat brain sections indicated that GABAgR1
and GABAgR2 show considerable overlap in distribu-
tion especially in the cerebellum, cortex, and media ha-
benula [94]. The pattern as well as the strength of ex-
pression of the MRNASs s largely consistent with the dis-
tribution and density of the GABAg receptor binding
sites in the brain [94]. Differential epitope tagging of
GABAgR1 (RGS6His tag) and GABAR2 (HA tag) and
immunoprecipitation of enriched plasma membrane frac-
tions with anti-His antibody followed by Western blot-
ting with anti-HA antibody detected the presence of het-
erodimers only in cells coexpressing both receptor pro-
teins [89]. This indicates that both proteins are correctly
targeted to the plasma membrane of HEK293 cells, and
that they exist in a heteromeric complex, probably as di-
mers [89]. More importantly, antisera directed against
endogenous GABAgR1 and GABAZR2 receptors were
also able to immunoprecipitate endogenous receptor di-
mers from rat brain, supporting the presence of dimersin
vivo [90, 92].

Recent studies have provided direct evidence for the
heterodimerization of opioid receptors. The ability of K
opioid receptors to heterodimerize with & opioid recep-
tors was investigated by coexpressing differentially myc-
tagged Kk receptors with Flag-tagged & receptors [59].
Flag-tagged & opioid receptor was detected in material
immunoprecipitated using antibodies specific to myc-
tagged k opioid receptor. The selectivity of heterodimer-
ization was demonstrated using Flag-tagged p opioid re-
ceptor; this receptor could not be immunoprecipitated
with K receptors under similar coprecipitation conditions
[59]. This indicates that k receptors can selectively di-
merize with & receptors. In order to ensure that the di-
merization was not induced by the extraction and/or iso-
lation procedure, cells individually expressing kK or o re-
ceptors were mixed prior to extraction. Under identical
extraction/immunoprecipitation conditions heterodimers



were not observed in the mixed cells, suggesting that the
heterodimers were not artifacts of extraction [59]. k-0
heterodimers are stable in a variety of detergents and ex-
traction procedures and are destabilized by the treatment
of cells with a reducing agent prior to extraction, sug-
gesting arole for disulfide bonds in k- heterodimerizat-
ion. This study constituted the first direct evidence for
the heterodimerization between opioid receptor types
and also between two fully functional GPCRs [59]. Re-
cently it has been shown that d opioid receptors can di-
merize with p opioid receptors. These dimers are sensi-
tive to reducing agents such as DTT and are not induced
during solubilization/immunoprecipitation conditions be-
cause they are not seen in immunoprecipitates from a
mixture of cells individually expressing u and & recep-
tors[95, 96].

The serotonin (5-hydroxytryptamine) 1B and 1D re-
ceptor subtypes share a high amino acid sequence identi-
ty and have similar ligand binding properties [93]. A re-
cent study has shown that both receptor subtypes exist as
homodimers in addition to monomers when expressed
alone and as heterodimers when coexpressed [93]. These
results demonstrated the physical association of two
GPCR subtypes. No heterodimers were observed when
membranes expressing one receptor subtype were mixed
with membranes expressing the other subtype, indicating
that heterodimerization does not occur from the nonspe-
cific aggregation of receptors. In addition only heterodi-
mers and not homodimers were observed when both re-
ceptor subtypes were coexpressed on the same cells sug-
gesting that the receptors favor the heterodimeric confor-
mation [93].

A series of recent studies have shown that distantly
related members of family A can heterodimerize with
each other. These include & and k opioid receptors with
B,-adrenergic receptors [97], somatostatin receptors with
D, dopamine receptors [75], angiotensin 2 receptors with
bradykinin B, receptors [98], and A, adenosine receptors
with D, dopamine receptors [99].

Functional implications of heterodimerization

Heterodimerization of GPCRs could modulate receptor
function by regulating ligand binding properties, signal-
ing as well as receptor trafficking properties. The first set
of studies to address a role for heterodimerization was
with receptor chimeras of the o,.-adrenergic receptor
and mz muscarinic receptor [82]. These chimeras were
generated by exchanging the C-terminal region of the re-
ceptor, including transmembrane domains VI and VII
(a,/mg and my/ a,). Individually, the chimeras were able
to signal only to a small extent. However, upon coex-
pression there was a pronounced increase in agonist-
stimulated inositol monophosphate levels;, a mutant ms
muscarinic receptor generated by replacing a portion of
the intracellular loop 3 with the corresponding m, recep-
tor sequence showed a loss of stimulation of phospho-
inositol hydrolysis. This receptor was cotransfected with
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either a truncated m; receptor (that was unable to medi-
ate a functional response) or with a mutant ms receptor
(containing a point mutation in transmembrane domain
VII). This resulted in a greater level of signaling than
with cells individually expressing these receptors [82].
These results provided evidence for the involvement of
heterodimerization in modulation of receptor signaling.

Radioligand binding studies showed that in cells
transiently transfected with GABAgR2 there is no label-
ing with agonists. Also cells expressing recombinant
GABAgR1 exhibited 100- to 150-fold less binding po-
tency for agonists than native receptors. However, in
cells coexpressing GABAGR1 with GABAGR2 a tenfold
increase in binding potency was observed with agonists
and partial agonists [89, 90, 92]. A crucia physiological
effect mediated by native GABA receptorsis the activa-
tion of outward potassium currents through the opening
of G protein coupled inwardly rectifying K+ channels
(GIRKS). Reconstitution of GABAzR1 or GABAgR2
alone with GIRK1 and GIRK2 in HEK 293 cells failed to
mediate GIRK activation. However, coexpression of
both receptor proteins mediated a robust increase in po-
tassium conductance through GIRK activation in a per-
tussis toxin sensitive manner [89, 90, 92]. Thus, the
physical interaction between GABAgR1 and GABAgR2
appears to be essential for the coupling of GABAg re-
ceptors to GIRKs [89, 90, 91, 92]. Also, coexpression of
GABAgR1 and GABAER2 (in combination with exoge-
nous Ga in HEK293 cells resulted in a robust, agonist-
dependent stimulation of [3°S]guanosine triphosphate-
y-S binding similar to that observed in rat brain mem-
branes [92], supporting a role for heterodimerization in
regulating the efficiency of coupling.

The ligand binding properties of cells expressing
K- heterodimers were compared with those of either K
or o opioid receptors [59]. K opioid receptors have a high
affinity for the selective agonist (+)-(5a,7a,8b)-N-meth-
yI-N-[7-(1-pyrrolidinyl)-1-oxaspiro [4,5]dec-8-yl]-ben-
zeneacetamide (U69593) and antagonist norbinaltorphi-
mine. Similarly & opioid receptors have a high affinity
for the selective agonist [p-Pen?p-Pen>]enkephalin
(DPDPE) and antagonist H-Tyr-Tic[y,CH2NH]Phe-P
he-OH (Tic=1,2,3,4-tetrahydroisoquinoline (TIPPY). K-0
heterodimers do not exhibit high affinity for either k or &
opioid receptor selective agonists or antagonists [59].
However, the heterodimer binds to partially selective li-
gands with affinities that are virtually identical to those
previously reported for K, receptor subtype [59]. Fur-
thermore, in the presence of a & selective agonist
(DPDPE) a k agonist (U69593) binds the heterodimer
with high affinity. Similarly, in the presence of the Kk se-
lective agonist (U69593) the & agonist DPDPE binds the
heterodimers with high affinity [59]. These results sug-
gest that k-0 heterodimers cooperatively bind to selec-
tive agonists. Interestingly, whereas a combination of
two selective antagonists, norbinaltorphimine and TIPPy,
also binds with high affinity, a combination of a selective
agonist, U69593, and a selective antagonist, TIPPY, does
not [59]. Also, synergistic binding is not observed in
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membranes from cells individually expressing Kk or o
opioid receptors. These results imply that heterodimer-
ization of k and & receptors change the ligand binding
properties of the receptor [59].

A significant alteration in ligand binding properties
was also observed in cells coexpressing p-0 receptors.
These heteromers exhibited a substantial decrease in
affinity for a number of selective ligands such as
[D-Alaz,MePhet-Glys-ol]enkephalin (DAMGO), DPDPE,
and Deltorphin 1. In these cells agonist binding to het-
eromers was insensitive to pertussis toxin treatment
probably due to interaction with a different type of G
protein [95]. Additional novel pharmacology of -6 het-
erodimers was found in whole cell binding assays by
treatment of cells with a combination of pand & selective
ligands. Extremely low doses of certain & or | selective
ligands were able significantly to increase the number of
binding sites for a p or & receptor agonist, respectively.
These effects were observed only in cells coexpressing
both receptor types and not in cells expressing each re-
ceptor individually [96].

The effect of heterodimerization on signal transduc-
tion was examined by determining opioid mediated de-
crease in the cCAMP levels and phosphorylation of mito-
gen-activated protein kinase (MAPK) [59]. In cells coex-
pressing K and & receptors, selective agonists showed a
dose-dependent decrease in the levels of cAMP and
phosphorylation of MAPK [59]. Interestingly, treatment
of the cells with a combination of ligands showed a
20-fold increase in potency for the decrease in CAMP
levels and a 7-fold increase in potency for the level of in-
crease in phosphorylated MAPK [59]. In membranes of
cells coexpressing L and & opioid receptors DAMGO and
DPDPE were able to inhibit forskolin-stimulated cAMP
levels even after treatment with pertussis toxin suggest-
ing the involvement of a pertussis toxin-insensitive G
protein [95]. In addition treatment of cells coexpressing
(L and & opioid receptors with the TIPPW (& antagonist)
or Tyr-b-Ala-Phe-Glu-Val-Val-Gly-NH, (Deltorphin 11,
0 agonist) led to a potentiation in DAMGO (U agonist)
induced phosphorylation of MAPK. Also, the p antago-
nist b-Phe-[Cys-Thr-D-Trp-Orn-Pen]-Thr-NH, CTOP was
able to significantly increase the potency and efficacy of
MAPK phosphorylation by Deltorphin Il [96]. These re-
sults suggest that the heterodimerization of k with & re-
ceptors and of P with & receptors modulates the efficacy
of agonists.

A role for heterodimerization of K and d receptors in
agonist-mediated trafficking was examined using a uni-
versal opioid agonist, etorphine [59, 76]. K opioid recep-
tors do not internalize upon treatment with etorphine
whereas & receptors exhibit a robust rate of internaliza-
tion. However, the extent of & receptor internalization
was found to be significantly lower when coexpressed
with K receptors [59]. These results support arole for opi-
oid receptor heterodimerization in receptor trafficking.

Heterodimerization of differentially tagged SSR1 and
SSR5 receptors was demonstrated using confocal mi-
croscopy [69]. In order to evaluate the role of these het-

erodimers, mutant receptors that are unable to signa
were used in combination with ligands that bind selec-
tively to these two receptors [69]. Coexpression of a
C-tail deletion mutant of SSR1 (that binds somatostatin
28 but is unable to transduce signal) with a mutant SSR5
receptor (that is unable to bind to somatostatin 28) re-
sulted in a significant reduction in cAMP levels support-
ing arole for heterodimerization in modulating signaling
[69]. It appears that heterodimerization also plays a role
in SSR trafficking [69]. Since SSR1 does not undergo
agonist-mediated endocytosis and SSR5 does, the effect
of SSR5 selective ligand on the trafficking of SSR1 was
examined in cells coexpressing the receptors. It was
found that SSR1 is internalized only as part of a hetero-
dimer when coexpressed with SSR5 supporting arole for
heterodimerization in receptor trafficking [69].

Heterodimerization of distantly related members of
family A GPCRs alter their functional properties. D, do-
pamine receptors and SSTR5 are found to colocalize to
the same neuronal subgroups in the striatum [75]. FRAP
analysis was used to demonstrate agonist-mediated di-
merization of these two receptors expressed in heterolo-
gous cells [75]. Studies examining functional interaction
between these two receptors revealed that the heterodi-
mer exhibits higher affinity for a combination of two se-
lective agonists of dopamine receptor and SSTR5 recep-
tor than for asingle agonist alone [75].

A very recent study has demonstrated that heterodi-
merization of (3,-adrenergic receptor (stimulatory G pro-
teins) with either the k or & opioid receptor (inhibitory G
proteins) did not significantly alter the ligand binding
properties and the ability to signal through adenylyl cy-
clase. However, it affected the trafficking properties
since & receptors associated with (3,-adrenergic receptors
undergo isoproterenol-mediated endocytosis. The recip-
rocal is aso true in that the (3, adrenergic receptors un-
dergo etorphine-induced endocytosis. However, (3, re-
ceptors when coexpressed with K opioid receptors do not
undergo either isoproterenol or etorphine-mediated en-
docytosis [97]. These results suggest that heterodimer-
ization of GPCRs that couple to different G proteins can
lead to the modulation of receptor trafficking properties.

Domains involved in the dimerization/oligomerizaiton

Examination of the possible site(s) of receptor interac-
tions implicated a role for extracellular, transmembrane
and/or C-terminal region in GPCR dimerization. Recep-
tor dimerization, brought about by the association of two
monomers, could be mediated either by covalent (disul-
fide) and/or noncovaent (hydrophobic) interactions;
these could be association of the extracellular domains,
transmembrane domains and/or C-terminal tail. Several
studies with a number of GPCRs have suggested that a
combination of the above mentioned interactions occur
during dimerization.

Studies carried out with ms muscarinic receptors have
implicated the involvement of both covalent (disulfide)



as well as noncovalent interactions in dimerization [23].
Mutant receptors where specific cysteine residues were
replaced with either alanine or serine indicated that
Cys-140 and Cys-220 were involved in disulfide bond
formation. Interestingly, cotransfection of the double
mutant (C140A/C220A) receptors resulted in the for-
mation of dimers, suggesting that m; muscarinic recep-
tors are able to form noncovalent receptor dimers or
multimers [23].

The involvement of the extracellular domain of the
calcium-sensing receptor in disulfide bonded dimer for-
mation was shown by the stable transfection of HEK293
cells with a mutant form of the receptor engineered to re-
sult in the secretion of the extracellular domain into the
culture medium [100]. Western blot analysis of this pro-
tein showed that under nonreducing conditions it migrat-
ed as a band of greater than 200 kDa (glycosylated di-
mer) while under reducing conditions it migrated as a
band of 78 kDa (glycosylated monomer) with a minor
band of 48 kDa (proteolytic cleavage product). The ex-
tracellular domain protein is therefore able to dimerize
using an intermolecular disulfide bond capable of being
totally reduced by reducing agents [100]. The extracellu-
lar domain of the calcium-sensing receptor has four con-
served cysteine residues, and athough individual cys-
teine to serine mutations did not completely eliminate di-
merization, mutations at C101S and C236S increased the
amount of monomer observed under nonreducing condi-
tions [65]. The double point mutant of the receptor
(C101S/C236S)-GFP was present mostly in the mono-
meric form in the absence or presence of reducing
agents, although noncovalent dimers could be detected in
some cases [65]. Crystallographic studies have con-
firmed that the extracellular binding domain of metabo-
tropic glutamate receptor is present in the form of disul-
fide-linked homodimers [101]

The involvement of the extracellular domain of brady-
kinin B, receptors in dimerization was investigated by in-
cubating peptides corresponding to the amino acid se-
guence of the amino-terminus or connecting extracellular
loops e, e, or e; with PC-12 membranes [44]. Receptor
dimerization was examined following incubation with ra-
dioiodinated agonist followed by cross-linking of the re-
ceptor-ligand complex. Among these peptides, only addi-
tion of the peptide corresponding to the amino terminus
reduced the levels of dimers, suggesting that thisregion is
involved in triggering B, receptor dimerization [44].

The involvement of disulfide bonds in the dimeriza-
tion of the V, vasopressin receptor was suggested by the
observed decrease in the levels of dimers with concomi-
tant increase in the levels of monomer after treatment
with DTT prior to SDS-PAGE [62]. In these studies a
sulfhydryl alkylating agent, N-ethylmaleimide was used
to rule out the artifactual formation of dimers due to di-
sulfide bond exchange reactions [62]. Similar involve-
ment of disulfide bonds in the formation of dimers has
been suggested in the case of Ig-Hepta receptors [64]
and K opioid receptors [59] as well as heterodimers of K
and & opioid receptors [59].

237

Transmembrane domains have also been implicated in
GPCR dimerization. In the case of receptor dimers in-
volving disulfide bonds transmembrane domains could
provide the proper receptor conformation to facilitate the
formation of these bonds. An involvement of transmem-
brane domains in receptor dimerization has been sug-
gested for B,-adrenergic and the dopamine receptors; di-
sulfide bonds are not thought to be required for the
dimerization of these receptors. [3,-adrenergic receptors
have the dimerization motif, SLIXXGVXXG83VXXT,
found also in glycophorin A [102] where a critical Gly83
appears to be essential for dimerization. This motif is
present in the TM VI of (,-adrenergic receptors [22].
This suggested the involvement of the dimerization mo-
tif in the formation of (3,-adrenergic receptor dimers. To
test this hypothesis, membranes from cells expressing
[,-adrenergic receptors were incubated with a TM VI
derived peptide. This led to a drastic reduction in the
level of dimers within a short time after peptide treat-
ment. A smaller reduction in the level of dimers was ob-
served with a modified TM VI peptide where Gly-276,
Gly-280, and Leu-284 were replaced with aanine [22].
This suggests that these three residues may be part of the
interface between two receptor monomers. Studies with
affinity purified (,-adrenergic receptor incubated with
increasing concentrations of TM VI peptide also showed
a modest but reproducible increase in the apparent mo-
lecular weight of the monomer [22]. This suggests that
the peptide forms a stable complex with the receptor
monomer thus mimicking receptor-receptor interactions
[22]. Taken together these results support the involve-
ment of TM VI in [3,-adrenergic receptor dimerization.

Involvement of TM VI and TM VII in dimerization
has been suggested for D, dopamine receptors since pep-
tides corresponding to these regions dissociate dimer for-
mation [24]. A small increase in the molecular mass of
the receptor monomer was seen after peptide treatment;
this suggested the formation of a peptide-D, receptor
heterodimer confirming the involvement of these regions
in dimerization [24]. These D, dimers are dissociated
when the receptors are subjected to increasing tempera-
ture or acid pH (approx. 3). Taken together these results
suggest that D, receptor dimerization is mediated at the
protein level via specific intermolecular, noncovalent,
electrostatic interaction of residues within transmem-
brane a-helices [24]. In the case of the D, dopamine re-
ceptor a peptide based on the sequence of TM VI did not
affect receptor dimerization, although it affected ligand
binding and receptor function [103]. This suggests that
D, dopamine receptors may undergo dimerization by a
mechanism independent of what has been proposed for
the D, and [3,-adrenergic receptors [103].

The C-tail mediated dimerization has been well docu-
mented in the case of the GABAzR1 and GABAzR2 re-
ceptors. Glutathione S-transferase (GST) pull-down as-
says were used to confirm the involvement of the C-ter-
minal region in the heterodimerization of GABAzR1 and
GABAgR2 receptors. Western blot analysis indicated
that only the GST fusion proteins containing the
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GABAgR1-C-terminus or the GABAgR1 heterodimer-
ization domain (GABAgR1A7), but not GST alone, were
able to coprecipitate the GABAgR2-C-terminus. No di-
merization between GABAgR1-C-termini was detected
[91, 90] in these assays. Using this assay a critical role
for coiled-coil domain (within the C-tail) in dimerization
was reported [91, 92]. Similar studies have aso suggest-
ed the involvement of the C-tail in the dimerization of
metabotropic glutamate receptors [67].

A role for the C-terminal tail in dimerization of & opi-
oid receptors has been proposed [58] since a mutant re-
ceptor with a C-terminal 15 amino acid deletion does not
exhibit significant level of dimers compared with the
wild-type receptor [58]. A mutant receptor with a dele-
tion of 7 amino acids is able to dimerize, suggesting that
a portion of the receptor C-tail plays arole in the dimer-
ization of this receptor (Cvejic and Devi, unpublished).
However, the C-tail does not appear to be involved in the
heterodimerization of p and & opioid receptors since a
protein band representing the p-& heterodimer is seen
when a mutant p receptor lacking C-terminal 42 amino
acidsis cotransfected with wild-type & receptors [96].

Mechanism of dimerization

Two mechanisms have been proposed for GPCR dimer-
ization/oligomerization. One involves the association of
1:1 stoichiometric molecular complexes of receptors and
the other involves the swapping of domains between two
distinct receptor molecules resulting in a single binding
domain [103].

Computer simulations of a model (3,-adrenergic re-
ceptor, built on the crystallographic data obtained from
rhodopsin, were used to examine the mechanism of di-
merization. This model was found to be consistent with
known site-directed mutagenesis information on the re-
ceptor [104] as well as with biophysical data obtained
from substituted cysteine accessibility studies [105], site-
directed spin-labeling studies and zinc binding studies
[106, 107, 108, 109, 110, 111]. Models of dimers involv-
ing interactions between TM V and VI suggested a high-
energy structure for both the apo dimer and the antago-
nist-bound dimer; the energy of the dimer was signifi-
cantly lowered in the presence of agonist [104]. This led
to the suggestion that the agonist-induced conformatio-
nal change optimizes the helix-helix interactions at the
5-6 interface. From these observations it was hypothe-
sized that the agonist shifts the equilibrium so as to favor
the TM V and TM VI domain swapped dimer [112]. In-
direct evidence for the domain swapping hypothesis, was
provided by the correlated mutations among the external
residues that occur mainly at the 5-6 interface at precise-
ly the locations predicted by the simulations [113, 114,
115, 116]. However, further evaluation of the data led the
authors to suggest that a distinction between the domain-
swapped dimer and a contact dimer could not be made.
Using evolutionary trace analysis and correlated muta-
tions, the authors propose that in addition to the 5,6 in-

teracting dimer (either as a contact dimer or domain-
swapped dimer) a secondary interaction occurs at the 2,3
interface [112]; this would result in a tetrameric receptor
and/or higher order oligomeric complexes.

Another mechanism of dimerization that has been
proposed involves disulfide bond exchange between two
GPCR monomers. Support for this comes from modeling
studies with the & opioid receptor [117]. These studies
have suggested that the interaction of protonated opioid
agonists is able to catalyze the cleavage of the disulfide
bond formed between the first and second extracellular
loops (Cys-121-Cys-198). The accompanying cleavage
of the disulfide bond may produce a conformational
change in the extracellular loops such that the opening
formed by the seven-helix bundle opens permitting the
entry of the ligand, water, and ions into the cell. Results
from biochemical studies in which a brief exposure to
agonist results in an increase in cell surface thiol concen-
tration are consistent with such a notion [117].

An alternative model is based on the discovery that
mutations in the i; region of different adrenergic receptor
subtypes dramatically increases their agonist indepen-
dent activity. This led to the hypothesis that GPCRs can
exist in equilibrium between two interconvertible allo-
steric states R and R* that could represent monomeric
and dimeric forms. Also comparison between the struc-
tural dynamic features of the wild-type a,,-adrenergic
receptor versus a constitutively active structure suggest-
ed that the highly conserved arginine of the DRY se-
guence at the cytosolic end of helix 3 plays a fundamen-
tal role in promoting receptor isomerization into func-
tionally different states[118, 119].

Future areas of reseach

Although severa lines of evidence suggest that GPCRs
can dimerize, it remains to be established whether this
phenomenon is a general characteristic of these recep-
tors, and whether it is essential for receptor function.
Also, studies need to be carried out to understand wheth-
er these receptors dimerize prior to targeting to the plas-
ma membrane and to what extent GPCRs dimerize in
vivo. In addition, the possible involvement of other pro-
teins such as anchoring proteins, caveolins, chaperones,
etc., in facilitating homo/heterodimerization of GPCRs
needs to be explored. The use of sensitive energy trans-
fer techniques such as FRET, FRAP, and BRET has been
helpful in answering some of these questions. Develop-
ment of tools that will allow selective detection and/or
activation of dimers is required to examine the role of
GPCR dimers in vivo. These include the development of
dimer-specific antisera that would permit the localization
of dimers as well as the generation of ligands that would
selectively bind to and activate receptor dimers.

A complete understanding of the mechanisms of het-
erodimerization and its functional implications has enor-
mous clinical significance as well as a great impact on
GPCR pharmacology since it represents another mecha-



nism that could modulate receptor function and thus pro-
vides a new strategy for the development of novel thera-
peutic drugs.
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