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ABSTRACT. G protein-coupled receptor (GPCR)-mediated signal transduction has been studied for more
than a century. Despite the intense focus on this class of proteins, a molecular understanding of what
constitutes the functional form of the receptor is still uncertain. GPCRs have traditionally been
conceptualized as monomeric proteins, and this view has changed little over the years until relatively
recently. Recent biochemical and biophysical studies have challenged this traditional concept, and point
instead to a mechanistic view of signal transduction wherein the receptor functions as an oligomer.
Cooperative interactions within such an oligomeric array may be critical for the propagation of an external
signal across the cell membrane and to the G protein, and may therefore underlie the mechanistic basis
of signaling.

G protein-coupled receptors (GPCRspnstitute by far signaling across biological membranes. There are approxi-
the largest family of cell surface proteins involved in mately 950 genes in the human genome encoding proteins
in this superfamily {). GPCRs modulate a wide range of
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Ficure 1: Evolving molecular conceptf@ G protein-coupled receptor. The molecular understanding of GPCRs during different periods

in the history of the field is represented for GPCRs acting via AC and for the visual pigment rhodopsin. In the AC branch, agonists (yellow)
were initially thought to bind to some part of the cell or tissue (A). The receptor was next thought to be a part of AC (violet) itself (B). It
was then discovered that the receptor (blue) was a distinct molecular entity (C). The receptor has been conceptualized as a monomeric
protein until relatively recently. Our current understanding is that the receptor exists as an oligomer (D). In the rhodopsin branch, the initial
detection of rhodopsin (red) came from its characteristic reddish-purple color in the rod outer segments (E). The color was then determined
to derive from a chromophore conjugated to a protein. Early biophysical methods suggested that rhodopsin was monomeric (F). More
recent studies using atomic force microscopy point to an oligomeric arrangement of rhodopsin (G).

Mammalian GPCRs are commonly divided into three distinct to all these theories was the notion of a single site or receptor.
subfamilies based on sequence: families@ 4, 6). More These ideas formed the concept of a receptor long before
recently, GPCRs have been classified into five distinct groups the discovery of the actual molecular identity of the proteins
based on phylogenetic analyses of sequences from the humaresponsible for producing a physiological response. And it
genome 7). This classification system has been named is within this framework that we continue to view the system
GRAFS, which is an acronym for the five different groups: even as we learn more about the proteins responsible for
glutamate, rhodopsin, adhesion, frizzled/taste2, and secretinsignaling.

The current state of GPCR research has evolved in large  The molecular identity of hormone-binding GPCRs was
measure from observations made in two parallel systems:only revealed after the isolation and characterization of AC
hormone-activated receptors that regulate adenylate cyclasg19), an enzyme now known to serve as an effector for many
(AC) and light-activated rhodopsin, which regulates phos- GPCRs. The importance of AC and the discovery of its
phodiesterase (Figure 1). The focus of this work is to provide product, cAMP, came initially from studies by Sutherland
an overview of the field from the early days to the present and co-workers on liver phosphorylas20¢22). AC was
to show how the perception of GPCR oligomerization has shown to be modulated by various structurally dissimilar
progressed and changed over the years, and to show théormones, such as adrenocorticotropic hormone (ACTH),
potential significance of oligomerization to the mechanism serotonin, thyroid-stimulating hormone (TSH), and acetyl-
of G protein-mediated signaling. choline @3—26). At that time, it was proposed by Sutherland
that the hormone-binding site (i.e., the receptor) was actually
a part of AC itself in a manner analogous to that of

Many of the classical pharmacological theories have multisubunit enzymes, which are composed of a regulatory
emerged from observations made in GPCR-mediated systemg!nit and a catalytic unit7).

(8—10). Although the concept of a receptor has been around The nonadditivity in the response and the dissimilarity in
for more than a century1l(—13), the receptor, or the the structures of the various hormones affecting AC sug-
“receptive substance” as termed by Langldg)( was an gested that those compounds acted at functionally distinct
abstract notion at best in early years. Drugs such assites £8, 29). The ability to characterize the nature of the
acetylcholine and epinephrine were known to elicit physi- hormone-binding site was improved greatly when radio-
ological responses when applied to tissid)(however, the labeled analogues of the hormones were introduced. One of
site of action of those drugs was unknown, and it was the earliest measurements using radiolabeled probes was
assumed that they bound to some part of the tissue or cellmade in intestinal smooth muscle, in studies on the binding
(Figure 1). properties of the muscarinic agonist§]methylfurmethide

Clark was the first to attempt to quantify the action of and the antagonistéH]atropine andH]methylatropine 0).
drugs by looking at their dosgesponse relationships (Figure It later was shown, using]JACTH and [}?4]glucagon, that
2, Scheme 1)§). The drugs appeared to act in accord with those hormones were able to bind their respective sites in a
the Langmuir isotherm, which originally was derived from saturable and reversible manné&r,(32). The radioligand
the law of mass action to describe the adsorption of gasesbinding site for both the glucagon receptor and the adrenergic
on metal surfaceslf). Clark’s theory was later modified to  receptor was found to elute in different fractions from AC
include properties of the receptor such as intrinsic activity activity in gel filtration studies33—35). Moreover, hormone-
and efficacy (Figure 2, Scheme ®), (0, 16—18). Common sensitive AC activity was recovered after the fusion of a cell

Adenylate Cyclase Signal Transduction Pathway
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Scheme 5. A tetravalent co-operative system

Ficure 2: Schemes used to describe the interaction between an agonist and its receptor. Scheme 1 describes Clark’s occup@jcy theory (
In Clark’s theory, an agonist (A) will combine with the receptor (R) to form an agemésteptor complex (AR). The level of the AR
complex present at thermodynamic equilibrium can be defined by the equilibrium dissociation cdig}aAtghysiological respons&))

will result only when the AR complex is formed, and a maximal respo@@,] will occur when the agonist occupies all receptor sites.
Scheme 2 describes the Stephenseuarchgott model of efficacylQ). Stephenson postulated that the activity of the agonist is determined
by the affinity of the drug for the receptoKf) and efficacy €). Since the occupancy of receptors by the agonist did not appear to be
linearly proportional to the respons®); a dimensionless quantity called the stimul@s Was introduced. The stimulus would lead to a
response in a relationship that was not apparent at the time and was therefore left undefin€@d=i.€S)]. The stimulus is defined
explicitly as the product of efficacy and the fraction of receptors occupied by the agoniss @=eeq{AR]/[R]:). This model was refined

later by Furchgott, who defined efficacy as the product of the concentration of the total active recept@n@R] quantity specific to the
agonist-receptor complex designated as the intrinsic efficagyi€., e = €[R];, S= €[AR] = eA}/(Ka + [A])] (9). An explicit expression

for the response is given for the simple case in which the ticesponse relationship is in the form of a rectangular hyperbola. Scheme 3
describes the multisite model%4), where an agonist (A) can bind to multiple classes of sitgsj(R 1, 2, 3, ...,n) that are mutually
independent and non-interconverting. The agonist can bind to each of the sites with distinct affiaifiesuf equation for the binding
isotherm is provided wher¥ is the fractional occupancy of the receptor by the agonist {{.e=, ZJ” JARJ/[R]y) andf; is the fraction of

total receptor that is of typg(i.e., f = [Rj]¢/[R];, where [R] = Z —1[Rjli. Scheme 4 describes the ternary complex mo]iéﬁ(lS]) where

the receptor (R) and G protein (G) are freely mobile within the plane of the membrane and interact through random collisions. Agonists
bind to the free receptor (R) or receptor coupled to the G protein (RG) with dissociation comstamdKag, respectively. The G protein

binds to the free receptor or receptor occupied by agonist (AR) with dissocation cor&taatsl Ksa, respectively. Agonists promote
coupling Kac < Ka) and therefore favor a ternary complex (ARBW(Kac = Kco/Kga). There are three conditions that need to be met for

the ternary complex model to account for the dispersion of affinities observed in the binding of agonists. First, the agonist must differ in
its affinity for the coupled and uncoupled states of the receptor Ke# Kag). Second, the total concentration of the receptor must be
bracketed by the affinity of the receptor for the G protein in the absence and presence of the agoKigk (rgR]: < Kg). Third, the total
number of G proteins must be equal to or less than the total number of receptors (i.es,[[3]). If these conditions are not met, then

the ternary complex model predicts that agonist binding curves will have the form of a rectangular hyperbaola=i.&),(139, 142, 151,

153 210. Scheme 5 describes cooperativity within a tetravalent recepter 4) that interconverts spontaneously between two states (R
and T) (L01). The distribution of sites in the absence of agonist is defined by the com&tarBinding occurs in a sequential manner where

the first equivalent of agonist binds the vacant oligomer with the microscopic dissociation cdfgtantKar (ag; = 1 andar; = 1; AR

= R and AT = T). The degree of cooperativity exerted on the binding of subsequent equivalents of the agonist will be reflected in
cooperativity factorsdg; andarj, j = 2, 3, or 4). Positive cooperativity occurs whag or aj is less than 1; negative cooperativity occurs
whenag; or ar; is greater than 1, and no cooperativity occurs wagror agj is equal to 1. The oligomer is assumed to be symmetric, in that
two or more vacant sites within either R or T are indistinguishable (1< 3).
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containing an inactive AC with another that lacked adrenergic Rhodopsin is found in both the plasma membrane and the
receptors §6). These studies demonstrated the structural disc membranes. Only the form found in the disc membranes
distinction between the receptor and the enzyme. is known for certain to participate in signal transduction.
At about the same time, it was also becoming apparent Rhodopsin also appears to play a role in the morphology of
that an additional protein was involved in propagating the rod outer segment§6). Early X-ray diffraction studies
external stimuli (reviewed in re37). Largely from work in indicated that rhodopsin is dispersed throughout the rod outer
the laboratories of Rodbell and Gilman came the realization segment disk membranes in a planar liquid-like arrangement
that there was a third component of the signal transduction (57, 58). Freeze fracture electron microscopy also supported
machinery 88—40). This protein, now known as the G the dispersed and densely packed nonordered arrangement
protein, bound GTP and had intrinsic GTPase activity. It was of rhodopsin within the membrané&g, 60). It is unclear
also becoming apparent at about this time that cGMP whether the detected species correspond to a monomeric or
phosphodiesterase activity in rod outer segments of the retinaocligomeric form of rhodopsin since the measured diameters
was dependent on both light and guanyl nucleotides in a using these techniques point to dimers or larger oligomers
manner that mirrored the activation of the AC systet) ( of rhodopsin $9-61).
In addition, components of the hormone-sensitive AC system  The notion that rhodopsin occurs as monomers had come
were found to be interchangeable with the components of i, nart from photobleaching and transient dichroism mea-
the photoreceptor system, thereby supporting the notion that,g,rements which reveal rapid lateral and rotational diffusion
despite the wide range of external stimuli, all GPCRs might .qctants associated with the prote@2-(65). The rapid

function via a common mechanism3. mobility of rhodopsin was indicative of a protein that freely
Visual Signal Transduction Pathway moves through the membrane, a notion inconsistent with
) ) large oligomeric complexes. This observation was supported
In contrast to the AC system, the molecular identity of 1,y he ghservation that glutaraldehyde fixation of rhodopsin
rhodopsin came from studies on the visual pigment itself. gjo\s the diffusional rate of the proteifié). The behavior
Rhodopsin was known by other names in the early days of ot hodopsin in the membrane appeared to be consistent with
its research such as visual red, visual purple, and erythropsing« traditional fluid mosaic model of cell membranés)(

(43, 44). The initial detection of rhodopsin came from itS g this concept led in part to the widespread acceptance
reddish-purple color. One of the first to detect this color may 4t the pigment was monomeric. Such a model for cell
have been Heinrich Mler, who in 1851 noted the red color o mbrane dynamics is now known to be inaccurate. Mi-

of rod cells (reviewed in refd3 and44). Franz Boll was  .1qqomains and lipid rafts are known to exist within the

the first to notice the deterioration of this red color by light membrane, and these locations in the cell membrane have

in 1876 and that the color could be regenerated in the dark.paan shown to house components of GPCR signal transduc-
He suggested that this light-dependent redness in the reting;,, (gg_71). |n addition, it is unclear whether the measured

might derive from either a photochemical or photophysical diffusional rates can be applied to all rhodopsin in rod outer

process. If it derived from the former, he suggested that the segments. It has been determined that approximately a quarter

reg SIOIOQ miﬁ]ht be S pigrk?ent anal.()g(_)_ﬁzq;[% hemoglobirclj in of rhodopsin molecules are immobile and that the mobility
red blood cells. At about the same time, emonstrate of rhodopsin differs depending on the axial location of the

that the effect of light on the reddish-purple color was of a disks in which they are founcs6)

photochemical nature, and he was the first to extract this . . )
pigment using bile salts. Hecht suggested that vision The notion that rhodopsin freely diffuses through the

proceeded via a bimolecular process where the visualMeémbrane has led to the disregard of suggestions that
pigment is reversibly broken down into two componed ( rhodop_sm may form_ollgpmers. For instance, chemlcall_y
46). Large amounts of vitamin A were found in the retina cro_ss-llnked rh_odopsm oligomers have been det_ected with
by Wald @47), and this led to the idea of retinoids as a Various cross-llnk_ers7Q—74); however, _th_ose species were
potential source of the visual pigment. His observations were SPeculated to derive from random collision due to the high
also in apparent agreement with a bimolecular structure for density of rhodopsin found in the disk membranes. The
the pigment, and he suggested that the pigment was a proteiPPearance of various oligomeric species over time was

conjugated to a retinoid4g). measured and compared with theoretical time courses. While
o this ruled out the possibility of dimers, it did not necessarily
Molecular Characterization of GPCRs rule out tetramers or larger oligomera.

The molecular characterization of rhodopsin preceded that Among early reports about the molecular characterization
of any other GPCR. This progress was mainly due to the of other GPCRs, direct and convincing evidence for oligo-
high concentration and purity in which rhodopsin is found mers was largely absent. The size of various GPCRs had
in rod outer segments, where the photopigment representdeen largely estimated from their mobility during gel
~70% of the total protein in the celd). Rhodopsin was filtration, ultracentrifugation, and gel electrophoresis. Mono-
the first GPCR to have its full amino acid sequence mers of GPCRs were readily detected in these types of
decipheredq0, 51) and is the first, and currently only, GPCR assays. The detection of oligomers, on the other hand, was
for which a high-resolution crystal structure is availati2)( more variable. In some cases, they represented only a minor
Despite the wealth of information accumulated for this fraction of the total receptor population, while in other cases,
receptor, its oligomeric status remains a subject of somethey represented an appreciable fractiob<78). In studies
discussion §3). on unprocessed extracts or partially purified material, ag-

Rod outer segments are composed of stacked disc memgregates identified under nondenaturing conditions likely
branes that are enclosed by a plasma membrase56). contained other constituent proteins such as the G protein.
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A prerequisite for biochemical studies is extraction of the has demonstrated directly that oligomers can exist, and it
membrane-bound receptor into detergent, which leads to anavoids the uncertainties associated with bands that migrate
extrapolation from its status during the assay to that in the as oligomers during gel electrophoresis. Controls have been
native membrane. The preservation of the native state ofconducted to demonstrate that the detection of oligomers by
GPCRs in detergent is not a trivial task. Aggregation of co-immunoprecipitation is not an artifact of the solubilization
GPCRs can occur in a manner that may not be possible undeiconditions 05, 96). The detection of GPCR oligomers on
physiological conditions. For instance, heating soluble the surface of intact cells has been facilitated by the detection
extracts of the M muscarinic receptor has been shown to of resonance energy transfer between receptors labeled with
promote aggregation of the recept@®). Also, the crystal bioluminescent or fluorescent probes. Both approaches
structure of rhodopsin in nony-glucoside has revealed a indicate that most if not all GPCRs can exist as homo-
dimer that is in a nonphysiological orientatio80f. Deter- oligomers 02, 94, 97—99).
gents can also have the opposite effect whereby preformed More recently, atomic force microscopy of native disk
oligomers disassemble into monomers upon solubilization. membranes from rod outer segments has revealed that
For instance, aggregates of rhodopsin have been shown tahodopsin is arranged in large paracrystalline arrays, provid-
be differentially preserved depending on the detergent useding perhaps the clearest demonstration of GPCR oligomer-
for extraction (ref211).2 ization (LOQ). While this suggests the possibility that GPCRs

In addition to the potential effects of detergents on the form large arrays, it is unclear whether this is the functional
oligomeric status of receptors are the potential effects of arrangement of rhodopsin. These results are in contrast with
detergents on the activity of receptors. Assays dependent orthe earlier studies mentioned above. Nonetheless, these
the activity of receptors will be biased if the detergent affects studies visually demonstrate the propensity of rhodopsin to
one population of receptors differently than another. For form oligomers under native conditions.
example, solubilized extracts fro®® cells coexpressing Although the dimerization of GPCRs is now a widely
different tagged forms of the Mmuscarinic receptor have —accepted idea and has been studied extensively, the pos-
been shown to contain a mixture of monomers and oligomerssibility that GPCRs form higher-order oligomers has received
(79). Only the monomeric form of the receptor was able to 1ess attention. The ligand-binding properties of cardiac
bind antagonists, an effect attributed in part to the detergent. muscarinic receptors point to at least four interacting sites
In such a scenario, only the monomers would be detected inwhen noncompetitive effects and the heterogeneity revealed
hydrodynamic studies where the mobility of the receptor is by agonists are described in terms of cooperative interactions
monitored by radiolabeled ligands. The potential effects of (101-103). Other indirect estimates of oligomeric size have
detergents and the nature of the biochemical assays thembeen inferred from resonance energy transfer, co-immuno-
selves complicate the interpretation of the data and in someprecipitation, and disulfide trapping da@6( 104—-106). The
instances may have biased the results in favor of monomers conclusions are somewhat variable, as some of the data point
Such complications may have contributed to an under- t0 dimers while others point to larger oligomers. Direct
appreciation of GPCR oligomerization. evidence for an oligomer as large as a trimer has come from

Radiation inactivation studies have been performed to the copurification of three differently tagged forms of the
avoid the complications of solubilization and to gain insight M2 muscarinic receptor f:oexpressed 5&9 cells @0_7)-
into the status of GPCRs in their native environment. Such Statistical considerations in that study point to an oligomer
studies have been performed on membranes containingt’at may be even larger. . _
various GPCRs, including the muscarinic, adrenergic, and Several lines of ewden_ce support the idea that oligomers
dopamine receptors8{—88), and in several cases, the of GPCRs are formed prior to being transported to the cell
estimated molecular weight corresponds to a dimer. ThereSurface (reviewed in ref08). For example, mutants of the
are many assumptions underlying such inferences, andPzadrenergic receptofl09), the D, dopamine receptod (0,
therefore, the interpretation of the data is not straightforward the platelet-activating factor receptot(l), and the V2
(89). The technique is further complicated by the fact that Vasopressin recepto 12 can inhibit the transport of the
GPCRs are in complex with other proteins within the respe_ctlve _\Nlld-typg recep_tors_ to the cell syrface. leevv_lse,
membrane. Although these studies point to an oligomeric the disruption of oligomerization by mutating the putative
organization of GPCRs within the membrane, they may not dimerization motif of thefs, adrenerglc_ receptor and the
necessarily represent the true native oligomeric status of a-factor receptor has been shown to hinder the cell surface

GPCRs. expression of both receptord(9 113. In addition, bio-
luminescence resonance energy transfer between tagged
Recent Eidence for Oligomers of GPCRs oxytocin receptors, vasopressin receptotd4, and 5

adrenergic receptord Q9 has been detected in membrane
More recent biochemical and biophysical studies have fractions enriched in endoplasmic reticulum.
provided a more direct and less ambiguous demonstration |t is unclear at the moment whether oligomerization during
that GPCRs can exist as oligomers. Most of those studiesbiogenesis is a general pathway for all GPCRs. Also unclear
have involved measurements of co-immunoprecipitation and s the stability of those preformed oligomers during signaling.
resonance energy transfer. Results from recent studiesOligomerization of some GPCRs has been reported to occur
demonstrating the oligomeric nature of GPCRs have beenat the cell surface in a process regulated by ligands (reviewed
covered in several review8@-94). Co-immunoprecipitation  in refs99and108). Ligands have also been reported to affect
the oligomeric integrity of preformed aggregates of some
2 Also, K. Suda, S. Filipek, A. Engel, and D. Fotiadis, unpublished  GPCRs. No consensus is yet available on these effects, which
results. may reflect the ambiguity associated with the interpretation
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of the data 108). Alternatively, the lack of consistency may Mechanism of Signal Transduction

reflect differences in the role of oligomers in signaling for The classical view of G protein-mediated signaling
different GPCRs. For mstan'ce, p.reformed oligomers of'some presumes that signaling proceeds via a monomeric receptor
GPCRs may serve as a signaling platform that retains its coypled transiently to its G protein in a 1:1 stoichiometry
multimeric status throughout the process. Other GPCRs may(133-135). This view has emerged in part from studies on
cycle through monomeric and multimeric states in a ligand- the turnover of the G protein, from biochemical studies on
regulated process that itself lies in the signaling pathway. {he interaction between the receptor and G protein, and from
Various regions of GPCRs are thought to be involved in the interpretation of the complex binding patterns revealed
forming the interface between monomeric units (reviewed in the binding of agonists to the receptor. The latter studies
in ref 115). These regions have been inferred from studies have led to the ternary complex model, and this mechanistic
involving chemical cross-linking, site-directed mutagenesis, and conceptual framework is still the most prevalent one used
computational analyses, molecular modeling, and coexpres-today (136, 137). Many GPCRs exhibit an apparent hetero-
sion of receptor fragment4.Q0, 106, 109, 113 115-120). geneity in the binding of agonists to the receptor (ng.<
The transmembrane domains that are thought to be involvedl) and a guanyl nucleotide-regulated interconversion between

at the oligomerization interface include transmembrane the different states1Q1, 133 138-142). Those properties

helices 1 and 46. Also thought to be involved in oligo-

are not predicted by classical pharmacological models (e.g.,

merization are the cytoplasmic loops formed between trans-Figure 2, Schemes 1 and &;-10). The importance of such
membrane helices 1 and 2 and transmembrane helices 5 andffects on signaling is suggested by the correlation between

6 (120).

measures of the magnitude of the guanyl nucleotide-

Hetero-oligomerization between different GPCRs has beenModulated dispersion and indicators of an agonist's physi-
demonstrated in similar biochemical and biophysical studies ©l0gical effectiveness such as efficacy and intrinsic activity
with a variety of different receptors and subtypes (reviewed (142-146), thereby implying a central role of those effects

in refs 93 and 121). Hetero-oligomers can have distinct

in G protein-mediated signaling. In addition, changes in those

properties that demonstrate the functional potential of GPCR Patterns are sometimes associated with disebée~149).

oligomers. For instance, membranes from COS-7 cells
transfected with the genes for two complementary chimeras

of thea, adrenergic and Ymuscarinic receptors were found

to bind adrenergic or muscarinic antagonists only when the
recombinant proteins were coexpressed, thereby implying an
association between the two chimeras. The coexpresse
chimeras were also able to mediate the hydrolysis o

phosphatidylinositol 122 123). Heteromeric somatostatin
receptors have been implicated in the inhibition of AC,
internalization, and upregulatioaZ4). Similarly, enhanced

functional activity has been reported for the hetero-oligomers

formed by angiotensin ATand bradykinin receptord 25),
by the I» dopamine and SST-5 somatostatin receptb2é)(
and by theu ando opioid receptorsi27). Perhaps the best

example demonstrating the functional importance of oligo-

merization is given by the-aminobutyric acid (GABA)
receptor, which exists as a heteromer of GABAand
GABAg; subunits. Oligomerization is a prerequisite for the
trafficking of the hetero-oligomer to the cell surface, and
the allosteric interactions between the subunits of the GABA
receptor are critical for agonist-induced activatidr?&§—
132.

The number of possible explanations for a dispersion of
affinities in a system at thermodynamic equilibrium is
limited, and three possibilities have been examined in some
detail: multiple classes of functionally distinct, noninter-
converting, and mutually independent sites (i.e., Figure 2,

cheme 3, multisite model), interaction of the receptor with

¢ a limiting quantity of a third component such a G protein

(i.e., Figure 2, Scheme 4, ternary complex model), and
cooperativity among interacting sites (i.e., Figure 2, Scheme
5). The properties and merits of these mechanistic schemes
have been discussed previousidg, 138 150-153).

Multisite Model and Ternary Complex Model

The disperse or “flat” curves revealed by agonists are most
often analyzed quantitatively according to the multisite model
(154). In such a scheme, the dispersion derives from multiple
classes of mutually independent and noninterconverting
receptors with distinct affinities for the agonist. The data
can often be described in terms of two classes, one with a
high affinity (Ka1) and another with a weaker affinityKfz)
for the agonist. While such a scheme is consistent with data
obtained with a single agonist, it is inconsistent with the data
from multiple agonists taken togethel3B 143 155).

Reports on the oligomerization of GPCRs continue to Moreover, the guanyl nucleotide-dependent interconversion
accumulate at a rapid pace. Oligomers occur across allbetween different states for a single agonist cannot be
families of GPCRs, and they have been implicated in many accommodated by such a model.

aspects of signaling, including trafficking, desensitization,

signaling per se and pharmacological diversity$9, 101,

Although the multisite model fails as an adequate mecha-
nistic model to describe G protein-mediated signaling, it is

108). In a reversal of conventional wisdom, this prevalence often used in conjunction with the assumed premise of the
of oligomers calls into question the role and even the ternary complex model to rationalize the binding behavior
existence of monomers in nature. Preparations of rhodopsinof agonists {41-143). The data are often quantitatively

and the M muscarinic receptor known to comprise pre-
dominantly monomers have been preparé® 211). In the

analyzed in terms of the multisite model while qualitatively
discussed in terms of components in the ternary complex

case of the M muscarinic receptor, monomers appear to model. Such a rationalization must be approached with
possess at least some of the functionality displayed by thecaution since there is no direct relationship between the two
native receptor since they bind antagonists with characteristicmodels, and estimates of affinity from the former (il€as

muscarinic affinity, but the relevance of such forms to
signaling remains unclear.

andKa,) are therefore not necessarily equal to the affinities
from the latter (i.e.Kac andKa) (139, 142 1517).
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The heterogeneity revealed by agonists is qualitatively
rationalized in terms of a difference in the affinity of the
agonist for the receptor coupled to the G protein (Réz)
and the uncoupled receptor (Ka) in a manner that is
analogous to the high- and low-affinity sites of the multisite
model (i.e.Ka1 andKa2). The effect of the guanyl nucleotide
is to shift the equilibrium to the uncoupled state, and
therefore, the affinity of the agonist will be weaker in the
presence of guanyl nucleotides, resulting in a rightward shift
(“GTP shift”). The breadth of the GTP shift is often used as
an indicator of the efficiency in coupling of the receptor to
its G protein, and conditions under which this effect is absent
are interpreted as an inability of the receptor to form an RG
complex. The ternary complex model does not support such
a qualitative description, however, when applied quantita-
tively to agonist binding datal@8 139, 150 155. The
nature of such a scheme limits the quantitative description
of the data to specific conditions that may not occur
physiologically @51, 153 156). Moreover, parameters
computed from the point of view of the receptor are
inconsistent with the same parameters derived from the point
of view of the G protein 150).

Cooperatiity, Oligomerization, and Signaling

An alternative to the ternary complex model is a scheme pgure 3: Ribbon and space-filling model of a complex between
based on the notion of cooperativity. Since there appears toa rhodopsin dimer and a monomer of arrestin. Arrestin (purple)
be one orthosteric binding site per receptor moleclit?,( has a bipartite structure that can accommodate two molecules of
158), cooperativity implies that the receptor is oligomeric. rhodopsin (yellow). Phosphorylation sites on rhodopsin are repre-
This is consistent with our current knowledge of receptor sented by green spheres (adapted fromi#).
structure and suggests that the oligomers have a mechanisti€ach site or monomer is functionally linked, and therefore,
role in signaling. Heterogeneity has been observed in thethe binding of 1 equiv of agonist may potentially affect the
binding of agonists to the affinity-purified Mmuscarinic  binding of subsequent equivalents of the ligand. The detec-
receptor devoid of G proteins, which points to an effect that tion of constitutive activity and its regulation by ligands have
is intrinsic to the receptor itselfL02 159). Cooperativity indicated that most if not all GPCRs can exist in at least
within a tetravalent receptor has been shown to provide atwo states: an active state favored by agonists and an inactive
quantitatively consistent description of the characteristic state favored by inverse agonists74—179. Both states
nucleotide-modulated heterogeneity revealed by agonists atappear to be intrinsic to the receptor itself, since they are
muscarinic receptors in hamster myocardial membranesobserved in affinity-purified cardiac muscarinic receptors
(Figure 2, Scheme 5)101). devoid of G proteins 180). The same ligand-regulated

Cooperativity or apparent cooperativity was detected early equilibrium between two states also is likely to account for
in the binding of ligands to GPCR4%2 160-168). One of the effect of guanyl nucleotides and the G protein on the
the earliest suggestions of cooperativity came from studiesbinding of agonists as described above. The T state may
on -adrenergic receptors from frog erythrocytes, where low represent the active receptor that elicits a biological response,
Hill coefficients observed in the binding ofH]alprenolol and the interconversion between the R and T states may be
were rationalized in terms of negative cooperativity between regulated by agonist, inverse agonist, and guanyl nucleotides.
interacting sitesi62). More recently, negative cooperativity ~ The state of coupling between the receptor and the G protein
has been observed in the binding of antagonists to the M is not explicitly represented, and therefore, R and T may
muscarinic receptor and;lopamine receptorl03 169). represent either a stable or transient recep@protein pair.

In each case, one antagonist appeared to inhibit another in df Scheme 5 or a similar model were to hold up under further
noncompetitive manner. The data were consistent with testing, it would suggest that cooperative interactions between
cooperativity among two or four interacting sites for the D  sites of an oligomer are critical for, and directly result in,
dopamine receptor andhuscarinic receptor, respectively. the propagation of an external signal.

Cooperativity has also been detected within hetero-oligomeric _ ) ,

complexes where subtype- or receptor-specific ligands for Oligomeric Structure of GPCRs Implied by Other

one type or subtype of receptor affect the binding of those Signaling Components

specific for another¥26, 127, 170, 171). The size of various signaling components and the predicted
Scheme 5 (Figure 2) describes the binding of a ligand GPCR contact sites on those proteins are also consistent with
(agonist, A) to a tetravalent receptor that interconverts the notion of an oligomeric GPCR (Figures 3 and 4).
spontaneously between two states (receptor in the R and TStructural information about the components of G protein-
state) (01). Such a scheme is based on the combined mediated signaling is most abundant for members of the
approaches of Koshland et al. and Monod et Br 173). visual signal transduction cascade8]). Results from the
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top view side view

Ficure 4: Ribbon and space-filling model of a complex between two rhodopsin dimers and a dimer. @fif@mation obtained from
atomic force microscopy and from the crystal structures of rhodopsin and transducin suggests a 2:1 stoichiometry between rhodopsin (blue)
and G, (orange). Signaling may proceed via oligomers of rhodopsin and oligomerg, ¢d@apted from reb4).

molecular modeling of some of those components point to  Positive cooperativity is observed in the binding of guanyl
an oligomeric arrangement of rhodopst#,(100). Arrestin nucleotides to G proteins in hamster cardiac membranes
is a protein that binds to phosphorylated GPCRs and is (187), where the muscarinic receptor agonist carbachol
involved in the desensitization of the activated receptor, and promotes a bell-shaped pattern in the effect of GDP on bound
more recently has been shown to link GPCRs to G protein- [3S]GTP/S under some conditions. Moreover, heterogeneity
independent signaling pathway48@). The footprint on is observed in the binding of guanyl nucleotides to the G
visual arrestin for rhodopsin is suggestive of oligomerization protein and is modulated by agonists in a manner that mirrors
(100. Two grooves separated by 3.8 nm are found within the guanyl nucleotide-modulated heterogeneity observed in
the structure of arrestin, which can accommodate two the binding of agonists160 187—-189. Taken together,
molecules of phosphorylated rhodopsin (Figure 3). these data are suggestive of a symmetrical system wherein
The photoreceptor heterotrimeric G protein transducin, G effects within the oligomeric array of the receptor are
is larger than a monomeric rhodopsin. In fact, if it is assumed mirrored by the effects that occur within the oligomeric array
that rhodopsin forms dimers, it has been shown that extensiveof the G protein. This apparent symmetry cannot be

contacts are made between theubunit of transducin (&) accommodated within the context of the ternary complex
and dimeric rhodopsin (Figure 4%4, 100. In such a model (50.
scenario, thes subunit of G makes contact with four Several lines of evidence support the notion that the

monomers of rhodopsin and is required to dissociate prior heterotrimeric G protein, or ite. subunit, can form oligo-
to the binding of further equivalents of G(Supporting meric clusters 190-197). For example, dimeric forms of
Information). This sizing is suggestive of a 2:1 ratio between both thea subunit and thggy complex of G, as well as
receptor and ¢z, which differs from the conventional view  tetrameric forms of the latter, have been detected on native
of a 1:1 stoichiometry between the two signaling molecules. gels and by analytical ultracentrifugatioh90). Radiation
The 2:1 stoichiometry is also supported by the detection of inactivation of the glucagon receptor implied molecular
a pentameric assembly composed of a heterotrimeric Gweights corresponding to multiples of the receptor and the
protein and dimeric leukotriene,Beceptor 183). G protein (191). Chemical cross-linking studies have indi-
Molecular simulations have also indicated that Bund cated that @ Gys, Gui, Guo, and G can all exist in oligomeric
to adjacent rhodopsin dimers can be in contact with each arrays (92, 193). A dimeric organization of G, is detected
other (Figure 4) %4). This suggests that & may form in its crystal structure 194); however, the physiological
oligomeric arrays similar to the arrays formed by the receptor relevance of that complex is unknown.
and that the binding of oneGmay facilitate the binding of . "
the next equivalent of G Indeed, apparent Hill coefficients ~ Structural Basis of GPCR Actation
of ~2 have been observed in the binding qftGactivated Structural information about GPCRs is limited, and
rhodopsin 184, 185. Moreover, the maximal binding therefore, a structural understanding of receptor activation
capacity for Grepresented only 25% of activated rhodopsin. is still in the early stages. Activation of GPCRs has been
This discrepancy in binding capacity was due neither to a shown to result in a rearrangement of the transmembrane
kinetic artifact nor to accessibility issuek36), and it thereby helices (98 199. Recent studies on metabotropic glutamate
indirectly indicated that Gmay bind to an oligomeric  receptors (mGluRs) demonstrate how those rearrangements
rhodopsin 184, 186). might affect the oligomeric structure and function of the
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receptor 200—202). Fluorescence resonance energy transfer an approach will therefore allow one to view a snapshot of
measurements made on modified mGlaRsliggest thatthe  rhodopsin not only in its natural membrane but also within
first intracellular loops of each monomer move apart while the context of its natural compartment.

the second intracellular loops move closer together upon

activation by an agonisQ1). Functional studies on chimeric ~ €oncluding Remarks

MGIURS indicate that the binding of an agonist to the amino- e potion that GPCRs are monomeric and that signaling
terminal domain of one subunit can produce a response by,qc\rs via a transient 1:1 complex of the receptor and G
activating the transmembrane domain of another S“bu”'tprotein has predominated for much of the field's history.

(209. . L More recent evidence, however, points to an oligomeric
A more complete structural picture of GPCR activation 5rangement of GPCRs and highlights a need to modify our
may come from studies on rhodopsin. This system is ¢,rent conceptualization of G protein-mediated signaling.
amenable to various biophysical techniques that will allow pegpite the attention that the notion of GPCR oligomerization
for the visualization of macromolecules at high resolution. pas heen receiving, data are still largely interpreted within
The crystal structures for the active and inactive states of the framework of the traditional view of signaling. An

multimeric proteins such as hemoglobin and aspartate yjtermate mechanistic framework based on the notion of
transcarbamoylase have played a large partin “”derSta”d'n%ooperativity among interacting sites of an oligomeric
their function 03). The high-resolution crystal structure is receptor has been considered here. Such a framework may
currently available only for the inactive state of rhodopsin ,5re accurately represent the system and therefore lead to

(52) and low-resolution inactive intermediate Meta2Dg). a better understanding of function and dysfunction in GPCRSs.
The availability of a high-resolution crystal structure of the Cooperative schemes were initially proposed to describe

active form of rhodopsin may be required to gain similar e giosteric behavior of hemoglobin and multisubunit
insights into the activation and function of GPCRs. A major enzymes such as aspartate transcarbamoylase (reviewed in
drawback of crystal structures, however, is that they do not ot 203 Cooperativity is critical to the function of those
allow for the study of membrane-bound proteins in their jigomeric proteins and is linked to changes in their
natural environment. The requirement for extraction and the quaternary structure. In addition, Wyman pointed out that
crystallization processes most likely alters the structure of e potential fineness of allosteric control of a macromolecule
rhodopsin to some extent, especially its oligomeric structure. ;,raases with the number of interacting site89). The
Information from crystal structures will therefore need to o ganization of GPCRs into complexes containing multiple
be combined with techniques allowing for the visualization equivalents of both receptor and G protein provides a
of the protein under more native conditions. _ platform for various cooperative effects and may allow for
Atomic force microscopy allows for the high-resolution 3 form of fine control in GPCR-mediated signaling. GPCRs
detection of proteins in their natural lipid environme20y). represent the initial stage in a cascade of events leading to

This technique has already provided images of rhodopsin in g pigjogical response. These signaling cascades are seemingly
native disk membranes of rod outer segmeiti). Thoseé  omplex and are often critical to the vitality of an organism.

images were not sufficiently detailed to distinguish the loops |1 jg expected then that precise controls would be integrated

connecting the transmembrane helices of rhodopsin like thoseniq the system to ensure the orderly function of a seemingly
observed in studies with bacteriorhodops20€). Higher- complex situation.

resolution images that can detect the finer details of the disk
membrane topography will allow for a more accurate ACKNOWLEDGMENT

representation of the orientation of rhodopsin in the mem- _ _ )
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brane that is independent of molecular modelib@Q 120). . - o .
The ability to obtain such images may allow for the Dr. Brian K. Kobilka, Dr. Graeme Milligan, and Dr. Kevin

visualization of the structural changes that occur upon D- Ridge for helpful comments on the manuscript.
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environment. High-resolution atomic force microscopy can

also be combined with single-molecule force spectroscopy An animated video illustrating the potential interaction

(207). This technique allows for the manipulation of indi- between rhodopsin (ground-state, blue; photon-activated,

vidual proteins and provides information about the inter- and yellow) and transducin (& orange; G, red; G, green). GTP

intramolecular interactions of that protein. Activation of the is represented in purple, and GDP is represented in light

receptor will alter those interactions, and studies of this nature purple. The video is based on information obtained from

may be able to detect those changes. atomic force microscopy and molecular modeling using
Advances in cryoelectron tomography have allowed for information from the crystal structures of the two components

visualization of the macromolecular architecture of whole (54, 100, 120). This material is available free of charge via

cells and organelles at a resolution of% nm 08). This the Internet at http://pubs.acs.org.

resolution limits the detection to only large protein complexes
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