Biochemical Pharmacology, Vol. 55, pp. 549-556, 1998.
© 1998 Elsevier Science Inc. All rights reserved.

COMMENTARY

Rethinking Receptor—G Protein—Effector Interactions
Peter Chidiac*

DEPARTMENT OF PHARMACOLOGY, UNIVERSITY OF TEXAS SOUTHWESTERN MEDICAL CENTER,
DaLLas, TX 75235-9041, U.S.A.

ABSTRACT. Hundreds of different receptors regulate the activity of effector proteins with the assistance of
heterotrimeric guanine nucleotide-binding proteins (G proteins). The hypothesis that G protein-coupled
receptors (R) govern their effectors (E) indirectly via a shuttling mechanism involving the exchange of
heterotrimeric G proteins (G,g,,) or parts thereof {(G,, Gg,) between ephemeral R—G and G-E complexes has
become firmly established. While there is no direct evidence for the cyclical formation and dissociation of these
complexes during signalling, experimental changes in second messenger production, GTPase activity, and the
binding characteristics of agonists, antagonists, and guanine nucleotides commonly are believed to reflect
perturbations in the equilibria between G protein and the other tewo components. However, a growing body of
evidence seems to argue against the shuttling model. The random, transient association of G protein and
receptor is largely inconsistent with the binding of agonists to receptors and the allosteric regulation of that
binding by guanine nucleotides. Also, the prevailing paradigm does not readily account for receptor—effector
coupling specificity, as the promiscuous interaction of most G proteins with both receptors and effectors in vitro
is at odds with the general failure of G proteins to be shared among ostensibly congruous signal transduction
pathways in vivo. The latter paradox would be obviated by the simultaneous interaction of G protein with both
receptor and effector. Indeed, various findings indicate that R-G-E complexes do occur. How and where in the
cell such complexes are assembled and disassembled should provide important clues to the true mechanism of
G protein-linked transduction. BIOCHEM PHARMACOL 55;5:549-556, 1998. © 1998 Elsevier Science Inc.
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Cellular activity is coordinated via hormones and other
messengers that are released from one cell and act via
specific receptors on or in a target cell. The largest class of
receptors encompasses proteins that span the plasma mem-
brane seven times and utilize heterotrimeric GTP-binding
proteins to govern effector proteins, which in turn control
intracellular levels of various ions and second messengers.
Three protein components, namely receptor (R1), hetero-
trimeric G protein (GaB'y)’ and effector (E), together are
sufficient to account for the fundamental properties of
signal transduction [1-4]. A hormone-induced change in
effector activity minimally involves a cycle of five steps,
wherein (1) the reversible binding of hormone to a receptor
promotes (2) the dissociation of GDP from and (3) the
activation of a G protein through the binding of GTP, thus
allowing for (4) a change in effector activity that lasts until
(5) GTP is hydrolyzed to GDP.

It is widely held that interactions among the various
components are transient, and that signal transduction
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necessarily involves the cyclical formation and breakdown
of several different protein complexes [1, 2, 4]. Briefly, it is
believed that the agonist-promoted binding of GTP to the
G, subunit of a heterotrimeric G protein causes the
sequential dissociation of G,-GTP and the stable G,
dimer from the receptor. Subsequently, the free G,-GTP
and/or free Gy, dimer independently bind to an effector,
altering its activity. After the hydrolysis of GTP to GDP
and the dissociation of G,-GDP and/or G, from the
effector, the G,p, heterotrimer reforms and reassociates
with the receptor [1, 2, 4]. The premise of transient protein
interactions thus introduces multiple additional steps into
the basic mechanism outlined above.

A key feature of the current model of transduction is that
receptors and effectors do not come into contact with one
another but rather communicate via shuttling G proteins.
Various findings indicate that G protein association with
and dissociation from both receptors and effectors can
occur, but the notion of shuttling is purely speculative.
Moreovert, few of these observations are unequivocal, and a
growing body of evidence exists that is difficult to reconcile
with the idea that receptors activate effectors indirectly.
Alternative schemes would necessarily imply the existence
of hetero-oligomeric complexes containing receptor, G
protein, and effector, at least at some instant during
transduction.
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The idea that signal transduction involves R-G-E com-
plexes is attractive in that it provides inherent specificity
within receptor—effector coupling pathways. The prevailing
paradigm falls short in this regard, since experiments with
purified components have shown that multiple receptors
can activate the same G protein, one receptor can activate
different G proteins, different G proteins can activate the
same effector, and one G protein can activate different
effectors [2, 4]. Also, Gg, subunits appear to be largely
interchangeable among G, subunits as well as among
effectors and receptors [4]. Effectors governed by Gg,, thus
would be expected to show sensitivity to most receptors, but
such evidence has not been forthcoming. Cells typically
have multiple types of receptors, G proteins, and effectors,
and it is difficult to understand how specific receptor—
effector communication would result from a myriad of
promiscuous protein interactions. Still, receptor—effector
communication does appear to be quite specific in living
cells (discussed below). Attempts to reconcile these appar-
ent differences between purified proteins and whole cells
have led to the idea that G proteins shuttle between
receptors and effectors within restricted microdomains [4].
According to this modification of the model, G proteins are
corralled together with the “correct” receptors and effec-
tors, while the “wrong” combinations are somehow forbid-
den. Thus, in addition to numerous steps involving the
association and dissociation of various protein complexes,
the shuttling model also requires the existence of additional
factors, yet unknown, which are not necessary for effector
activation but which are essential for receptor—effector
coupling specificity. Alternatively, the concept of restricted
mobility can be taken a step further, with receptor, G
protein, and effector all present within a single hetero-
oligomer. The assumption of physical continuity between
receptor and effector allows for a much simpler picture of G
protein-mediated signal transduction than is possible if G
proteins are assumed to shuttle between the other two
components.

HISTORICAL PERSPECTIVES

Prior to the identification of G proteins as distinct entities,
the floating receptor model proposed that receptors and
effectors exist independently and combine to form transient
receptor—effector complexes [5]. This early model was an
attempt to rationalize the disproportionately high levels of
adenylyl cyclase stimulation observed at relatively low
levels of receptor occupancy by agonist (e.g. Ref. 6) and the
findings that the simultaneous maximal stimulation of
adenylyl cyclase via two or more receptors could be less
than the sum of the individual receptor-mediated maxima
(e.g. Ref. 7). Such observations seemed inconsistent with
the idea of a single enzymatic moiety being fixed to a single
agonist binding site and vice versa. In terms of the floating
receptor model, an excess of receptor over effector accounts
for the phenomenon of “spare receptors,” while competi-
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tion for effector by multiple types of receptors allows for the
observed lack of additivity when different receptors are
activated simultaneously. The idea that receptor binding
activity and the activity of adenylyl cyclase could be
separated and recombined was confirmed by cell fusion
experiments [8].

The floating receptor model did not explicitly address
the role of guanine nucleotides in signal transduction. It
had by then been shown that GTP decreases the binding of
agonists to their receptors and enhances the effects of
agonists on adenylyl cyclase. The latter effect could be
explained by a collision coupling model, which proposed that
the nucleotide binding site was on the effector and that
receptors promoted activation by interacting briefly with
the effector and causing nucleotide exchange [9]. However,
this model, as formulated, predicts neither an effect of
nucleotide on agonist binding nor complex agonist binding
profiles (see below).

Further developments pointed to the existence of a
distinct GTP-hydrolyzing protein capable of activating
adenylyl cyclase in response to GTP or an analogue such as
Gpp(NH)p or GTPyS [10]. Also, effects of guanine nucle-
otides on agonist binding could be observed with B-adren-
ergic receptors that were functionally uncoupled from
adenylyl cyclase, suggesting that complexes of receptor and
G protein could exist independently of the effector. Such
findings led to the ternary complex model [11], which
proposed that agonist-occupied receptors couple transiently
to and activate G proteins, which then are released to
interact with effector proteins.

EFFECTS OF G PROTEINS ON
RECEPTOR BINDING

Guanine nucleotides were first observed to influence the
binding properties of receptors in cell membranes in the
early 1970s, and to date no clear and complete explanation
has been found to account for the effects of guanine
nucleotides on agonist binding profiles. In competition
experiments with radiolabeled antagonists, agonists yield
binding profiles with Hill coefficients of less than one. The
addition of guanine nucleotides causes a steepening of the
curve and an increase in the concentration of agonist
required to eliminate the binding of the probe. That the
binding profiles of agonists are reflective of their pharma-
cological properties has long been recognized; however, the
underlying mechanism was and remains uncertain [12, 13].
A low Hill coefficient at equilibrium potentially could
indicate multiple independent binding sites with differing
affinities, cooperative binding, or a two-step mechanism
involving the receptor plus a separate, stoichiometrically
limiting component [12].

Whereas a single instance of multiple agonist affinities
could be explained by receptor heterogeneity, the ratio of
high to low affinity binding sites (or high to medium to low
affinity) tends to vary from one agonist to the next [13].
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This suggests that the differing affinity states are not
independent but rather are related to one another. In
addition, the effects of guanine nucleotides suggest that at
least some of the sites can change their affinity. The ternary
complex model was shown to describe agonist binding
adequately in several systems [11, 14, 15], and was deemed
preferable to the “multi-site” model. Protracted agonist
binding profiles thus were ascribed to the effects of an
auxiliary component, namely the G protein, on the recep-
tor.

Low affinity agonist binding sites in membranes are
presumed to be free receptors (R), while high affinity
binding is attributed to receptor complexed with G protein
(RG). In general, the ternary complex model dictates that
at equilibrium an agonist binding profile will resemble a
single uniform population of sites and yield an affinity that
lies between the true affinities of the agonist for R and R-G
[16]. Depending in part on the affinity of R for G, this
model can allow for Hill coefficients of less than one only
if [G} does not exceed [R] by more than a factor of about
two [16]. Least squares analyses of shallow agonist binding
curves in terms of the ternary model thus tend to show that
receptor and G protein are present in similar amounts [11,
13-15, 17]. In contrast, more direct methods of measure-
ment have shown that receptors in vivo are greatly outnum-
bered by their G proteins [3], in which case agonists would
be predicted to bind to an apparently uniform population of
sites (i.e. ny = 1).

Guanine nucleotides decrease the coupling of G to R in
detergent solution (e.g. Ref. 18), and thus supposedly
preclude high affinity agonist binding by decreasing R—G
coupling. It should be noted, however, that nucleotide-
induced decreases in agonist affinity can be observed under
conditions where the dissociarion of R from G clearly fails
to occur [19]. This indicates that decreased agonist affinity
and decreased R-G coupling are not simply different
manifestations of the same phenomenon. It follows that
nucleotide-induced changes in agonist binding need not be
equated with R-G uncoupling.

The ternary model fits well to monophasic agonist
binding data acquired in the presence of nucleotide, al-
though, curiously, such analyses tend to show nucleotide-
dependent decreases in the total number of G proteins (e.g.
Ref. 11). In cases where agonists yield complex binding
curves in the presence of saturating concentrations of
nucleotide (e.g. Refs. 14 and 17), the model appears
incomplete, since the dissociation of G protein from recep-
tor anticipated under such conditions should result in a
homogeneous population of free receptors in a low affinity
state. Alternatively, the presence of two G proteins with
differing affinities for the receptor in question could give
rise to such binding patterns [20]. In a recent study on
cardiac M, receptors, each of three nucleotides [GTPyS,
Gpp(NH)p, and GDP] exhibited a biphasic dose depen-
dence with respect to the allosteric regulation of carbachol
binding [17]. While the effect of each individual nucleotide
suggested a system with two G proteins competing for a
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single receptor, the implied stoichiometry of the two G
proteins varied greatly from one nucleotide to the next.
Such findings contradict the ternary model. In contrast, the
aforementioned effects of GTPyS, Gpp{NH)p, and GDP
together could be readily interpreted as nucleotide-induced
changes in cooperative interactions within M, receptor
oligomers [21].

Taken together, analyses of guanine nucleotide-sensitive
agonist binding data question whether the ternary complex
model constitutes an accurate general description of G
protein-mediated signal transduction. An alternative pos-
sibility is that the low Hill coefficients that characterize the
binding of agonists arise from cooperative interactions
among receptors. Accordingly, binding studies on purified
M, muscarinic receptors have shown that agonists bind
with multiple affinities even in the absence of G protein,
indicating that complex binding profiles are a property of
the receptor per se (e.g. Refs. 22 and 23). The idea that
ligands bind cooperatively to their receptors has been
considered on occasion, and such models have yielded
excellent correlations to receptor binding data [21, 23, 24].
Findings indicative of cooperative interactions among re-
ceptors include binding data wherein (1) antagonists bind
with Hill coefficients of greater than one (e.g. Ref. 24}, (2)
different radiolabeled antagonists to the same receptor yield
widely differing estimates of total binding capacity in the
same preparation (e.g. Ref. 23), and (3) agonists at low
concentrations increase the binding of antagonists [23].

The existence of dimers or larger receptor oligomers
implied by binding data is further supported by biochemical
studies on the photoaffinity labeling, radiation inactiva-
tion, cross-linking, and hydrodynamic properties of various
G protein-coupled receptors (reviewed in Refs. 23 and 25).
Also, receptor oligomerization is implied by the finding that
two inactive (but complementary) muscarinic/a-adrenergic
receptor chimeras could be co-expressed to vyield both
muscarinic and adrenergic binding as well as effector
activation via agonists for either receptor [26]. More recent
evidence shows that a peptide derived from the sixth
transmembrane segment of the B,-adrenergic receptor de-
creases agonist-induced activation of membrane adenylyl
cyclase activity via the receptor; moreover, the peptide
decreases the amount of receptor found in SDS-PAGE gels
running at a position approximately twice the molecular
weight of the protein [27]. Similar effects were noted on the
apparent molecular size of D2 dopamine receptors in
response to peptides derived from either the sixth or
seventh transmembrane segment of the receptor [28]. The
foregoing arguments should help to dispel the notion that
complex agonist binding curves are solely predicated on
transient receptor-G protein coupling. The alternative
explanation that such binding profiles arise from coopera-
tive interactions among receptors does not, in itself, explain
how G proteins and effectors are activated in response to
agonists. Thus, the transient interaction of G protein with
oligomeric receptor is difficult to rule out completely.
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EFFECTS OF RECEPTORS ON
G PROTEIN BINDING

If a guanine nucleotide allosterically decreases the affinity
of an agonist, then associatively the agonist decreases the
affinity of that nucleotide for its binding site [10, 29]. Thus,
agonist-activated receptors decrease the binding of GDP, as
indicated both by more rapid dissociation of bound GDP
from G proteins and by decreases in the affinity of the
nucleotide. Agonists increase the respective rate constants
of dissociation [30] and association [31] of the GTP ana-
logues Gpp(NH)p and GTP¥S, although there is no clear
effect on their overall binding affinities (e.g. Ref. 17). The
decreased binding of GDP in response to receptor stimula-
tion is thought to facilitate G protein activation by leaving
open the binding site for GTP, which is present in cells at
relatively high concentrations compared with GDP. Recep-
tors have been found to have little or no direct effect on the
rate at which GTP bound to G proteins is hydrolyzed to
GDP {1].

A recurrent but generally overlooked property of recep-
tor-G protein interaction is that the agonist-promoted
dissociation of radiolabeled guanine nucleotides increases
in the presence of unlabeled guanine nucleotides [30-34].
In some systems [30, 34], agonist-promoted dissociation
requires the addition of unlabeled nucleotide. These data
suggest a cooperative effect between two, or more, closely
associated nucleotide binding proteins, forming a putative
G protein multimer. Accordingly, the effect of the musca-
rinic agonist carbachol on the binding of guanine nucleo-
tides to cardiac membranes is consistent with a mechanism

wherein agonist-induced changes in G protein cooperativ-
ity promote the exchange of GTP for bound GDP [25].

G PROTEIN COMPLEXES

Upon purification, receptors are often accompanied by G
proteins or G, subunits. Receptor-G protein co-purifica-
tion is increased in the presence of agonists, while antago-
nists and guanine nucleotides generally have the opposite
effect (e.g. Refs. 19, 23, 35, 36). In keeping with the
accepted model of signal transduction, increases and de-
creases in R—G co-purification are typically attributed to
corresponding ligand-induced changes in the equilibrium
{R + G == RG}. This interpretation implies that ephemeral
coupling in membranes gives rise to stable protein com-
plexes upon extraction. Interestingly, receptor purification
often employs affinity chromatography with resins derived
from antagonists. If antagonists truly inhibit R-G associa-
tion and/or induce R-G dissociation [37], it seems remark-
able that they should permit G proteins to remain bound to
receptors throughout the extensive dilutions, harsh deter-
gent and salt conditions, and prolonged periods of time
required for receptor purification. An alternative explana-
tion for the changes in R—-G co-purification noted above is
that ligand-induced conformational changes alter the sta-
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bility of pre-existing complexes and thereby influence the
degree of co-purification [23}.

In solutions containing millimolar or greater concentra-
tions of Mg?*, GTPyS facilitates the dissociation of het-
erotrimeric G protein into G, plus G, [1]. This has led to
the conjecture that the GTP-stimulated dissociation of G
protein subunits is an essential step in G protein-mediated
signal transduction in vivo. Notwithstanding the general
acceptance of the idea, G protein subunit dissociation does
not appear to occur in biological membranes [1, 38], and
dissociation with the physiological substrate GTP has been
difficult to detect even in detergent solution (e.g. Ref. 39).
Indeed, GTP and GDP have been shown to increase the
Mg?* requirement for subunit dissociation, while GTPyS
decreases it [40]. Also, given that many effectors interact
with both G,-GTP and Gg, [4], it seems inefficient (not to
mention counterintuitive) that G protein subunits should
dissociate from each other upon activation by receptor,
only to rejoin at the effector. Overall, it appears that G
protein subunit dissociation is a phenomenon that is
observed only under distinctly non-physiological condi-
tions and, therefore, may not play a significant role in signal
transduction in vivo.

Relatively little attention has been paid to the stability of
G protein—effector interactions. Based on the shuttling
model, one would predict that the binding of GTP or an
analogue should promote the association of G proteins with
their effectors. The effector adenylyl cyclase has been
co-purified with its stimulatory G protein, G,. Contrary to
expectation, co-purification of an adenylyl cyclase-G, com-
plex can be carried out regardless of whether G, is occupied
by GDP or the activating ligand Gpp(NH)p [41]. The latter
nucleotide can facilitate subunit dissociation of trimeric G,
under appropriate conditions. In contrast, both G, ~Gp-
p(NH)p and Gg, copurify with an adenylyl cyclase from
bovine brain [42]. These observations argue that G, does
not shuttle back and forth between adenylyl cyclase and a
receptor, but rather is stably attached to the effector.
Although nucleotide-bound G, alone is sufficient to acti-
vate adenylyl cyclase, trimeric G, may be the physiological
regulator, since several isoforms of the effector have been
shown to be regulated by both G, and Gg, [43]. Several
other effectors are regulated by both G, and G, including
phospholipase CB [44, 45] and various ion channels {4, 46],
but the stability of G protein—effector coupling has not
been established in these systems.

Receptors appear to interact only with heterotrimeric G
proteins, since little or no effect is detected with either G,
or Gg, alone [4]. Similarly, the notion of interactions
between heterotrimeric G proteins and effectors is consis-
tent with most or all evidence available. However, the
potential role of trimeric G in this case is unclear, since
both isolated G, and isolated Gy, have been found to
modulate various effector activities. On one hand, it is
possible that effectors do not bind heterotrimeric G protein
per se, and it is imaginable that there may be physically
separate sites of attachment for G, and Gg,,. On the other
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hand, the observed effects of isolated G protein subunits do
not dictate that such interactions with effectors are the
norm in vivo. Also, in the absence of a G protein shuttle,
isolated effector binding sites for G, and Gg,, might not be
expected. While much remains to be learned about which
regions of receptor, G protein, and effector interact with
one another, there is a general lack of overlap between the
binding sites on G, for receptor, Gg,, and effector (see Fig.
2 in Ref. 4), which would seemingly allow for the simulta-

neous binding of G, to both receptor and effector.

EVIDENCE FOR RECEPTOR-
EFFECTOR CONTINUITY

Currently, there is no direct evidence against the existence
of R~G-E complexes. While physical continuity between
receptor and effector has not been demonstrated directly, it
is implied in many systems, for example the adenylyl cyclase
activity and ['?’IJhuman chorionic gonadotropin binding
activity in solubilized testicular and ovarian tissues will
co-migrate during size-exclusion chromatography [47].
Also, the radiation inactivation of the hormonal stimula-
tion and inhibition of adenylyl cyclase infers large molec-
ular masses, at least as great as what would be expected for
receptor, G protein, and effector combined [29]. Numerous
experimental findings, outlined below, are difficult to
rationalize without assuming that complexes containing
both receptor and effector must exist during the process of
signal transduction.

In contrast to the promiscuity of purified proteins in
reconstituted systems [2, 4], interactions among receptors,
G proteins, and effectors in non-transfected systems appear
to be specific. In NG108-15 neuroblastoma-glial cells, three
different receptors couple to G,, but no sharing of G
proteins among the receptors can be detected [48]. Voltage-
dependent Ca?* channels in GH3 cells can be inhibited
via agonists to either M, muscarinic or somatostatin recep-
tors. In “knockout” experiments, the muscarinic effect was
eliminated by preventing the synthesis of G,.;, Gg;, or
G,4, while the somatostatin response analogously was
eliminated by blocking the synthesis of G5, Ggs, or G5
[49-51]. Similar experimental strategies involving other
transduction pathways maintain that specific receptor-G
protein—effector pathways tend to be used by cells to the
exclusion of other biochemically possible combinations
[52-55]. The observed exclusivity of functional receptor-G
protein—effector combinations in wivo is not obviously
consistent with the notion that information is transferred
from receptors to effectors indirectly via shuttling G pro-
teins. Rather, these data suggest the existence of R-G-E
complexes during transduction.

Several findings imply that -adrenergic receptors inter-
act with a Gadenylyl cyclase complex. For example, the
B,-adrenergic receptor deletion mutant D267-273 is indis-
tinguishable from wild-type receptor with respect to its G
protein interactions, yet it is impaired in its ability to stimulate
adenylyl cyclase [56]. This contradicts the idea that G, is
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the sole purveyor of the hormonal signal to adenylyl cyclase,
and instead suggests that the receptor and G protein interact
with the effector simultaneously. Similarly, the stable
binding of all three subunits of G, to adenylyl cyclase
{noted above) implies either that transduction occurs
through a stable R-G-E complex or that receptor interacts
transiently with G-E. The latter interpretation is supported
by evidence that the receptor acts catalytically in some
systems and that the rate of adenylyl cyclase activation by
B-adrenergic agonists increases linearly with membrane
fluidity. In contrast, analogous experiments with adenosine
receptors point to stable receptor-adenylyl cyclase com-
plexes [57]. The isolation of complexes of G, and receptor
under some conditions and G,-adenylyl cyclase complexes
under others suggests that both R—G and G-E may derive
from larger, albeit more fragile, hetero~oligomers.

The regulation of phospholipase CB1 activity by M,
muscarinic receptor and Cvq similarly appears to occur
through an R-G-E complex. The combined effect of the
receptor and the effector on the G protein is such that its
rapid steady-state rate of GTP hydrolysis cannot be ac-
counted for by its sequential interaction with the two other
proteins, which therefore implies that both M; and PLCB1
are acting upon G, simultaneously (44, 45]. The latter
studies were carried out using purified proteins in a recon-
stituted phospholipid vesicle system. It follows that recep-
tor, G protein, and effector alone are sufficient for R-G-E
complexation, and that no other protein components are
necessary. Also, in such a system, it may be noted that there
is no obvious opportunity for heterotrimeric G, to dissoci-
ate into G,,-GTP plus Gg,, during transduction.

MECHANISTIC IMPLICATIONS OF
NOT SHUTTLING

Dismissal of the idea that receptors and effectors commu-
nicate indirectly via shuttling G proteins implies the
existence of R—-G-E complexes, but still leaves open the
question of how hormonal information is transferred to
effectors. Physical continuity between receptor and effector
does not per se dictate that complexes containing both
protein species exist throughout the process of signal
transduction. The results of reconstitution experiments
utilizing purified components suggests that complexes can
form spontaneously, but it seems likely that this process
would be subject to regulation in vivo. It remains to be
determined how, where in the cell, and how frequently
R-G-E complexes may form and turn over. The character-
ization of these events should lead to an improved under-
standing of the actual mechanism of transduction.

Signal transduction may occur through three possible
mechanisms: (1) the formation of R-G-E complexes, (2)
the dissociation of R-G—E complexes, or (3) stable R~G-E
complexes. The first possibility allows for a simple rational-
ization of the non-additivity of combined agonist effects via
different receptors [7] as well as the phenomenon of “spare
receptors” [6], and recalls the previous floating receptor [5]



554

and collision coupling [9] models. Leaving aside their differ-
ences with respect to predicted receptor—effector complex
stability, both of these early hypotheses postulated that
activation of receptor engenders R—E complex formation
and subsequent effector activation. Both models, however,
may be difficult to reconcile with agonist binding data. In
the collision coupling model, the receptor is presumed to
interact briefly with a G protein—effector complex; how-
ever, the model predicts neither flat agonist binding curves
nor sensitivity of the latter to guanine nucleotides. If the
transient interaction between R and G-E is presumed to
have an effect on agonist binding, then the mechanism is
mathematically analogous to the ternary model, the major
shortcomings of which are outlined above. Other permuta-
tions can be imagined, for example receptor could sequen-
tially engage G protein and then effector, or stable R-G
complexes could bind transiently to effectors. The latter
scheme seems plausible for soluble effectors such as phos-
pholipase CB, which presumably could be recruited from
the cytosol. Also, the apparent failure of receptors to share
G proteins [48] would be accommodated. Alternatively, the
transient coupling of R~G to E seems inconsistent with the
observation of stable G-E complexes {41, 42].

In the disaggregation—coupling model proposed by Rodbell
[29], oligomeric structures containing multiple copies of
receptor, G protein, and, possibly, effector are presumed to
be inactive and to bind agonists with high affinity. It was
suggested that effector might be present in the inactive
multimer in some systems but not in others. In either case,
agonist binding to some or all of the receptors within the
multimer (cf. spare receptors) facilitates the binding of
GTP, leading to dispersion into smaller, active hetero~
oligomers with low affinity for agonists. In cases where
effector is absent from the inactive multimer, disaggregated
R-G goes on to activate effector. If effector is present in the
multimer, disaggregation and effector activation are pre-
sumed to occur together. One feature of this model as
originally proposed is that receptor has a presumed damping
effect with respect to basal effector activity. However, in
contrast to the corollary prediction that basal effector
activity should vary inversely with receptor density, subse-
quent studies with over-expressed receptors have shown
that agonist-independent effector activity increases with
receptor density (e.g. Ref. 58). Potentially, the disaggrega-
tion coupling model could be adjusted to account for such
observations, as an inhibitory effect of receptor is not a
central aspect of the original.

A third possibility is that R-G-E complexes neither
assemble nor disassemble during signal transduction. While
this would seem to be the simplest explanation, a complex
containing one equivalent each of R, G, and E would be
inadequate with respect to observed agonist binding prop-
erties as well as the disproportionately high effector activa-
tion observed at low levels of agonist occupancy. Both of
these problems could potentially be remedied by the as-
sumption of multiple interacting copies of receptor within
the hetero—oligomeric complex. Similarly, muitiple intet-
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acting G proteins might also be present, and furthermore
there is scattered evidence suggesting that some effectors
may oligomerize [59]. The idea that multiple copies of
receptor, G protein, and possibly effector are contained
within a complex recalls the presumed “inactive” complex
proposed in the disaggregation coupling model [29].
Whether such complexes can be observed and whether
dissociation is needed for effector activation are separate
questions, however. Finally, any model that is to be taken
seriously must somehow account for the apparent “sharing”
of effectors among receptors [7]. One possibility is that
R-G-E complexes may contain more than one type of
receptor. Although the implied mass of such an aggregation
might seem extraordinary, the 1300 kDa complexes in-
ferred from radiation inactivation studies [29] would seem
to allow for their existence.
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