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Abstract

The first 15 years, or so, brought the realization that there existed a G protein coupled signal transduction mechanism by which hormone
receptors regulate adenylyl cyclases and the light receptor rhodopsin activates visual phosphodiesterase. Three G proteins, Gs, Gi and transducin
(T) had been characterized as ap+y heterotrimers, and Gsa-GTP and Ta-GTP had been identified as the sigaling arms of Gs and T. These
discoveries were made using classical biochemical approaches, and culminated in the purification of these G proteins. The second 15 years, or so,
are the subject of the present review. This time coincided with the advent of powerful recombinant DNA techniques. Combined with the classical
approaches, the field expanded the repertoire of G proteins from 3 to 16, discovered the superfamily of seven transmembrane G protein coupled
receptors (GPCRs) — which is not addressed in this article — and uncovered an amazing repertoire of effector functions regulated not only by
oGTP complexes but also by 3y dimers. Emphasis is placed in presenting how the field developed with the hope of conveying why many of the
new findings were made.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

I recently reviewed the step-by-step discovery of signal
transduction by G proteins from the first experiments in 1969 in
Martin Rodbell’s laboratory at the NIH, in which glucagon
binding studies led to the discovery of a GTP dependent step in
the activation of adenylyl cyclase, through the realization that
there were two systems in which separate GTP binding proteins
mediated effects of receptors, the positively and negatively
regulated adenylyl cyclases and the light activated phospho-
diesterase. The review also told how the three G proteins active
in these two systems, Gs, Gi and T (transducin), were found to
be apy trimers, of which the a subunits of Gs and transducin
were GTPases that interacted with their target effectors as GTP«a
complexes, and that the 3 and -y subunits existed as dimers that
dissociate from activated aGTP to allow for regulation of their
effectors (Birnbaumer [1]). That Gi dissociated the same way as
Gs, was also known, but how inhibition of adenylyl cyclase
came about, still had to be shown. By 1983-1984, signal
transduction by the Gs G protein was envisioned as a double
regulatory cycle (Fig. 1), in which formation of the aGTP
signalling arm was facilitated by the hormone receptor complex,
the life-time of the aGTP complex was limited by its intrinsic
GTPase activity, and the GDPa so formed reassociated with the
By dimer, restoring the trimeric state. This positioned the G
protein for a new round of activation, if the facilitating receptor
was still being activated by ligand (or light).

Although by 1983 rhodopsin had been sequenced and de-
duced to span the plasma membrane seven times (Ovchinnikov,

1982 [2]), it was not yet known that this structure would be the
founding member of a super family of receptors. The second
member of this family, the 3-adrenergic receptor (3AR), would
not be cloned, independently by two research groups, until 1986
(Dixon et al., 1986 [3]; Yardeen et al., 1986 [4]). Much of the
research on G proteins focused on the functional aspects of the
adenylyl cyclase activation process revealing fascinating con-
sequences at the level of the receptors, some of which still today
have not been clarified from a molecular or mechanistic
viewpoint. Receptors, primarily the B-adrenergic receptor, but
others too, were found to change in affinity for ligand when
guanine nucleotides (GTP, GMP-P(NH)P, GTPyS) or Mg*"
were added (Maguire et al., 1976 [5]; Lefkowitz et al., 1976 [6];
Iyengar etal., 1890 [7]). An effect of Mg>" was also shown at the
level of adenylyl cyclase and the activation of Gs, notably that
high concentrations of Mg>" mimicked the effect of hormone
receptor to accelerate activation of the G protein by the guanine
nucleotide. This effect of Mg®" was first seen in intact
membranes (Fig. 2A; Iyengar, 1981 [8]; Iyengar and Birnbau-
mer, 1981 [9]), then in reconstitution studies in which the
activation of the G protein was separated from its interaction
with the effector adenylyl cyclase (Fig. 2B; Iyengar and
Birnbaumer, 1982 [10]) and, finally, was recapitulated with the
purified Gs protein (Fig. 2C; Codina et al., 1984 [11]).

Taken together these studies showed that the effect of
receptor to stimulate the GTP—GDP exchange on Gs is
mediated by Mg*" ion, the role of receptor being to lower the
EC50 for the action of Mg®" from ca 10-20 mM — well above
the cytosolic concentration of ca. 0.5 mM — to around 10 pM,
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Fig. 1. Signal transduction of hormone binding to receptor into activation of adenylyl cyclase by the Gs G protein as understood in 1983. Gs is shown to undergo a
GTP—GDP driven subunit dissociation—reassociation cycle, in which the role of the receptor is to keep the system cycling by promoting the Mg**-induced exchange of
GTP for GDP and in which the role of GTPa is both the activation of the enzyme and its own time-limited inactivation that comes about when it hydrolyzes GTP to
GDP. (Adapted from Hildebrandt et al., 1984a [119]).
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Fig. 2. (A) Mg?" mimics the effect of receptor to accelerate the activation of Gs by GMP-P(NH)P (from Iyengar and Birnbaumer, 1981 [9]). (B) Effect of the hormone—
receptor complex to reduce the concentration at which Mg?* facilitates activation of Gs by GMP-P(NH)P. Liver membranes were treated with N-ethyl maleimide to
inactivate its adenylyl cyclase and then subjected to a 10-min incubation with GMP-P(NH)P in the absence and presence of glucagon at increasing concentrations of
Mg** shown on the figure. Gs in the incubated membranes was extracted and analyzed for activity in a cyc™ reconstitution assay. Note the hormone induced left shift in
the Mg®" concentration curve. Inset, expansion of lower range of the Mg>" concentration axis (from Iyengar and Birnbaumer, 1982 [10]). (C) Mg®" increases the rate at
which GMP-P(NH)P activates purified Gs. Purified human erythrocyte Gs was preincubated for varying times with GMP-P(NH)P at varying concentrations of Mg>".
Progressive activation was then quantified in diluted aliquots using the cyc  reconstitution assay. Note that the rate of activation increased as Mg>" concentration was
increased. Top, data are shown with time as the x-axis variable. Bottom, the data are shown with Mg®* concentration as the x-axis variable (adapted from Codina et al.,

1984 [117).

well below the cytosolic concentration of Mg®". Thus while Gs
by itself was essentially ‘blind’ to ambient Mg?', it was
saturated by ambient Mg”" under the influence of an agonist-
liganded receptor. This caused the release of GDP allowing
GTP to enter its binding site on the a subunit and induce the
conformational change that leads to subunit dissociation and
activation of the adenylyl cyclase (Iyengar and Birnbaumer,
1982 [10]).

2. More trimeric G proteins than Gs, Gi and transducin

Three heterotrimeric G proteins were known by the end of
1983. Two regulated their effector functions by signalling
through their a subunits. Whether the third, Gi, a pertussis toxin
substrate, also regulated its effector through its o subunit would
be a point of some discussion (see below).

That there were more than three G proteins came from
studies by Sternweis and Robishaw in Dallas and Eva Neer’s

group in Boston, who both set out to purify the PTX substrate
(Gi) from brain. ADP-ribosylation reactions with PTX and [**P]
NAD" showed brain membranes to be extraordinarily rich in
what appeared to be more than one substrate in the 40 kDa
range. Biochemical resolution soon showed that brain had not
one, but up to three PTX substrates (Neer et al., 1984 [12]). Of
these, the one that migrated fastest in SDS-PAGE gels was by
far the most abundant (Sternweis and Robishaw, 1984 [13];
Huff et al., 1985 [14]). Sternweis and Robishaw called the
abundant and fast moving G protein Go, for the ‘other’ PTX
substrate. This name is still used today.

A provocative article by Karen Halliday in 1984 drew the
attention of many of us to the fact that two classes of
regulatory GTPases, the ras oncogenes and protein synthesis
elongation factors that regulate the stepwise entry of aminoacyl
tRNA into the ribosome, were structurally related (Halliday,
1983-1984 [15]). This hinted at the existence of a family of
structurally related GTPases with diverse regulatory functions.
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Heterotrimeric G protein « subunits — transducin, Gs, Gi and
Go — might also belong to this family! This was confirmed in
Mel Simon’s laboratory at CalTech, where partial amino acid
sequences were obtained for « transducin, purified in Simon’s
laboratory, and bovine brain Goaw, purified by Janet Robishaw
in Dallas. Some of the sequences obtained for the two
proteins were highly homologous among them and to the ras
family of GTPases. These sequences corresponded to the
beginning of the 15-amino acid ‘identity box’, KLLLLGA-
GESESGKS, of G protein a subunits, which in N-; K-, and
H-ras proteins reads KLvvwwGAGgvGKS (Fig. 3; Hurley
et al., 1984a [16]).

The first G protein o subunit to be cloned was that of
transducin. It was the result of classical cloning efforts of the
1980s: the purification of a protein was followed by sequencing
of tryptic fragments by Edman degradation and synthesis of
minimally redundant (degenerate) oligonucleotide probes
(guessamers) that were used to screen cDNA libraries. Mel
Simon at Caltech and Peter Seeburg at Genentech, the latter
prodded no doubt by Henry Bourne, each cloned transducin «
from retinal cDNa libraries. In February 1985, their papers were
independently accepted for publication in different journals
(Lochrie et al., 1985 [17]; Medynski et al., 1985 [18]). Once
printed, instead of showing the same sequence, the papers
showed sequences that were highly similar, but not identical.
The Simon laboratory had cloned cone cell transducin and
Seeburg’s group had cloned rod cell transducin.

Using guessamers based on the experimentally determined
partial amino acid sequence of Goa, Al Gilman’s laboratory
cloned a highly homologous cDNA that turned out to be, Oh
surprise, Gsa (Robishaw et al., 1986 [19]), identical to the
sequence of a cDNA cloned in Shosaku Numa’s laboratory in
Kyoto (Nukada et al., 1986a [20]). The two sequences appeared
in print at essentially the same time. In 1986 Numa’s group
cloned a bovine brain Gia,, and Marshal Nirenbeg’s group at the
NIH cloned a human brain Gia ¢cDNA (Nukada et al., 1986b
[21]; Bray et al., 1987 [22]). The sequences differed slightly, a
fact that was ascribed to a species difference. By this time, my
laboratory had also established cloning techniques and we
screened a human liver cDNA library made in Savio Woo’s
laboratory at Baylor College of Medicine. We obtained a Gia-
like cDNA, similar but not identical to Nirenberg’s. There were
two Gia genes! While our paper on this discovery was in
revision at FEBS Letters, Didsbury and Snyderman, at Duke
University, published the sequence of a human Gia that was

T332 ... LKEKDARTTV[KL|LLLGAG[ES|GKS|TIVK|Q]
Gou?’T . NLKEDGISAAKDV|KLILLLIGAGIES|GKS|TIVK|Q|
c-N-ras MTEY|[KLIVVV|GAG|IGV|GKS|JALTI|Q|
C-H-rasl MTEY[KLIVVV[GAGIGV[GKS|ALTI|Q]
Cc-Ki-ras2 MTEY[KLIVVV[GAGIGV[GKS|ALTI|Q]
sc-rasl MQGNKSTIREY|KIlvvV]e[GelcvlcksfaLTiIlgl
Yptl MNSEYDYLF[KL|LLI|GINSGV[GKS|cLLLR.

Fig. 3. Heterotrimeric G protein « subunits are discovered to be structural
relatives of other regulatory GTPases. Ta, transducin o; Ga37, Goa: Sc rasl,
rasl of the baker’s yeast Saccharomyces cerevisiae; Yptl, the Saccharomyces
cerevisiae homologue of rabl (rat brain ras like protein /) (Adapted from
Hurley et al., 1984a [16]).

neither ours nor Nirenberg’s: there were three Gi genes!!. We
thus changed the title of the paper from there being two non-
allelic Gia genes to there being three such genes (Didsbury and
Snyderman, 1987 [23]; Suki et al., 1987 [24]).

Goa was eventually also cloned, in not one, but several
laboratories (Jones and Reed, 1987 [25]; VanMeurs et al., 1987
[26]; Itoh et al., 1986 [27]). It proved to have two splice
variants: Gol and Go2 (also GoA and GoB) (Hsu et al., 1990
[28]; Strathmann et al., 1990 [29]; Tsukamoto et al., 1991 [30]).
A pertussis toxin insensitive homologue of the Gia’s, Gza, was
identified by homology cloning (Fong et al., 1988 [31];
Matsuoka et al., 1988 [32]). A third “sensory”, PTX-sensitive
Ga subunit, gustducin, was cloned from taste buds and shown
to be a close homologue of visual transducins (McLaughlin et
al., 1992 [33]). From the olfactory neuroepithelium, Reed and
colleagues cloned Golf-a, a structural and functional homo-
logue of Gsa able to stimulate the olfactory type III adenylyl
cyclase (Jones et al., 1988 [34]).

Upon cloning, the GB subunit of transducin was found to
encode a protein with repetitive segments—now recognized as
the WD40 motif also found in other proteins with unrelated
functions (van der Voorn and Ploegh, 1992 [35]). Retinal rod
transducin GP (Fong et al., 1986 [36]) was shown to be the
same 340-amino acid protein as expressed in liver (Codina
et al., 1986 [37]). One year later a second G2 was discovered
(Fong et al., 1987 [38]; Gao et al., 1987 [39]). The final count of
G subunits increased in time to 5, with GR1-4 being 82—92%
identical among them, and GPRS5 diverging by approximately
50% from the others. GBS is expressed in certain areas of the
brain and in photoreceptor cells (Watson et al., 1996 [40]). In
the retina, PS5 interacts physiologically with the Gry-like
(‘giggle’) domain of RGS9, a multidomain protein with a
GTPase activating RGS domain (Makino et al., 1999 [41]; Chen
et al., 2000 [42]; vide infra).

As it had been with the o and ( subunits, the first y
subunit to be cloned was that of transducin (Hurley et al.,
1984b [43]; Yatsunami et al., 1985 [44]). There are now 12
non-allelic mammalian Gy genes, encoding proteins between
68 and 75 amino acids in length which, in contrast to Gp
subunits, share only between 15 and 30% sequence identity.
G+ subunits form tight complexes with GPs and confer
structural diversity and, very likely, functional diversity that is
not yet well understood.

By 1988, the count of G protein « subunit genes stood at
10: Gs, Golf, 3 Gi, 2 Gt, Ggust, 1Go and Gz. Sequence
alignment allowed for the identification of invariant residues.
These included a 15 amino acid stretch that we labeled
“identity box” near the N-terminus and sequences homologous
to similar sequence in ras and bacterial elongation factor Tu,
involved in guanine nucleotide binding. One of these
conserved sequences included a glutamine that in ras is Q61.
ras[Q61L] is oncogenic. Ga[QtoL] mutants confer constitutive
activity and were found to have reduced intrinsic GTPase
activity (e.g., Graziano and Gilman, 1989 [45]) and to be
transforming when transfected into cells. The other frequent
oncogenic ras mutant is ras[G12V]. The homologous G is
located in the identity box.
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3. A G protein activates phospholipase CB (PLCB)

3.1. Hydrolysis of phosphoinositides and release of Ca*" from
internal stores: IP3 as a second messenger

Towards the end of 1988, several G proteins had been
purified and their functions, subunit structure and composition,
had been elucidated. But, there still remained one unknown in
the signal transduction by G proteins field: the mechanism by
which Ca®" is mobilized by a group of hormones, neurotrans-
mitters, chemokines and secretagogues that also cause phos-
phoinositide hydrolysis in their respective target cells.

The original observation that eventually led to the discovery
of phosphoinositides as targets of a secretagogue-activated
phospholipase (phospholipases C), and of IP3 as the second
messenger responsible for Ca** mobilization, came from a 1953
article by Mabel Hokin and Lowel Hokin (Hokin and Hokin,
1953 [46]). In it they reported that incubation of pancreatic
slices with acetylcholine in the presence of **P; led to the rapid
incorporation of inorganic phosphate into phospholipids. They
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Fig. 4. The rates of phosphoinositide mobilization and diacylglycerol formation

are consistent with a primary effect of receptor on phospholipase C to promote
phosphorylase activation. (Adapted from Thomas et al., 1983 [50]).

5o A
26 Cells
60
[o]
O,
g 62
644 10min % 4
T inst,4,5P, caZ*
o] 7 7
58 Cells Ceﬁs
60
[o]
Q,
8 6.2
CCh
10 min
p—
-6.41 4 4 Ins1,4,5P,
Ins1,4,5P5 CCh

Fig. 5. Inositol 1,4,5-tris phosphate (IP3) promotes rapid release of Ca®" from
the stores of permeabilized pancreatic acinar cells. Permeabilized cells were
incubated in minimum medium containing physiologic concentration of Ca®".
At the indicated time, ATP was added as an energy source for the cells’
intracellular Ca®" uptake system, causing ambient Ca®" to fall. Addition of IP3
caused release of Ca®" from internal stores — which equilibrated with
extracellular Ca**. As IP3 was hydrolyzed by phosphatases, Ca’" was re-
accumulated in stores. Ca?* was monitored with a Ca®" electrode. Traces in the
bottom panel show that carbachol, an agonist of the pancreatic muscarinic
receptor, mobilizes Ca>* from the same pool affected by the externally added
IP3. Other experiments had previously shown that pancreatic muscarinic
receptors cause phosphoinositide hydrolysis and mobilize Ca® from internal
stores (Adapted from Streb et al., 1983 [52]).

identified phosphatidylinositols (PIs) as the newly synthesized
phospholipids (Hokin and Hokin, 1955 [47]). Phosphatidyli-
nositol (PI), phosphatidylinositol-4-phosphate (PIP) and phos-
phatidilylinositol-4,5-bisphosphate constitute only 7-8% of
plasma membrane phospholipids and of this, 95-98% is PI. For
the next 25 years many laboratories worked on the mechanism
by which this phenomenon came about. It turned out that even
though it was initially thought that acetylcholine stimulated the
synthesis of PI, PIP and PIP2, it, in fact, stimulated the
hydrolysis of phosphoinositides. What Hokin and Hokin had
observed was the incorporation of Pi during re-synthesis of the
phosphoinositides. Further, it was discovered that the conse-
quence of this phospholipid-mobilizing effect is a rapid release
of Ca®" from internal stores into the cytosol and the
extracellular milleu, followed by a passive uptake phase. This
uptake phase was later termed capacitative calcium entry or
CCE (Putney, 1986 [48]; Putney, 1990 [49]).

Definitive light on the mechanism by which receptors
evoked phosphoinositidehydrolysis and Ca** mobilization was
shed throughout 1981-1982. Only the tail end of these studies
will be mentioned here by highlighting two contributions. One
came from John Williamson’s laboratory at the University of
Pennsylvania. He addressed the question whether changes in
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phosphoinositide levels occurred fast enough to account for the
rate at which downstream metabolic responses were known to
occur. Working with isolated hepatocytes he showed that
vasopressin promoted rapid, but transient PIP and PIP2
breakdown. This was accompanied by a transient accumula-
tion of diacylglycerol (DAG), which was indeed within the
timeframe required for the known rapid vasopressin-induced
activation of liver phosphorylase, its physiologic effect (Fig.
4). Phosphorylase activation in liver is the result of a
reaction cascade that can be initiated by cAMP or by Ca®",
whose concentration increases in the cytosol in association
with and/or in response to phosphoinositide hydrolysis.
Cytosolic Ca®" activates the PKA- and Ca”*/calmodulin-
sensitive phosphorylase kinase, which in turn activates the
liver phosphorylase measured in Williamson’s study (Thomas
et al., 1983 [50]).

Williamson’s work, while pointing to phospholipase C as the
likely effector of activated receptor, did not address whether
diacylglycerol or one of the inositol phosphates formed
concurrently were the second messengers intervening between
phospholipid hydrolysis and the next step in the pathway
leading to phosphorylase activation. This question was
addressed by Michael Berridge in Cambridge (England),
where the response of the blowfly’s salivary gland to serotonin
was being studied. With Robin Irvine and others, Berridge
discovered that the first step in phosphoinositide mobilization
was the hydrolysis of PIP2 to 1,4,5-inositol trisphosphate (IP3)
and diacylglycerol. Berridge proposed IP3 to be the second
messenger responsible for the changes in intracellular Ca”"
concentration that ensued upon exposure of the salivary gland to
secretagogues (Berridge et al., 1983 [51]). He went on to
demonstrate that IP3 was indeed the intracellular second
messenger and that it acted by promoting the release of Ca*"
from intracellular Ca®" stores. The first of Berridge’s articles to
show the second messenger character of IP3 was in collabora-
tion with Irene Schulz in Cologne, Germany. Schulz had a

Fig. 6. Receptors that activate the Gs-adenylyl cyclase signaling pathway share
with receptors that activate the G protein-PLC signaling pathway the property of
changing their affinity for agonist upon addition of guanine nucleotides. (A) GTP
and Mg regulation of the 3-adrenergic receptor (3 AR) in membranes with (I) and
without (II) the Gs G protein. The figure depicts the competitive inhibition by the
BAR agonist (—)-isoproterenol of the binding of the PAR probe '*I-
hydroxybenzylpindolol (‘***I-HYP) to BARs of wild type (I) and cyc (II) S49
cell membranes. The incubations were carried out in the absence and presence of
5 mM MgCl,, 10 uM GTP and the combination of MgCl, and GTP. Mg®" and
GTP do not affect the affinity of IHYP for the AR (not shown). Note: Mg*"
increased the affinity of the BAR for the competing agonist, and GTP, which by
itself had no effect, interfered with the effect of Mg”". This phenomenon is
mimicked by non-hydrolizable analogs of GTP and by GDP, and is commonly
referred to as the “GTP-shift in agonist affinity”. There are receptors, such as the
glucagon receptor (Rojas and Birnbaumer, 1985 [182]), that show high agonist
affinity also in the absence of Mg®" but shift to low agonist affinity when GTP is
added. The high affinity state of the BAR is induced by its interaction with the Gs
G protein; the shift is absent in cells lacking Gs (All) (adapted from Hildebrandt
et al., 1984b [118]; Hildebrandt et al., 1984a [119]). (B) The non-hydrolyzable
GTP analogue GMP-P(NH)P causes a GTP affinity shift in the liver al-
adrenergic receptor known to trigger activation of phosphoinositide hydrolysis
and promote Ca®" mobilization, suggesting the existence of a G protein
responsible for phosphoinositide and Ca>* mobilization (adapted from Good-
hardt et al., 1980 [58]).

permeabilized pancreatic acinar cell preparation with an active
Ca”" uptake system driven by the sarcoplasmic reticulum
endoplasmic reticulum calcium ATPase, also SERCA pump.
The permeabilized cells could load their Ca*" stores upon
addition of pyruvate and ATP to the incubation medium, and in
so doing lowered ambient, extracellular, free Ca”*. Addition of
the IP3 isolated in Berridge’s laboratory to the permeabilized
cells resulted in Ca®" release and an increase in ambient Ca>",
measured with a Ca®" electrode (Fig. 5; Streb et al., 1983 [52]).

3.2. The G protein-PLC connection

By 1987 a significant amount of data had accumulated to
support the idea that a GTP-dependent step was at the heart of
the signal transduction mechanism by which secretagogue
receptors activated a phospholipase (PLC). These data included
stimulation of a low Km GTPase (e.g. Fig. 6; Grandt et al., 1986
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[53]; Houslay et al., 1986 [54]), activation of membrane bound
PLC by GTPyS (Harden et al., 1987 [55]), and, interestingly,
the presence of a GTP shift in binding curves of hormone or
chemoattractant to receptors that caused phosphoinositide
breakdown and Ca®" mobilization (e.g., Fig. 7; El-Refai et al.,
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Fig. 7. Bradykinin, an agonist that promotes phosphonositide hydrolysis and
Ca”" mobilization, activates a low Km GTPase in membranes from NG108-15
cells. (A and B) Hydrolysis of [y->?P]GTP in the absence and presence of 1 pM
bradykinin as a function of GTP concentration expressed as % [y-°P]GTP
hydrolyzed (A) or pmol of GTP hydrolyzed (B). (C) [y-BZP]GTP hydrolyzed in
the presence of 0.3 uM unlabelled GTP as a function of varying the
concentrations of the agonist bradykinin or the inactive des-Arg’-bradykinin
analogue. (Adapted from Grandt et al., 1986 [53]).

1979 [56]; Geynet et al., 1980a [57]; Geynet et al., 1980b [58];
Koo et al., 1982 [59]; Evans et al., 1985 [60]). Cockcroft and
Gomperts, based on the ability of GTPyS to stimulate
conversion of PIP2 to IP3 in isolated neutrophil membranes,
proposed the existence of a ‘Gp’, a PLC-activating G protein
(Cockroft and Gomperts, 1985 [61]; reviewed in Deckmyn
et al., 1990 [62]). Assays that showed a GTP-dependence in the
activation of PLC by a receptor seemed doomed to failure and to
stand in waiting for the discovery of a system where the biology
and/or biochemistry was such that a GTP dependence became
clear. This system turned out to be Berridge’s serotonin-
activated blowfly salivary gland. The endocrinologist/physiol-
ogist John Fain, then at Brown University, became aware of this
while spending a sabbatical in Michael Berridge’s laboratory in
Cambridge. Upon his return to Brown University and with the
help of Irene Litosch, a postdoctral fellow, he proved that indeed
PLC activation by the 5-hydroxytryptamine (serotonin) receptor
depends on GTP (Litosch et al., 1985 [63]).

Three research lines led to the identification of “Gp”, the
phospholipase-activating G protein. One laboratory set out to
purify from liver membranes additional G protein a subunits
that would bind to G~y immobilized on Sepharose. This led to
the purification of a 42 kDa GTP-binding protein of unknown
function and unknown identity (Pang and Sternweis, 1990
[64]). The other laboratory, headed by John Exton at Vanderbilt
University, developed an assay in which phospholipase C
activity in cholate extracts of liver membranes could be
activated by addition of GTPvS. He then successfully
fractionated the extract by chromatography over heparin-
Sepharose, into a GTPvyS-insensitive PLC, recovered in a salt
eluate, and an ‘activator’, recovered in the initial flow through.
Standard protein purification techniques led to the isolation of a
heterotrimeric G protein with an « subunit of 42-43 kDa
(Taylor et al., 1990 [65]). Bringing the power of recombinant
DNA techniques, specifically that of the polymerase chain
reaction (PCR), to bear on G protein research, Mel Simon’s
laboratory at CalTech identified several additional G protein o
subunit candidates, referred to as aq, and all through al6
(Strathmann et al., 1989 [66]; Strathmann and Simon, 1990
[67]; Strathmann and Simon, 1991 [68]). The stage was set,
with one laboratory, John Exton’s, having a G protein with an «
subunit for which the function was known but not its identity; a
second laboratory, Paul Sternweis’s in Dallas, having a G
protein « subunit for which neither function nor identity was
known, and a third laboratory, Mel Simon’s at in Pasadena
(California), knowing the identity of novel cDNAs, whose
functions were not known and their G protein nature as part of
heterotrimers was a conjecture (Fig. 8A).

Antibodies raised against unique sequences predicted by the
Gaq and Gall cDNAs identified the bovine G proteins with
42-43 kDa « subunits purified in Sternwies’s and Exton’s
laboratories as a mixture of Gqa and G11a (Taylor et al., 1990
[65]; Smrcka et al., 1991 [69]). Photoaftnity labeling of rat liver
plasma membranes with azido-anilido-GTP in the absence and
presence of vasopressin, followed by immuoprecipitation and
immunoblotting identified the labeled proteins as Gqa and
Glla. These experiments proved that these were the ‘Gp’ G
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Fig. 8. (A) Musings that may have happened during the “making” of the Gq/11
family of G proteins into signal transducers of PLCpB-activating receptors. (B)
The Gq/11 signal transduction pathway.

proteins activated by the liver (V1a) vasopressin receptor
(Wange et al., 1991 [70]). In reconstitution assays it was then
shown that the purified PLC-activating proteins stimulated the
activity of the class 3 PLC, but not the «y or 6 PLCs, purified
from bovine brain by Su Goo Rhee at the NIH (Taylor et al.,
1991 [71]). In agreement with these in vitro biochemical
reconstitutions of G-protein stimulated PLC( systems, in cell
reconstitutions by transient expression of the cDNAs encoding
the interacting components, confirmed the existence of a
receptor-G protein-PLCP signal transduction pathway in
which the active G proteins are of the Gg/11 class of G proteins
(Fig. 8B; Wu et al., 1992 [72]).

Alignment of the amino acid sequences deduced from the
mouse a14 and 15 cDNA’s showed them to be very similar to
Gqa, Glla, and G16a«, the latter cloned from a human cDNA
library. The close structural relationships proved to be a
predictors of function. Membrane bound Gq, G11, G14, and
G15 « subunits expressed in COS-7 cells were able to stimulate
the activity PLCP that had been purified from bovine brain in
Sue Goo Rhee’s laboratory, proving their “Gp” character (Lee et
al., 1992 [73]). Recombinant G16a, purified from insect cells
infected with recombinant baculovirus, was shown to activate

purified bovine brain phospholipase Cp (Kozasa et al., 1993
[74]) and purified recombinant proteins encoded in Gl4a
(GL1a), Glla (GL2a) and Gqga cDNAs, likewise, activated
purified bovine brain phospholipase Cp3 (Nakamura et al., 1995
[75]). Independently, G14a and Glla had also been cloned
under the names of GL1a and GL2a (Nakamura et al., 1991
[76]). Moreover, when reconstituted into phospholipid vesicles
together with the M1 muscarinic receptor, trimeric G14, G11
and Gq bound GTP+S in response to carbachol, proving them to
be true signal transducers of a receptor signal (Nakamura et al.,
1995 [75)).

Although initially thought to be homologues, molecular
cloning of the full length cDNAs showed mouse G15a and
human G16a to be orthologues. Surprisingly, and in contrast to
other G protein « subunits, G15 and G16 « subunits when
expressed in COS7 cells were activated to stimulate phosphoi-
nositide hydrolysis not only by receptors that activate the Gq
family of G proteins (e.g. thromboxane, SHT2c, thrombin, V1-
vasopressin) but also by receptors that normally activate Gs
(e.g. P2-adrenergic, A2-adenosine, DI1-dopamine, V2-vaso-
pressin) or Gi (e.g. M2-muscarinic, SHT1A, p-opioid, fMLP).
G15/16 o subunits differed therefore from other G protein «
subunits in that they are specific in terms of their effector
system, PLCP, but promiscuous in terms of the type of receptor
by which they are activated (Offermanns and Simon, 1995

[77D.
4. Function of proteins encoded in G12a and G13o ¢cDNAs

The nucleotide sequence of the full length G12« and G13a
subunit cDNAs, reported in 1991 (Strathmann and Simon, 1991
[68]), showed them to be very similar and to constitute a fourth
class of Ga subunits, joining the Gs/Golf, Gi/Go/Gt and Gq/11
classes of G protein « subunits. Similarities among the 16
cloned G protein o subunits, as revealed by amino acid
sequence alignment, are shown in Fig. 9.

In 1992, two groups at the NIH discovered independently
that G12« has oncogenic (transforming) potential. One group,
led by Stuart Aaronson, cloned from a soft tissue sarcoma
expression cDNA library a transforming activity that turned out
to be an overexpressed but un-mutated, wild type G12a (Chan
et al., 1993 [78]). The other group, led by Silvio Gutkind, tested
G12a for oncogenic potential in NIH-3T3 cells and found the
wild type to be mildly transforming, but the constitutively
activated Q229L mutant to be a potent oncogene (Xu et al.,
1993 [79]). Expression of constitutively active G12a[Q229L]
and G13a[Q226L] mutants were shown to lead to cell shape
changes, to activation of the Na'/H" exchanger, and to promote
cell proliferation and transformation in several systems (Jiang et
al., 1993 [80]; Dhanasekaran et al., 1994 [81]; Vara Prasad et al.,
1994 [82]). A strong hint as to the mechanism by which G12
and G13 « subunits affected cell functions came from a study in
which the stress fibers and focal adhesions induced by G12/13«
in transfected cells was blocked by botulinum C3 exoenzyme
(Buhl et al.,, 1995 [83]). The C3 exoenzyme is an ADP-
ribosyltransferase that specifically ADP-ribosylates and inacti-
vates Rho. Rho, for ras somologue, is a member of the family
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Fig. 9. Linear diagram of a consensus open reading frame (yellow box) encoding a subunits of the family of heterotrimeric signal transducing G proteins. Cyan box,
sequences of ras for which homologous sequences are present in Ga subunits. id, identity box sequence; its composition is expanded below; the id sequence is
identical for as, ail-ai3, atl, at2, a-olf, ®o. Deviant amino acids in aq, 11, 14, 12, 13, and z are shown. Black boxes, regions involved in guanine nucleotide binding.
R*, location of the Arg ADP-ribosylated by cholera toxin in as, a-olf and transducin a.. The seven C-terminal amino acids of « subunits are expanded to include the
Cys at position-4 which is ADP-ribosylated by pertussis toxin (C*). Several mutations that have been informative for the understanding of the G protein mediated
signal transduction process are highlighted: G to V in the GAGES motif reduces GTPase activity; R* to C or H reduces GTPase activity, as does ADP-ribosylation,
which allow for receptor independent activation by GTP; Q to L in the DVGGQ motif suppresses GTPase activity and confers transforming activity to mutant o
subunits; G to T in the DVGGQ motif confers dominant negative properties; G to A in the DVGGQ motif (H21a mutant in as, also reverse UNC) impedes activation
by GTP or non-hydrolyzable GTPyS, but does not interfere with the G protein mediated GTP shift in receptor-agonist affinity; R to P at position-6 from the C terminus,
UNC mutation, uncouples as form receptor without interfering with activation by non-hydrolyzable GTP analogues. N to I and D to N in the FLNKXD motif change
nucleotide association—dissociation dynamics. Mutants of Q in the DVGGQ motif, G in the GAGES motif and R* confer transforming activity in transfection assays
and are referred to as gsp and gip when they reside in the as and ai subunits, respectively.

of small ras-like GTPases. When transfected into cells as a
constitutively active Q63L mutant, Rho had the same effects as
activated G12/13 « subunits.

It thus appeared that G12/13 activated Rho. Confirmation of
this hypothesis came from an independent research line
anchored in the study of new class of proteins, referred to as
regulators of G protein signaling or RGSs.

4.1. The RGS proteins

RGS proteins constitute a family of about 20 members that
were independently discovered in four different types of
organisms: the budding yeast Saccharomyces cerevisiae, the
nematode Caenorhabditis elegans, the fungus Aspergillus
nidulans, and in mammals. In yeast, the SST2 gene product,
for supersensitivity 2 (Chan and Otte, 1982b [84]; Chan and
Otte, 1982a [85]; Dietzel and Kurjan, 1987a [86]), limits the
lifetime of GPAl. Mutant sst2 cells are supersensitive to
pheromone because they lack of adaptation, which is now
known to be to lack of a GTPase activating function encoded in
SST2 that affects GPA1 (Fig. 10A; Dohlman et al., 1995 [87]).
In the nematode, eg/-10 mutants fail to lay eggs. The frequency
of egg laying is under the control of serotonergic motor neurons
which activate the postsynaptic smooth muscle sertonin
receptor, which in turn is coupled to effector function by a
Go-like G protein a subunit, GAO-1. Over-expression of GOA-

1 reduces frequency of egg laying. Mutant egl-/0 worms have
increased egg laying frequency and over-expression of EGL-10
reduces egg laying frequency. The eg/-/0 mutation is silent in
goa-1 mutants (Koelle and Horvitz, 1996 [88]). Taken together
these results indicate that EGL-10 down regulates GOA-1. In
aspergillus, mutant fIba cells proliferate, remain undifferen-
tiated and in time lyse, under conditions in which they should
arrest and sporulate. Over-expression of Flba, on the other
hand, causes cells to sporulate when they should not. A
suppressor mutation in gene fadA, encoding a G protein «
subunit homolgue, changes a G to V in a site that in ras reduces
GTPase activity and is transforming.

SST2, EGL-10 and Flba share sequence homology among
them over an approximately 130—150 aa stretch at their C-
termini. A similar sequence was also found to be encoded in
several mammalian genes: in GAIP, a Gi3« interacting protein
identified in a yeast two hybrid screen in Marilyn Farquhar’s
laboratory in San Diego (De Vries et al., 1996 [89]); in BL34/
1R20, transcribed in chronic lymphocytic leukemia, a B cell
leukemia (Hong et al., 1993 [90]; Heximer et al., 1997 [91]);
and in GOS8, a concanavalin A- and cycloheximide-induced
gene in blood mononuclear cells (Siderovski et al., 1994 [92]).
Current names for BL34/IR20, and GOS8 are RGS1 and RGS2.
Working together, the molecular immunologist Joel Kehrl at the
NIH, and the yeast geneticist Ken Blumer, introduced a brain
cDNA expression library into mutant sst2 yeast cells and
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Fig. 10. (A) Signaling by mating factor receptors Ste2p and Ste3p, activated by
o and a factor, respectively, is transduced in haploid Saccharomyces cerevisiae
cells by an a3y signal transducing G protein encoded in genes GPA1, STE4 and
STE18. « or a factor binding to their respective receptors leads to growth arrest.
In this G protein coupled system the signaling arm is the 3y dimer (Step:Stel8p
(F)) and not the Gpalp.GTP (a«GTP) complex (Jiang et al., 1993 [80]). If mating
does not occur, cells resume growth, a phenomenon referred to as adaptation.
The SSTE gene product, a GTPase activating protein for Gpalp, participates in
this adaptation process. Stel8p(F), denotes that Stel8p, the product of the
STEI18 gene, is farnesylated. (B) Mutant loss of function stte24 cells are
supersensitive to mating factor, seen in the formation of large halos of growth
arrested cells. Supersensitivity can be suppressed by expression of mammalian
RGS proteins (adapted from Druey et al., 1996 [93]).

isolated sst2 suppressors. Among them they identified RGSI1,
RGS2 and RGS4, which all shared the RGS domain.
Suppression of supersensitivity, as seem in a-factor-induced
“halo” assays by expression of mammalian RGS proteins is
illustrated in Fig. 10B. This proved the existence of a regulatory
function conserved from yeast to mammals (Druey et al., 1996

[93]). Work in Dallas demonstrated that GAIP and RGS4 had
the ability to accelerate the intrinsic GTPase activity of the Gi
family of G protein a subunits (Berman et al., 1996 [94]),
including transducin « (Nekrasova et al., 1997 [95]), and also
that of Gqo (Hepler et al., 1997 [96]; Huang et al., 1997 [97]).
Cloning of homologues and of full length cDNA versions of
expressed sequence tags (ESTs) led to the gradual accumulation
of the present 20 or so RGS proteins, which have been
subclassified into several subfamilies.

4.2. RGS proteins improve temporal coupling of receptor
signal to response

As GTPase activating proteins (GAPs), the RGS proteins
were initially considered to act simply as negative regulators
of G protein signalling. Indeed their discovery in yeast (SST2)
and nematode (EGL-10) agree with this function. However
they were also found to have a positive effect on the
transduction mechanism, in that their action tightens the
temporal coupling of receptor signaling to effector. This role
was uncovered in two signaling systems, activation of the
inwardly rectifying K" channel (Fig. 11; (Doupnik et al., 1997
[98]; Saitoh et al., 1997 [99]) and visual signal transduction, in
which loss of an RGS, RGS9-1, results in a dramatically
slowed recovery of rod and cone photoresponses (Chen et al.,
2000 [42]; Lyubarsky et al., 2001 [100]). The activation—
deactivation of a G protein can mathematically be modeled as
a bimolecular reaction by which G protein activation is
directly proportional to ligand (hormone) occupancy of the
receptor, and G protein deactivation can be collapsed into a
first order decay reaction. Such a modeling exercise reveals
that indeed accelerating the decay (sum of ligand dissociation
and GTPase) results in faster approach to equilibrium and the
associated tighter temporal coupling in a G protein mediated
transduction process (Fig. 11).

4.3. Mutlifunctionality of RGS proteins: RhoGEFs

Many of the RGS proteins are multifunctional having two or
more domains mediating protein:protein interactions, which
confer specialized properties to these RGSs. The GGL domain,
Gry-like (“giggle”), is found in RGS 6, 7, 9 and 11, and confers
the ability of RGS9 to form a functional dimer with GP5
(Makino et al., 1999 [41]). The GoLoco motif found in RGS 12
and 14, interacts with Gi/Go « subunits and acts as a guanine
nucleotide dissociation inhibitor towards Gia, trapping the
protein in its inactive GDP-liganded state (Kimple et al., 2001
[101]; reviewed in Dohlman and Thorner, 1997 [102] and in
Neubig and Siderovski, 2002 [103]). A PDZ domain at the N-
terminus of PDZ-RGS3 mediates the bridging between
cytosolic domain of EphrinB1 (PDZ ligand) and the Gi protein
(RGS target) mediating the chemoattractant response of
CXCR4 to extracellular SDF1 (stroma derived factor 1).
‘Reverse’ signaling of the ephrin receptor EhpB, downregulates
CXCR4 signalling and releases the cells from control by SDF1,
allowing them to respond to a different migrational cue (Lu
et al.,, 2001 [104]). Of interest in the context of this review, is
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that a search for Rho binding partners in Gideon Bollag’s
laboratory at ONY X Pharmaceuticals led to the identification of
a candidate having a Dbl domain next to a PH domain (DHPH)
(Hart et al., 1996 [105]). This configuration is typical of Rac and
Cdc42 guanine nucleotide exchange factors. The protein, p115-
RhoGEF was cloned and subsequently shown to facilitate
release of GDP from RhoA and to promote its activation by
GTP, thus confirming its GEF activity. Analysis of the sequence
for known domains identified the presence of an RSG motif.

Tests for a GTPase activating effect of purified recombinant
p115-RhoGEF (Hart et al., 1996 [105]) towards recombinant
G12a (Kozasa and Gilman, 1995 [106]) or recombinant G13a
(Singer et al.,, 1994 [107]) subunits, carried out in Dallas,
showed the p115-RhoGEF RGS domain to be functional, i.e., to
activate the GTPase activity of both G12a and G13«a (Kozasa
et al., 1998 [108]). Possibly more interesting than the discovery
of an RGS acting on G12 and G13 « subunits, was that
incubation of RhoGEF with G13«, activated with either
aluminum fluoride or GTP~S, stimulated its Rho GEF activity.
GEF activity was measured by assaying for release of GDP
from RhoA. pl15-RhoGEF was therefore the missing link
between G13 and activation of Rho (Hart et al., 1998 [109]). In
contrast to G13a, G12a did not activate pl115-GEF’s GEF
activity even though pl155-RhoGEF was active as a GAP
towards G12a (Hart et al., 1998 [109]) Subsequent studies
showed that the G12a also fails to activate the GEF activity of
as second RhoGEF, PDZ-RhoGEF, which like p115-RhoGEF,
is activated by G13a (Tanabe et al., 2004 [110]).

The puzzle as to how G12a promotes activation of Rho in
stress fiber and focal adhesion formation assays, in which G12a
and G13a« are indistinguishable, was solved by Tohru Kozasa in
his new laboratory in Chicago. He completed the cloning of a
third RGS motif-bearing candidate RhoGEF, the /eukemia-as-
sociated RhoGEF or LARG, and was able to show that it is
activated by G12a, provided that LARG is primed by tyrosine
phosphorylation. This phosphorylation is mediated by a
tyrosine kinase of the Tec family of tyrosine kinases (Fig. 12;
Suzuki et al., 2003 [111]). In this context, the earlier somewhat
perplexing findings that both Gqa (Bence et al., 1997 [112])
and G12«a (Jiang et al., 1998 [113]), aided by GPy interacting
with the PH domain of the Btk kinase (Tsukada et al., 1994
[114]) stimulate Btk, also a Tec family kinase, acquired new

Fig. 11. (A) Activation and de-activation of muscarinic inwardly rectifying K*
channels is accelerated by the GTPase activating protein RGS4. The effect of a
pulse of acetylcholine on the development of K currents was measured by the
two electrode voltage clamp method. Top trace, K* currents evoked by addition
of acetylcholine (ACh) during the time-span shown, were recorded in an oocyte
that that had been injected with cRNAs encoding the M2 muscarinic receptor
and the Kir3.1 and Kir3.2 K" channel subunits. Bottom trace, K" currents
evoked by acetylcholine in an oocyte that had been injected in addition with
cRNA encoding mammalian RGS4. Note faster response to ACh addition and
faster deactivation upon ACh wash-out. (Adapted from Doupnik et al., 1997
[98]). (B) Simulation of HR complex formation [p=f{¢)] from H and R as a
function of time using the formulas and rate constants shown. (C) Same as (B)
but calculated for k¢ values spanning from 0.01 to 30 s . Note that at
increasing ko equilibrium is reached faster and also, that the p(eq) values
decrease. (D) Same as (C) but normalizing by expressing p(7) as a function of its
value at equilibrium.
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Fig. 12. Stimulation of LARG’s guanine nucleotide exchange activity by G12a
depends on Tec kinase, but that of G13« does not. Top: linear diagram of
RhoGEF proiesn with relative location of the DHPH GEF domains, the RGSL
domain (for extended RGS domain) and, when present, the PDZ domain.
Bottom, in vitro stimulation of GDP release from RhoA by recombinant G12a
and G13« in the absence and presence of Tec kinase and ATP. Tec was prepared
by expressing a myc-tagged Tec cDNA in COS cells and concentrating the
expressed protein by immunoprecipitation. G12a, G13a and LARG (without its
N-terminal PDZ domain) were purified from Sf9 insect cells infected with the
corresponding recombinant baculovirus. For further details see (Suzuki et al.,
2003 [111]).

meaning. It suggests the formation of a multiprotein signaling
complex having the specific function of insuring that upon
activation of Gq, there is an associated activation of the Rho
signaling pathway. So far, whenever tested, receptors that
activate Gq, also activate G12/13 with concomitant activation of
the Rho signaling pathway (reviewed in Wettschureck and
Offermanns, 2005 [115]). Signal transduction through the G12/
13 G proteins, incorporating the roles of Gqa, GBvy and Tec
kinases, is summarized in Fig. 13.

5. Roles for GB+y dimers in transmembrane signalling

The acceptance that, as a signaling molecule, the GPp~y
dimer is in fact an equal partner with the Ga subunit was slow
in coming and, at the beginning, marred by controversies
generated both by differences in data interpretation and by
reports with conflicting results. Up to the time when Gi was
purified, the effects of activated G proteins — transducin and
Gs — had been mediated by « subunits. Unexpectedly, Gilman
and collaborators proposed GP<y as mediator of hormonal
inhibition of adenylyl cyclase activity. This proposal was based
on titration studies that evaluated the effect of adding
exogenous GPvy to wild type S49 cell membranes (Katada
et al.,, 1984a [116]; Katada et al., 1984b [117]). Since added
Gy inhibited activity stimulated by GTP—Gsa, it seemed that

Gi-derived GPy might be acting by mere reversal of the Gs
activation reaction:

GPCR
Gi—Gio* +Gpy + Gsa*—Gslinactive]

This was coupled, no doubt, to an initial inability to
reconstitute inhibition of adenylyl cyclase with activated Gi «
subunits. In contrast, experiments by John Hildebrandt in my
laboratory, showed that the irreversibly activated Gso*
reconstituted (activated) cyc membrane adenylyl cyclase with
the same potency when their Gi was unactivated or irreversibly
activated (Hildebrandt et al., 1984b [118]). We proposed that
AC was likely to have independent binding sites for Gia. and
Gsa (Hildebrandt et al., 1984a [119]). Eventual reconstitution
of inhibition by activated Gia (Taussig et al., 1993 [120]) and
co-crystallization of the two-lobed catalytic domain of adenylyl
cylase with Gia (Dessauer et al., 1998 [121]) fully supported
John Hildenbrandt’s conclusions. Thus, regulation by o subunit
prevailed.

GTP-RhoA*

DHPH

>
GDP-G13

GDP-RhoA

GDP-G12

GTP-RhoA*

Fig. 13. The G12/13 signaling pathway. Rho-GEF activities involve their DHPH
domains. DH, Dbl-domain; PH, PH domain; BM, Btk domain; Y, Tyrpsine; pY,
phosphotyrosine. G12a and Gpy are shown as activators of the Tec kinases Tec
and Btk. The interaction has been shown to involve the PHBM domain of the
Tec kinase (Tsukada et al., 1994 [114]; Langhans-Rajasekaran et al., 1995 [183];
Jiang et al., 1998 [113]).
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Studies on the mechanism of action of pheromones in
baker’s yeast, Saccharomyces cerevisiae, uncovered a comple-
tely different signaling architecture from the one that was being
uncovered studying signal transduction by G proteins in
mammalian systems. In haploid yeast cells, type o and type a
pheromones trigger a developmental program that leads to cell
cycle arrest and preparation for mating. Pheromones « and a
bind to pheromone receptors Ste2p and Ste3p on a and « cells,
respectively. The STE2 and STE3 gene products, Ste2p and
Ste3p, activate a heterotrimeric G protein of subunit composi-
tion Gpalp:Stedp:Stel8Fp (a::y). Activation of the G protein
then triggers cell cycle arrest. Genetic inactivation of GPA1 was
found to be lethal, as cells fail to traverse the cell cycle,
suggesting that pheromone receptor signaling is mediated by the
Gp+y and not the Gpalp « subunit (Dietzel and Kurjan, 1987b
[122]). This idea received support from further genetic studies.
The lethality of mutant gpal was relieved by mutation of either
STE4 or STE18 (Fig. 10A) and over-expression of Stedp
mimicked loss of Gpalp, causing cell cycle arrest and
promotion of mating behavior (Whiteway et al., 1990 [123]).

Signalling in yeast was viewed by some, including myself, as
peculiar to lower eukaryotic life. But, it turned out not to be so.
A second, this time successful attempt for GPR<y dimers at
penetrating the signalling field of the animal kingdom happened
as a consequence of results obtained by Eva Neer, David
Clapham and collaborators, studying the activation of the
cardiac inwardly rectifying K channel (Kir channel) by
muscarinic receptors (Logothetis et al., 1987 [124]). Previous
studies on the regulation of the muscarinic K" channel (Kiracy)
had shown that it proceeded by a membrane delimited
mechanism without involvement of a soluble second messenger
(Soejima and Noma, 1984 [125]), and that the transduction
mechanism involved a PTX-sensitive G protein that could be
activated with a non-hydrolyzable analogue of GTP (Pfaffinger
et al., 1985 [126]; Breitwieser and Szabo, 1985 [127]). The
experiments by Neer, Clapham and collaborators showed
activation of the K* channel by purified brain Gp<y added to
inside-out membrane patches, under conditions in which
GTPyS-activated Gia (Gia*) failed to activate the channel.

As aresult of a collaboration between my laboratory and that
of Arthur M. Brown at Baylor College of Medicine, we
contested the validity of these results. While in our hands the
inwardly rectifying K™ channel was stimulated by activated
human erythrocyte Gi, i.e. a mixture of Gy and GTPyS-Gia
(that had been extensively dialyzed to remove free nucleotide;
Yatani et al., 1987 [128]), addition of the resolved components —
GTPvyS-Gia* or GRy — showed no effect of Gy dimers and
robust activation by the GTPyS-Gia* complex (Codina et al.,
1987 [129]). In fact, the K" channel was not only activated by the
natural, purified human erythrocyte mix of Gia subunits (mostly
Gi2a and Gi3a), but also by GTP+yS-activated recombinant
Gial, Gia2 and Gi3a (Yatani et al., 1988 [130]). Moreover, not
only did our GP+y not activate the channel, but it inhibited
channel activity in patches with spontaneously active channels
and in patches with channels that had been activated with
carbachol plus GTP. The reason for this discrepancy has not been
clarified.

Experiments from other laboratories confirmed the data of
Neer, Clapham and collaborators, and failed to confirm ours
(e.g., Ito et al., 1992 [131]; Kofuji et al., 1995 [132]; Nair et al.,
1995 [133]). This gave the ‘upper hand’ to GB+y dimers as
executing signalling molecules in higher eukaryotes. It should
be noted that: 1. the cardiac ATP-inhibited inwardly rectifying
K" channel (Kirrp), which we also reported to be activated by
our Gia* preparations (Kirsch et al., 1990 [134]), is indeed
activated by Gia under conditions where the muscarinic
channel is not (Ito et al., 1992 [131]; Terzic et al., 1994
[135]); 2. p5S-containing GPR+y dimers have been found to differ
from B 1 through B4 containing GPR+y dimers in that instead of
activating, they inhibit Kira ¢y, channel activity (Lei et al., 2000
[136]) 3. By dimers can be inactivated by an endogenous mono-
ADP-ribosyltransferase that derivatizes Gp at Arg-129 (Lupi
etal., 2000 [137]; Lupi et al., 2002 [138]). We know neither the
subunit composition nor the ADP-ribosylation status of the
human erythrocyte GRB+y dimers used in our 1987—-1989 studies.
With respect to the Kirarp it is currently thought that both Gi/o
and GPvy stimulate the channel, composition Kir6: :SUR2, by
releaving inhibition by ATP, and that they do so by interacting
directly with the regulatory SUR subunit (Terzic et al., 1994
[135]; Wada et al., 2000 [139]).

The third, this time uncontested case in which GR+y dimers
were shown to be a bonafide signalling arm of mammalian
activated heterotrimeric G proteins was stimulation of
phospholipase CR by the chemoattractant peptide formyl-
Met—Leu—Phe (fMLP). Evidence had accumulated throughout
the mid and late 1980s for the existence in human, rabbit and
guinea pig neutrophils and in human leukemic HL60 cells, of
both a PTX-sensitive and a PTX-insensitive G protein-coupled
pathway leading from receptor to phosphoinositide breakdown
and Ca’" mobilization. The PTX-insensitive pathway was
mediated by the Gqg/11 class of G proteins described above.
The data for a role of a G protein in the action of fMLP
included presence of a GTP shift in fMLP binding curves to
human neutrophil membranes (Koo et al., 1982 [59]), rapid
mobilization of intracellular Ca?" in neutrophils in response to
fMLP (Yano et al., 1983 [140]), rapid breakdown of neutrophil
PIP and PIP2 in response to fMPL (Volpi et al., 1983 [141]),
requirement of GTP for activation of phosphoinositide
hydrolysis by fMLP in isolated human polymorphonuclear
membranes (Smith et al., 1985 [142]), and inhibition of the
effects of fMLP by PTX (Brandt et al., 1985 [143]). The
identity of the PTX-sensitive ‘Gp’ was then predicted by
Michio Ui’s laboratory to be either Gi or Go, as either of these
proteins purified from bovine brain was able to reconstitute
fMLP-stimulated IP3 formation in PTX-treated HL60 cell
membranes (Kikuchi et al., 1986 [144]).

That the activator of the neutrophil and HL60 cell
phospholipase C was Gi-derived By dimer — HL60 cells do
not express Goa — came from experiments in Peter Gierschik’s
laboratory, then in Heidelberg, Germany. As a follow up to his
novel observation that cytosolic PLC activity could be activated
by addition of GTPyS (Camps et al., 1990 [145]), GTPvS was
added together with GR+y. HL60 cell cytosol had previously
been shown to contain a limited amount of soluble PTX-
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sensitive a subunits, detectable when ADP-ribosylation reac-
tions were fortified by addition of GR+y dimers (Bokoch et al.,
1988 [146]). Expecting that the kinetics with which GTPvyS
activated cytosolic PLC might be improved by addition of GP+y,
Gierschik and colleagues added GP+y purified from bovine
retinas, and indeed saw an enhanced PLC activity over that
obtained with GTP+S alone. But, surprisingly, the transducin By
dimers also stimulated PLC activity in the absence of GTP+yS.
Moreover, addition of GDP-loaded transducin « prevented the
B~y dimer from stimulating PLC activity (Fig. 14). GB+y purified
from bovine brain had the same effect. The cytosolic PLC
activity was fractionated by Q-Sepharose chromatography into
two fractions of which one was and the other was not activated
by GRy (Camps et al., 1992 [147]).

Subsequent work identified the cytosolic GBvy-responsive
PLC as PLCP, the same enzyme that is also activated by Gag/
11, and revealed that the original observation that the cytosolic
PLC activity is stimulated by GTPvS (Wada et al., 2000 [139]),
was unrelated to heterotrimeric G protein regulation. The effect
of GTP~S had its root in the fact that PLCP is also activated by
the Rac/Cdc42 members of the Rho family of low molecular
weight GTPases (Fig. 15; Illenberger et al., 1998 [148]). This
makes PLCP a point of convergence of three separate signaling
mechanisms: activation by Gq/l1 acting through their o
subunits, activation by Gi G proteins acting through their By
dimers, and activation by the Rho family of GTPases, which are
in turn activated by yet a third set of regulatory factors,
including downstream effects of integrin ligation that alter
cytoskeletal structures. It should be noted that different PLCPB
isoforms respond differently to different GRvy isoforms. For
example, 1vy1/2 stimulates PLCB3 better than PLCR2, while
B5v2 stimulates PLCR2 very well but barely affects the activity
of PLCB3 (Illenberger et al., 2003 [149]).

Given that GPCRs “proofread” G proteins for not only the
nature of their o subunit, but also those of the B and y subunits
(Kleuss et al., 1991 [150]; Kleuss et al., 1992 [151]; Kleuss
et al.,, 1993 [152]), it is likely that different GPCRs exhibit
differing potencies regarding phosphoinositide mobilization
and Ca®" signaling. These differences would be set by the
cellular complement of subunit isoforms that make up the G
proteins interacting with the receptors, and the PLCR subtypes
that are expressed by the target cell.

With the ice broken, signalling through Gpvy dimers was
then looked for and discovered at a fast pace. The newly cloned
adenylyl cyclases, which was a focus of Gilman’s laboratory at
the beginning of the 1990s, were shown all to be activated by
Gsa, but to fall into one of three categories regarding regulation
by GRys (Fig. 16). One was found to be inhibited by By dimers
(ACI), another to be stimulated by Ry dimers (ACII and ACIV)
and a third was unaffected by By dimers (ACV and ACVI)
(Tang and Gilman, 1991 [153]). These categories of adenylyl
cyclases differed in more respects than regulation by GPR<y
dimers, notably their response to Ca?" and Ca®'/CaM. ACI,
ACII and ACVIII are stimulated by Ca®*/CaM, ACV and ACVI
are inhibited by Ca”", while AC II, IV and VII are unaffected by
Ca”". Adenylyl cyclases also differed in their responses to Gia
subunits (Fig. 16A; Taussig et al., 1994 [154]).
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Fig. 14. Stimulation of PLC activity by G protein 3y dimers. (A) Either GTPyS
or transducin By (G¢vy) stimulate phosphinositidase activity in a high speed
cytosol supernatant from differentiated HL60 cells. Formation of inositol 1,4,5-
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bisphosphate (PtdInsP;) added to the incubations. (B) Dose—response relation
for the stimulatory effect of transducin Bvy. (C) The effect of transducin Ry is
prevented by increasing concentrations of GDP-liganded transducin o (Gta-
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Two forms of phosphatidylinositol-3-kinase were shown to
be activated by Py dimers. One, PI3 kinase vy (subunit
composition: pl0lc:pll0r; c, catalytic and 1, regulatory
subunits) is activated by P+ interacting with pl01lc, without
requiring co-activator(s) (Stephens et al., 1994 [155]; Stoyanov
etal., 1995 [156]; Tang and Downes, 1997 [157]). Another, PI3



786 L. Birnbaumer / Biochimica et Biophysica Acta 1768 (2007) 772-793

1000 aa
IR N S W |

1
+Ca|pain

PH 4eF X & k2 PLCB2
PH 4EF X 0 LC2 PLCp2A
B. Rac2:LyGDI
e Complex

n
[=]
I

-
3
I

PLCB2A activaity (pmol inositol
phosphate formed x min 1)
» =
I 1
H
>

&
@ x x O
& o & o
B R B
X Q
C. P
12 @piy2
= @ Cdc42Hs
[=
-'_:"E
E 2 8r
=
=z E .
— O -
25
o ®©
EU.S-4_
(] ]
o £
5 8 s
0 l'l'll L L_L LA L L_L 11 1
-8 -7 6

B1vy2 or Cdc42Hs (-log M)

Fig. 15. Stimulation of recombinant PLC( activity by the Rac2 and Cdc42Hs
members of the Rho family of GTPases. (A) Diagram of domain distribution
along the PLCP polypeptide chain. PH, plekstrin homology domain; 4EF, four
EF hand folds, X and Y catalytic domains; C2, Ca2+—binding C2 domain. (B)
Recombinant PLCR2A, lacking the C-terminal portion that confers responsive-
ness to Gg/lla subunits, was incubated with substrate and recombinant
Rac2: :LyGDI dimers in the presence of GDP, GDP+ recombinant 35y, dimers,
GTPyS, or GTPyS+ recombinant 357y, dimers. (C) Recombinant PLCB2A was
incubated with substrate and increasing concentrations of either recombinant
{3172, or recombinant Cdc42Hs. Recombinant proteins were synthesized in SF9
cells infected with the corresponding recombinant baculoviruses, extracted, and
purified to homogeneity by conventional techniques. For details see Illenberger
etal., 2003 [149]. (Adapted from Figs. 9A, 8B and 7B) in Illenberger et al., 2003
[149]).

kinase B (subunit composition: p110c: :p85r) is activated only
weakly by P+ alone (interacting with p110c), but responds
synergistically to 3y in combination with phosphotyrosine

containing peptides — or, in real life — in combination with a
tyrosine phosphorylated substrate of receptor or non-receptor
tyrosine kinases—interacting with the regulatory p85 subunit
(Tang and Downes, 1997 [157]; Okada et al., 1996 [158];
Kurosu et al., 1997 [159]).

In 1996 and at the beginning of 1997, GR+y dimers were
shown to inhibit N-, P/Q- and R-type voltage gated Ca®"
channels, encoded in the Cay2.2 (alB), Cay2.1 (axlA) and
Cay2.3 (a1E) subunit genes (Herlitze et al., 1996 [160]; Ikeda,
1996 [161]; De Waard et al., 1997 [162]; Qin et al., 1997 [163]).
GP~y dimers were also shown to activate type-2 and-3 GPCR
kinases (GRK-2 and GRK-3, also called bARK1 and bARK-2)
giving GBy dimers a role in the negative feedback regulation of
GPCR signalling (Pitcher et al., 1992 [164]; Haga and Haga,
1992 [165]; Koch et al., 1993 [166]). As first shown for
rhodopsin and confirmed for many other GPCRs, phosphoryla-
tion of activated GPCRs by GPCR kinases is an integral part of
the desensitization process initiated at the same time as G
proteins are activated. Among the biochemical consequences of
GPCR phosphorylation by GRKSs is the binding of arrestin to
the newly phosphorylated receptors. Receptor-associated arrest-
ins then serve as scaffolds for the initiation new signaling
cascades (reviewed in Lefkowitz and Shenoy, 2005 [167]). In
addition, by interacting with the SH3 domain of c-src, GPCR-
bound arrestins complete the activation cascade by which
GPCRs stimulate c-src activity. c-Src activation by GPCRs is
yet another effect mediated by G~y dimers acting as plasma
membrane-attached scaffolding proteins to nucleate adaptor
proteins such as Shc and Grb2 in association with c-src to
facilitate c-src activation by the ras guanine nucleotide
exchange factor SOS. GP<y dimers are therefore central to
GPCR-initiated activation of the Erk1/2 MAP kinase signalling
pathway via activation of c-src, as well as to other c-src
mediated events (Luttrell et al., 1997 [168]).

GR+y dimers have also been implicated in regulation of
endocytosis as they inhibit dynamin’s intrinsic GTPase activity
(Lin and Gilman, 1996 [169]), and in regulation of intracellular
vesicle budding events (Lin et al., 1998 [170]), possibly through
a direct stimulatory action on protein kinase D (Jamora et al.,
1999 [171]). More recently, the diverse activities of GB+y dimers
received an additional boost from the finding that they interact
with the glucocorticoid receptor (GR), a member of the nuclear
receptor family of transcription factors, and that, in so doing,
interfere in the nucleus with GR’s activity as a transcriptional
regulator (Kino et al., 2005 [172]). Tables | and 2 summarize
the different effector system affected by G protein o subunits
and By dimers.

6. Integrated views of signalling through G proteins

What appeared rather simple at the beginning of the G
protein signal transduction era, — i.e., several hormone receptors
activate a single adenylyl cyclase [system] (Birnbaumer and
Rodbell, 1969 [173]; Rodbell et al., 1970 [174]) — became
immensely complex when the molecular diversity of the
individual effector systems was unraveled. Instead of one
adenylyl cyclase there are nine—all activated by Gsa, with
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some, but not all, being inhibited by Gi/oa subunits (Fig. 16A,
Table 1). Instead of one PLCP there are four, all activated by the
Gg-class of a subunits, but varying in their responses to Gy
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Table 1
G protein « subunit effector systems identified by functional and direct
interaction®

a-Subunits Effector Effect-Comment
Gsa AC I through VII, Stimulation
also AC IX
Caveolin Subcellular localization
Golfa Most likely all ACs
Gila through All ACs except Inhibition
Gi3a AC Il and IV
AC IX not tested
i Kir 6: :SUR Stimulation by reducing
inhibition by ATP
all PI3 kinase y Stimulation
Goa
a0 AC T (not AC Vor VI) Inhibition
ai/o rap1-GAPII Promotes degradation of
(GoLoco domain) rap1-GAPII
@0 PKAcat o and B Sequestration in extranuclear
compartment

Releases inhibition of
c¢GMP-specific PDEap
by PDEy

Gta rod, cone PDEG6+y subunit

Ggusta cAMP-specific Stimulation (mechanism: ?)
Ca/CaM-stimulated
PDEIA"®
Gqa
aq, all, Phospholipase Cp1 Stimulation
al4 and al6 through 4
aq Btk Stimulation
Gl3a
al3 p115-RhoGEF Stimulation
PDZ-RhoGEF Stimulation
Leukemia-associated Stimulation
RhoGEF (LARG)
al2 Tec kinase tyrosine- Stimulation
phosphorylated LARG
Btk Stimulation
ras-GAP1™ Stimulation

* For details see text.
® Robert Margolskee, personal communication.

dimers and Rho GTPases (Illenberger et al., 2003 [149]).
Likewise, instead of one voltage gated Ca®" channel there is a
family of which some (Cay3.1-3.3, former alA, alB and
«1E)) are, and others (Cay1, Cay3) are not affected by Gy
dimers (Table 2). The same applies to PI3 kinases, inwardly
rectifying K" channels, G protein coupled receptor kinases
(GRKSs), and cyclic nucleotide phosphodiesterases. To a greater
or lesser extent, each of these effector systems receives inputs

Fig. 16. (A) Adenylyl cyclases are targets of multiple regulatory signaling
pathways and respond differently, depending on which group they belong to.
The figure shows these differences as summarized in 1994 (adapted from
Taussig et al.,, 1994 [154]. (B) The P-type phosphoinositide-specific
phospholipases CP are targets of three different signaling pathways (for G
protein triggered signals see text; for signals impinging on the Rac-Cdc42
GTPases see Cerione (2004 [184]) and references therein), the Gqa family of o
subunits and Gp+y dimers. (C) Example of cross talk from the Gq (Gqa), Gi
(GPRry) and Cdc42-Rac signalling pathways to the Gs signaling pathway may
generate increases of decreases in cAMP levels depending on the subset of
adenylyl cyclases expressed in the target cell.
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Table 2
G protein Ry dimer effector systems identified by functional and direct
interaction®

Effector/biding partner Effect-Comment

ACI Inhibition
AC II and IV Stimulation; dependent of GTP-as
PLCP1-3, Stimulation
not PLCp4
Kir3 (GIRKs) Stimulation, dependent on PIP2
Kir3.1:Kir3.2

Kir3.2a:Kir3.2¢
Kir3.1:Kir3.4 (CIR)
[Kir3.4],
Kir6 (Kir.ATP) Stimulation [reduction of inhibition by ATP];
the interaction appears to be with SUR
Kir6.2 (BIR):SUR2A
GRK 2 and 3 (BARKI and 2) Gpy acts as scaffold and as an activator
Ca channels Inhibition—revealed by depolarization
(e.g. prepulse)
CaV2.1-2-3 (a1C-B-E)

PKD (PKCp) Stimulation—affects vesicle budding
processes

Dynamin Inhibits GTPase—affects dynamin-dependent
vesicle budding

She Ry acts as scaffold to nucleate
Shc:Grb2:SOS:sre

PI3Ky (pl0L:pl10) Stimulation

Pi3Kp (p110:p8S) Stimulation—depends on pY interacting with
p85

Glucocorticoid receptor Inhibits activation of transcription by GR in
the nucleus

Interaction with PH domain—facilitates
activation by Gqa and G12«

Bruton’s kinase (Btk)

? For details see text.

from more than one signaling pathway, so that cellular
responses are tuned by the isozymes they express. For example,
while Ca**/CaM activate ACI, Ca>" inhibits ACV and ACVI;
while ACV and ACVI are inhibited by Gia, ACII and ACIV
appear to be unresponsive to Gia.

Cellular cAMP responses also depend on the G protein
selectivity/specificity of the receptors being stimulated. Ca*"
affects different adenylyl cyclase in opposite ways. ACI is
stimulated by Ca®'/CaM, ACV and ACVI are inhibited by
Ca®" and various forms of phosphorylation by PKC and PKA,
and ACs of the ACII, IV and VII appear insensitive to changes
in intracellular Ca®". In the intact cell, the effects of Ca*"
depend not only on the isozyme that is expressed but also on the
site at which Ca”" increases take place. Dermott Cooper made
the interesting observation that in C6 glioma cells which
express predominantly ACVI, inhibition due to rises in
intracellular Ca®", occurred primarily by Ca®" entering the
cell via the store depletion activated or capacitative entry
pathway (Cooper et al., 1994 [175]; Chiono et al., 1995 [176];
Fagan et al., 1996 [177]). In other cells expressing ACII, ACIV
or ACVII, increases in Ca®" and diacylglycerol may lead to an
increase in cAMP mediated by Ca’" and DAG stimulated
phosphorylation of the cAMP forming enzymes. PKA-mediated
phosphorylation, on the other hand, may act as a negative
feedback regulator of ACV and ACVI (see for example

discussion in Lin et al., 2002 [178]). Fig. 16B illustrates the
multiple inputs affecting PLCP activity and the effect this may
have on cAMP levels depending on the subtype of adenylyl
cyclase expressed in the target cell.

7. Final remarks

By the end of the 1990s “signal transduction by G proteins”
had become a household term and was part of college text
books. Regulatory networks activated or attenuated by the
receptor-mediated activation of G proteins were recognized to
vary immensely from cell type to cell type, and became
impossible to generalize requiring clear definition of the cells
and organs that were being addressed.

With the knowledge of the players (receptors, G proteins,
effectors) and their biochemical properties, the next questions to
address became the delineation of which receptors, which G
proteins and which effectors were active under which condi-
tions. Signal transduction by G proteins became part of research
questions that addressed homeostatic and developmental
mechanisms. Manipulation of the mouse genome had been
developed in the early 1990s and it was applied to G proteins,
primarily G protein a subunits. Roles of G proteins in platelet
aggregation, in axon guidance, in taste, in cardiac hypertrophy,
and many other physiological and pathophysiological processes
are now being addressed.

Along a completely different train of thoughts, X-ray
crystallography also had an impact on our knowledge and the
way we visualize signal transduction by G proteins. The first to
be crystallized, just as it had been the first to be identified as a
GTPase, first to be purified, and the first to be cloned, was
transducin o and came out of a collaboration between Heidi
Hamm, then at the University of Illinois, Chicago, and the
crystallographer Paul Sigler, at Yale (Noel et al., 1993 [179]).
The crystal revealed that its sequence homology with respect to
ras carries over into the three dimensional space with o of an
afy heterotrimeric G protein being a “ras”-like GTPase that has
received a insert at the level of ras’ “effector” domain, This
insert is formed of seven « helices (A through G). The crystal of
at, was followed by that of a trimer, Gil («il.p1.v2), this time
generated by the competing group in Dallas, headed by Steven
Sprang (Wall et al., 1995 [180]). The trimer showed the Ry
dimer as a seven-bladed propeller, a fold now referred to as the
Gp fold. The trimer also showed how the three subunits are
oriented with respect to each other. Rhodopsin was also
crystallized (Palczewski et al., 2001 [181]), solidifying many
assumptions as to the relationship among transmembrane
helices and the role of 1l-trans retinal in stabilizing these
relationships.

Yet, in spite of all these advances, the answer to one
fundamental question, that of the molecular mechanism by
which a G protein coupled receptor promotes the GDP-GTP
exchange on Ga, and the role that GBy plays in this process, if
any, is still unknown. The answer should tell us why and how
GPCRs acquire their high affinity form and why GTP and GDP
cannot be distinguished by ligand binding—either one causes
receptors to shift into their low affinity states.
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