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INTRODUCTION

Earl Sutherland, a friend of my father, wrote to me in the spring of 1961 with
a proposal to participate in what was then an educational adventure - a
combined M.D.-Ph.D. training program that he had devised at Western
Reserve University (now Case Western Reserve University) in Ohio. My reac-
tion was entirely negative. I thanked him, politely I think, but the idea of
spending seven years in Cleveland had little appeal. Happily, Sutherland was
persistent. He wrote again in the fall of 1961 (the beginning of my last year
in college), I decided the idea was worth a visit, and I had my first glimpse of
cyclic AMP (for whose discovery, in 1957, Sutherland was awarded the Nobel
Prize [in 1971]). Cyclic AMP, Sutherland, and the M.D.-Ph.D. Program all
looked rather appealing. Thus, on my arrival in September, 1962, I was dis-
appointed to learn that Sutherland was about to depart for Vanderbilt
University. However, there was an attractive opportunity to work with
Theodore Rall, Sutherland’s younger collaborator, who had played a pivotal
role in the crucial experiments of 1957. I entered the Rall lab, and in over 30
subsequent years have never escaped the lure of cyclic nucleotide research,
despite occasional attempts to try. The most determined of these efforts
came with my choice of Marshall Nirenberg's newly proclaimed neurobiolo-
gy laboratory for postdoctoral training. However, in our first conversation
after my arrival at the National Institutes of Health in Bethesda, Marshall
asked me to establish an assay for cyclic AMP in his laboratory. Trapped
again, but I didn't fight back very vigorously.

Rall and Sutherland’s discovery of cyclic AMP and adenylyl cyclase, the
hormone- sensitive enzyme that synthesizes the cyclic nucleotide from ATP,
gave birth to the concepts of transmembrane signaling and of hormone-
regulated synthesis of intracellular second messengers (Fig. 1). Both men
were trained as biochemists (Sutherland with Carl Cori, Rall with Albert
Lehninger), and together they initiated a classical reductionistic approach to
deciphering hormone action. In the 1950’s, hormones could almost be defi-
ned as regulatory molecules that would act only on intact cells. Sutherland
and Rall's coup was to assemble a system in which a characteristic effect of
epinephrine and glucagon (activation of phosphorylase) could be observed
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in homogenates and then to dissect the system into its major components —
hormone-stimulated synthesis of a factor, cyclic AMP, by the particulate frac-
tion and subsequent action of the factor in the cytosol to activate phospho-
rylase (1). An assay (albeit torturous) for adenylyl cyclase was in hand, and

hormone action could then be studied by adding ATP to plasma membranes
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Fig. 1. An early pictorial formulation of Sutherland’s second messenger concept.

Although the concept of receptors for endogenous regulatory molecules and
drugs arose with the pharmacological experiments of Langley and Ehrlich in
the late nineteenth and early twentieth centuries, the word evoked only
metaphysical feelings in many at the time of the discovery of cyclic AMP. The
term “receptor’does not appear in the index of the 1955 edition of The
Pharmacological Basis of Therapeutics, the standard textbook of Pharmacology,
but the following sentence is there: “Years ago, Langley named the differen-
tiating substance the ‘receptive substance’; this term is still widely employed,
but it must be realized that the ‘receptor’ may not be a morphologically
demonstrable structure.” Rall and Sutherland’s experiments provided test-
tube assays for receptors, and the assays demonstrated that the receptors
were authentic. The effects of epinephrine and congeners on adenylyl cycla-
se were shown to conform to Ahlquist's new conceptualization of [B-adrener-
gic receptors (as distinguished from a receptors), and the effects were
blocked with the first, newly discovered B-adrenergic antagonist (2).

Biochemical approaches to receptors were thus born, and the question arose
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of the relationship of the B-adrenergic receptor to adenylyl cyclase. Could
the enzyme be the receptor? Perhaps, but this model would demand the exi-
stence of a family of adenylyl cyclases with distinct regulatory sites, because
regulation of the enzyme was shown not to be restricted to epinephrine and
glucagon; ACTH, TSH, LH, ADH, and other stimulators were soon in evi-
dence, as was inhibition of adenylyl cyclase activity by cholinergic agonists {3}.

Over a decade after the discovery of adenylyl cyclase, Martin Rodbell and
colleagues provided reasonably compelling, although indirect, evidence that
receptors and adenylyl cyclases were distinct molecular entities. The adeny-
1yl cyclase of adipocytes is stimulated by a myriad of hormones. If there were
distinct cyclases that each also served as a receptor, responses to maximally
effective concentrations of hormones would be additive. They were not,
implying that distinct receptors could interact with a common pool of ade-
nylyl cyclase (4). The issue was resolved definitively in the 1970's with the
advent of ligand binding assays for receptors. Receptors could finally be exa-
mined by methods that did not rely on detection of a functional response. It
was then possible to solubilize and resolve adenylyl cyclase from the B-adren-

ergic receptor, proving that they were distinct macromolecules (5, 6).

EARLY TIMES FOR G PROTEINS

The question of the moment thus became the mechanism of interaction or
“coupling” between receptors and adenylyl cyclase. The relatively simple
notion that an agonist- receptor complex could act as an allosteric regulator
of the enzyme was also challenged by Rodbell, who first promulgated the
notion of a “transducer” acting as an intermediary between receptors and
adenylyl cyclase (7). Although this notion was at first based predominantly on
excellent instinct and the lipid bilayer was named as a candidate transducer,
supportive data for something more specific were soon forthcoming.
Rodbell, Birnbaumer, and their colleagues made the surprising discovery
that one regulatory ligand (the receptor agonist) was not sufficient to acti-
vate adenylyl cyclase. A hormone could not activate the enzyme unless gua-
nosine triphosphate (GTP) was also present {8}. This crucial observation had
been missed for over a decade because of contamination of both membrane
preparations and substrate ATP with sufficient (UM) concentrations of GTP
to meet the requirement. It was subsequently determined that hormonal
inhibition of adenylyl cyclase activity was similarly dependent on GTP {9}. 1
will leave it to Rodbell to describe these observations in more detail.
However, it should be noted that there was considerable skepticism about the
significance of the findings (Fig. 2), in part generated by difficulties in repro-
duction of the result; most were not working'with the very nice membrane
preparations that characterized the Rodbell laboratory.

Several observations of the mid-1970’s spoke to the undeniable importan-
ce of GTP in regulation of hormone-sensitive adenylyl cyclase activity. Most
significantly, Cassel and Selinger detected a hormone-stimulated GTPase
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Fig. 2. A cartoon from the 1970s, drawn by Dr. Pierre DeMeytes, suggested that not all investigators could rea-
dily observe the requirement for GTP in transmembrane signaling. (Printed with permission from Dr.
DeMeytes.)

activity that appeared to be associated with activation of adenylyl cyclase,
and, despite enormous technical difficulties, they correctly deduced (from
kinetic analysis) the significance of the GTPase in terminating a hormonal-
ly-mediated signal {10}. Consistent with these thoughts, Londos and
Schramm and coworkers had noted that nonhydrolyzable analogs of GTP,
such as Gpp(NH)p, activated adenylyl cyclase dramatically and without the
need for hormone {11, 12}. Michael Maguire, my first postdoctoral fellow,
discovered that GTP decreased the affinity of receptors selectively for ago-
nists, but not for antagonists (13). The interpretation of this counter - intui-
tive observation was not clear, but it surely appeared to be significant.

Throughout this time a few brave souls had attempted to solubilize and
purify components of hormone-sensitive adenylyl cyclase systems. All
encountered great difficulties. Hormonal responsiveness was quickly lost on
solubilization with detergents, and adenylyl cyclase itself appeared to be
remarkably labile. Eva Neer was perhaps the first to treat the enzyme as an
approachable biochemical object, with a careful exploration of its hydrody-
namic properties (14). Despite this, a conventional biochemical approach to
the system looked difficult indeed.

The turning point, for us, started with the description by Daniel et al. {15}
of the cytocidal effect of cyclic AMP on clonal S49 lymphoma cells. Bourne
and associates were soon able to isolate a variant (cyc-) of these cells that
appeared to lack adenylyl cyclase {16}, despite continued expression of a nor-
mal number of R-adrenergic receptors (17). We were able to select another
549 cell variant that intrigued us even more — an uncoupled (UNC) mutant
that appeared to have normal receptors and adenylyl cyclase but that failed
to generate a cyclic AMP signal in response to appropriate hormones (8-
adrenergic agonists or prostaglandins) {18}. The availability of these genetic
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variants made the biochemistry appear more approachable, particularly to
Elliott Ross, an extremely talented and well-trained membrane biochemist
who joined my lab in 1975. Ross sought to reconstitute the cyc- mutant in
vitro, first by extracting adenylyl cyclase from cells that lacked Radrenergic
receptors and then by somehow coaxing the protein back into fruitful inter-
actions with the receptors present in cyc- membranes. The experiment even-
tually worked; cyc- membranes were reconstituted to display catecholamine-
sensitive adenylyl cyclase activity (19). We were pleased that we had taken the
first step in resolution and reconstitution of the system, but we had little idea
how quickly the investment would pay dividends. The reconstitution had not
worked for the anticipated reasons. When we inactivated the adenylyl cycla-
se in the detergent extract used for the reconstitution, we still observed undi-
minished levels of hormone-stimulated adenylyl cyclase activity. That is, addi-

tion of a detergent extract devoid of adenylyl cyclase activity to receptor-

rig. 3. Experiments leading to the discovery of G® A: Cartoon of the protocols. In the first experiments, Elliott

M. Ross added a detergent extract of membrane proteins to so-called cyc™ membranes (left, I), which were
thought to lack adenylyl cyclase. Epinephrine stimulated cyclic AMP production (2). which seemed to indi-
cate that adenylyl cyclase had been inserted into the deficient membranes. In the control experiment, the
adenylyl cyclase in the extract was inactivated (center, 1). Even without it, epinephrine caused the cyc” mem-
branes to make cyclic AMP. This puzzling finding led to the discovery that the cyc® membranes did contain

adenylyl cyclase (right, 1) but lacked a third component necessary to activate it — a G protein that persisted
in the extract after adenylyl cyclase had been inactivated. Restoration of the G protein to the membranes

enabled adenylyl cyclase to synthesize cyclic AMP. Reprinted from Linder and Gilman {154}, with permission.
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containing cyc membranes (which also had no adenylyl cyclase activity) led
to restoration of the complete response (Fig. 3). Treatments with proteases
quickly revealed that both the detergent extract and the cyc membranes
contained proteins that were necessary for observation of any adenylyl cycla-
se activity — basal or that stimulated by hormones, fluoride, or guanine nucle-
otides. (We now know that the specific isoforms of adenylyl cyclase that pre-
dominate in 849 cells have notably low basal activity.) Thus two proteins were
required — the catalyst or adenylyl cyclase itself, which in fact was present in
so-called cyc membranes, and a stimulatory protein, deficient in cyc mem-
branes, that had survived the mild conditions used to inactivate adenylyl
cyclase in the extract used for reconstitution. We proposed that the role of
the hormone receptor was to regulate the interaction between these two
components (20, 21). Coincidentally, Pfeuffer achieved partial resolution bet-
ween adenylyl cyclase and an activating protein that bound selectively to a

guanine nucleotide-based affinity resin (22).
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Fig. 3. Data from these experiments. Reconstitution of hormone-sensitive adenylyl cyclase by mixture of cyc-
membranes with heat inactivated wild type membrane extracts. Detergent extracts of wild type membranes
were heated at 30°C for thr times indicated on thr abscissa. chilled, and mixed with cyc membranes. The
NaF- and Gpp(NH)p-stimulated adenylyl cyclase activities of the incubated extracts are shown by the dashed
lines. Aliquots of the reconstituted mixtures, prepared with these incubated extracts, were assayed with GTP,
isoproterenol (a congener of epinephrine) plus GTP, NaF, or Gpp(NH)p, as indicated. Reprinted from Ross

et al. {21}, with permission.

The novel protein became the object of our attentions, in part because of its
more mysterious nature and in part because it was not as labile as adenylyl
cyclase. Additional experiments by Ross implied that the protein (at the time

termed G/F, but eventually named Gg) was the site of action of guanine
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nucleotides (and fluoride). {21}, and these hypotheses were strengthened by
hydrodynamic characterization of the activity by Allyn Howlett; she detected
Gpp (NH) p and fluoride-induced alterations suggestive of subunit dissocia-
tion upon activation by these ligands (23). The really hard work fell to Paul
Sternweis and John Northup, who together undertook the task of purifica-
tion. The good luck of Gg was its revelation by mutation in S49 cells and the
existence of an easy assay for the protein by activation of adenylyl cyclase.
The bad luck, unknown at the time, was that Gg is among the least abundant
of the G proteins. Nevertheless, perseverance (by all involved) and skill (by
those doing the experiments) paid off, and Gg, with its unsuspected 35-kDa
f subunit, finally emerged as a homogeneous guanine nucleotide binding
protein, capable of activating adenylyl cyclase in its Gpp(NH)p or fluoride
activated forms (Fig. 4) {24, 25}. A third, 8-kDa (y) subunit went unnoticed
at the time.

B

2

Fix. 4. A: Polyacrglamide gel electrophoresis of purified fractions of Gg. (1) Protein from an intermediate step
of purification. (2) and (3) Purified protein, 3 ug and 8 ug. respectively. B: Labeling of purified Gg with
cholera toxin and [*’P]NAD. (1) Purified protein srained with Coomassie blue. (2) and (3) Autoradiograms
of the cholera toxin-labeled protein, exposed for 16 and 48 hr, respectively. The two higher molecular weight
bands in the purified preparation, both of which are labeled with cholera toxin, are alternatively spliced forms

of Ggo The lower molecular weight band is the B subunit. Reprinted from Northup et al. {24}, with permission.

Further studies of Gs performed shortly thereafter revealed that one equi-
valent of guanine nucleotide bound to the o subunit of the oligomer, that
activation by Gpp(NH)p or fluoride was in fact accompanied by subunit dis-
sociation, and that the resolved Gpp(NH)p- bound o subunit was necessary
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and sufficient for activation of adenylyl cyclase (Fig. 5) {26, 27}. Additional
work on the mechanism of activation of Gg by fluoride provided surprises and
even amusement. The effect of fluoride, observable when experiments were
performed in glass test tubes or in the presence of components of the ade-
nylyl cyclase assay (i.e., ATP), was lost in the absence of ATP when experi-
ments were done in plastic test tubes {28, 29}. Another mystery factor was
skillfully pursued by Paul Sternweis, who purified the coactivator from both
ATP and from aqueous extracts of disposable glass test tubes. A metal see-
med to be involved, and neutron-activation analysis revealed A3 as the cul-
prit 29}. The significance and value of that observation has become particu-

larly apparent a decade later (see below).
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Fig. 5. Resolution of the subunits of Gg by gel filtration. Purified Gg was activated by incubation with
[P°SIGTPYS. After removal of free nucleotide, the protein was subjected to high performance gel filtration.
The top panel shows the absorbance of the eluted protein. The inset shows the silver staining pattern for SDS
PAGE gels of the pooled peaks of protein (lane 1 = first peak, lane 2 = second peak) and of the protein appli-
ed (lane 3). The lower panel shows the activities assayed. G/F (Gg activity (o) is quantified by activation of
adenylyl cyclase. [?°S]JGTPyS (-) indicates high-affinity binding of the radioactive nucleotide. 35K Activity
(A ) is a measure of the activity of the Py subunit complex. Nucleotide binding activity and the capacity to acti-
vate adenylyl cyclase were exclusively associated with the resolved a subunit of Gg, which dissociated from Py

on activation with GTPyS. Reprinted from Northupet al. (271, with permission.
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An interesting side activity at this time was study of the ADP-ribosylation of
Gs by cholera toxin. That this occurred was very strongly implied by the work
of Gill {30}, Vaughan {31}, and Bourne (32) and was proven with purification
of the protein. However, as purification proceeded, the capacity of cholera
toxin to ADP-ribosylate Gs was lost. This could be restored by addition of a
protein factor {33} that was eventually purified, named ADP-ribosylation
factor or ARF, and found to be a low-molecular-weight GTP binding protein
(34, 35). ARF is, of course, now leading a happy existence as an important
regulator of protein trafficking (36) and as an activator of phospholipase D
(37). Its association with cholera toxin and/or Gg remains to be explained.

Work in Japan in the late 1970's and early 1980's by Michio Ui and his col-
leagues resulted in characterization of islet-activating protein (IAP) — a toxin
from Bordetelln pertussis. Treatment of cells or membranes with this toxin
resulted in loss of hormonal inhibition of adenylyl cyclase (and in some cases
enhancement of hormonal stimulation of the enzyme) (38). Coincidentally,
the toxin appeared to catalyze the incorporation of the ADP-ribosyl moiety
of NAD into a 41-kDa membrane protein (39). The parallel with cholera
toxin was remarkable. Toshiaki Katada, Professor Ui's student, applied for a
postdoctoral position in my lab and was quickly accepted. As Gary Bokoch,
another newly arrived postdoc, and Katada began to work with Professor Ui's
toxin, John Northup realized that he had- frequently been plagued with a
41-kDa contaminant during purification of Gg. He even had fractions in the
freezer that were enriched in this contaminant; moral: never throw anything
away! (This contaminant can be seen in Fig. 4, above, from the original puri-
fication paper.) The obvious experiment worked beautifully on the first try;
Northup’s contaminant was a superb substrate for ADP-ribosylation by IAP.
Our relatively tortuous experience with the purification of Gs then paid off,
and purification of “the” IAP substrate proceeded quickly {40}, aided by the
fact that it is substantially more abundant than G, The hypothesis that the
IAP substrate represented G;, a homologous G protein responsible for inhi-
bition of adenylyl cyclase, was obvious, and its validity was established a year
later with thorough characterization of G; (41 — 44). Nevertheless, the actual
mechanisms (plural intended) of inhibition of adenylyl cyclase by G; remai-
ned elusive.

Throughout much of this time, Bitensky, who had detected a light-activa-
ted cyclic GMP phosphodiesterase in the retina {45}, called attention to paral-
lels between the visual transduction pathway and hormone-sensitive adenylyl
cyclases. Particularly notable were descriptions of a light-activated GTPase
(46) and a guanine nucleotide requirement for activation of the phosphodi-
esterase. These observations led to purification of transducin (G,) {47, 48}
and appreciation that Gy, G, and Gt represented a family of structurally
homologous guanine nucleotide binding proteins with related o subunits
and very similar (or identical) B subunits {49} (Fig. 6). The existence of the
v subunit of the transducin heterotrimer was recognized early because of its
great abundance. Poor avidity for stain delayed its recognition as a compo-
nent of Gy and G; {41,50}.
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Fig. 6. Electrophorcetic profile of the purified subunits of transducin ((}I). the IAP substrate ((}i), and G/F
(GS)A The a subunits of the three G proteins have ditferent molecular weights, while the 8 subunits appeared
to be the same. Peptide mapping and analvsis of amino acid compositions of the subunits indicated that the
o subunits were distinct but related, while the 8 subunits were very similar or identical. Reprinted from

Manning and Gilman {49}, with permission.

For a brief period of time in the early 1980’s it seemed that things might calm
down. Guanine nucleotide-mediated stimulation and inhibition of adenylyl
cyclase was in the hands of Gg and Gj, while transducin explained the obser-
vations in the visual system. In collaboration with Ross, we were able to obser-
ve hormonal stimulation of adenylyl cyclase using three purified proteins -
the B-adrenergic receptor, G;, and adenylyl cyclase — reconstituted into phos-
pholipid vesicles {51}. What more was there? Major clues came quickly. Paul
Sternweis {52}, now independently, and Eva Neer {53} discovered G, as a start-
lingly abundant protein in brain; Fain (54) and Gomperts {55} observed hor-
mone- and GTP-dependent stimulation of inositol trisphosphate synthesis;
amino acid sequence homologies were detected behveen signal-transducing
G proteins and the p21rs gene products (56); and the cloners arrived (57, 58).
It was clearly time to add some new technology to the repertoire and welco-

me many new people to the party.

G PROTEINS FROM PHEROMONES TO PHOTONS

It now seems appropriate to abandon the historical, story-telling approach
and attempt to describe the current level of understanding of G protein-
mediated transmembrane signaling. It has become abundantly clear, parti-
cularly over the past decade, that this relatively large family of heterotrime-
ric GTP-binding and hydrolyzing proteins plays an essential transducing role
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in linking hundreds of cell surface receptors to effector proteins at the plas-
ma membrane. These systems are widely utilized in nature, controlling pro-
cesses ranging from mating in yeast to cognition in man. Receptors that acti-
vate G proteins are correspondingly diverse and encompass proteins that
interact with hormones, neurotransmitters, autacoids, odorants, tastants,
pheromones, and photons. Several reviews of this area are recommended
{59 — 70} and should also be consulted for references to the original literature.

Overview of G Protein Function and Structure. Although G proteins are
structural heterotrimers, they function as dissociable dimers. The B and y
subunits exist as tightly associated complexes that function as a unit. The
identity of the o subunit is currently used to define a given G protein oligo-
mer. Although a number of different By subunit complexes can apparently
associate fruitfully and promiscuously with a variety of cx subunits, it is un-
known to what extent this occurs in vivo.

Sixteen distinct genes encode G protein o subunits in mammals; 20 or
more proteins are synthesized, including the products that arise as a result of
alternative splicing of mRNA. The commonly recognized subclassification of
the oo subunit family is based on structural relationships, but this scheme
does reasonable justice to functional relationships as well {66} (Fig. 7). Four
subfamilies are usually discussed: (1) the small Gy group (G, and Gf), best
recognized as activators of adenylyl cyclases; (2) the large and functionally
diverse G; group, whose members are pertussis toxin substrates with one
exception (G) ; (3) the G group, activators of the several isoforms of phos-
pholipase Cf; and (4) the most recently recognized Gqp group, whose func-
tions are unknown. There are five known genes encoding B subunits and six
for s, If all possible combinations of ¢, B, and y were allowed, we would
need to consider at least 600 G protein oligomers. Although some combina-
tions of f and y appear to be forbidden and there are some preferences of

a's for specific fy dimers, the number is still likely to be very large.
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Fig. 7. Sequence relationships between mammalian G, subunits and family groupings. Modified, with per-
mission, from {66 }and {65}.



Alfred G. Gilman 193

Bach G protein ¢ subunit has .a single high-affinity binding site for guanine
nucleotide. The GDP-bound form of « is relatively inactive and has high affi-
nity for By. Thus, GDP-ofy constitutes the inactive oligomer. Receptor-cata-
lyzed guanine nucleotide exchange results in formation of GTP-o, and resul-
tant conformational changes cause dissociation of « from Py (see Fig. 8).
Two regulators of downstream effecters, GTP-o and fy are thus liberated. G
protein o subunits are themselves enzymes, albeit poor ones, with intrinsic
GTPase activity. After a period of time characteristic of individual « subunits,
GTP is hydrolyzed to GDP, subunits associate, and the basal state is restored.
G proteins thus function as switches and timers. The high affinity of « (and
particularly of the oligomer) for GDP holds the switch off; nucleotide
exchange turns the switch on; hydrolysis of GTP turns it off again with a cha-
racteristic delay (seconds to perhaps minutes) as a result of slow catalysis; this
constitutes the timer, which is an important element of signal amplification.

G PROTEIN ACTIVATION/ DEACTIVATION CYCLE

Basal State ! Receptor  Activation

2,

E‘! EE’EEI 3.

Effector Activation

Hg 8. C-protein-mediated transmembrane signalling. In the basal state (1) G proteins exist as heterotrimers
with GDP bound tightly to the o subunit; the hormone receptor (R) is unoccupied and the effector (E) is
unregulated. Upon hormone binding and receptor activation(2), the receptor interact swith the heterotrimer
to promote a conformational change and dissociation of GDP from the guanine nucleotide binding site, at
normal cellular concentrations of guanine nucleotides, GTP fills the site immediately. (Under experimental
conditions where GTP is absent, the hormone has high affinity for the receptor and the H-R-G-protein
complex is stable.) Binding of GTP to G, (3) induces a conformational change with two consequences. First,
the G protein dissociates from the H-R complex, reducing the affinity of hormone for receptor and, in turn,
freeing the receptor for- another liaison with a neighboring quiescent G protein. Second, GTP binding also
reduces the affinity of G, for G, and subunit dissociation occurs. This frees G,-GTP to fulfill its primary
role as a regulator of effectors (4). At least in some systems, the free Gp,complex also interacts directly with
effectors (E;) and modulates the activity of the active complex, or it acts independently at distinct effectors
(E,). Gy, possesses an intrinsic GTPase activity (5). The rate of this GTPase determines the lifetime of the
active species and the associated physiological response. The G,-catalyzed hydrolysis of GTP leaves GDP in
the binding site and causes dissociation and deactivation of the active complex. G,-GDP has high affinity for

Gpy, subsequent reassociation of G,-GDP with Gpreturns the system to the basal state (1). Reprinted from

Helper and Gilman {68}, with permission.



194 Physiology or Medicine 1994

G protein subunits are subjected to a number of covalent modifications, both
physiologically and pathologically. Lipid covalent modifications are particu-
larly evident. Members of the G; subfamily are myristoylated, with the Cl4
fatty acid incorporated in amide linkage to amino-terminal glycine residues
(71 - 73). This modification is an important determinant of the affinity of
these o subunits for By and of the affinity of the G;y’s for adenylyl cyclase (see
below) (74, 75). All o subunits with the exception of Gy, are palmitoylated, in
some cases doubly so, and the Cl6 fatty acid is bound in thioester linkage to
cysteine residues near the amino terminus (76). In the case of members of the
G; family, the palmitoylated cysteine residue is immediately adjacent to the
myristoylated glycine. While myristoylation presumably occurs cotranslatio-
nally and the modification is irreversible, palmitate is incorporated posttrans-
lationally and the bound fatty acid turns over relatively rapidly. Of particular
interest, turnover of palmitate is a receptor-regulated phenomenon, with con-
trol apparently exerted at the level of removal of palmitate from the o subu-
nit (77, 78). The significance of this phenomenon is not yet fully appreciated,
but it could represent part of a pathway for attenuation of transmembrane sig-
naling. Finally, for the lipids, y subunits contain typical CAAX boxes at their
carboxyl termini and are prenylated; the v, subunit, found in the retina, is far-
nesylated (791, while the other ¥s appear to be geranylgeranylated (80, 81).
Although prenylation is not essential for the formation of high-affinity Py
dimers, it is crucial for the interactions of Py with o and with at least certain
effectors (e.g., adenylyl cyclases) (82). All of the lipid modifications may play
important roles in localization of G protein subunits to membranes, although
the mechanisms that dictate the specificities of these protein-membrane inter-
actions remain to be discovered. We suspect that G, contains an as yet uni-
dentified covalent modification. The natural protein (purified from liver or
brain) has a substantially higher affinity for adenylyl cyclase than does recom-
binant G, synthesized in bacteria (83).

ADP-ribosylation of G protein o subunits by bacterial toxins is a particu-
larly interesting, irreversible covalent modification of pathological signifi-
cance. The diarrheagenic enterotoxin produced by Vibrio cholerae and the
heat labile toxin synthesized by certain strains of E. coli are ADP-ribosyltrans-
ferases with great specificity for G,. NAD is the donor of the ADP-ribosyl
moiety, which is attached to an active site arginine residue of the substrate
{84}. The resultant inhibition of the GTPase activity of G, causes persistent
activation of both G, and adenylyl cyclase. Diarrhea is the dominant sign of
disease because of the local, enteric nature of the infection. A toxin (islet-
activating protein) produced by Bordetella pertussis catalyzes ADP-ribosylation
of a cysteine residue near the carboxyl-terminus of members of the G; fami-
ly of o« subunits {85}. This results in inhibition of interactions between G pro-
teins and receptors, effectively blocking the affected pathways, including
those that cause inhibition of adenylyl cyclase. As a sidelight, it is interesting
to note that other microorganisms have developed different strategies for
elevation of host cell concentrations of cyclic AMP. A toxin elaborated by
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Bacillus antharcis and a distinct Bordetella pertussis toxin are themselves cal-
modulin-activated adenylyl cyclases that permeate mammalian cells.

High-resolution crystal structures of two G protein o subunits, Gy, and
G in different liganded states have been described recently {86 — 88}. We
have been pleased to collaborate with Stephen Sprang in these efforts. The ,
general architecture of these closely related proteins is essentially identical
(Fig. 9). Each is constructed of two very distinct domains: a p21'@s-like of
domain that is flanked by a unique (to G proteins) o helical domain. The two
structures are connected by a pair of linker strands. Although all of the direct
contacts between the protein and guanine nucleotide are formed with either
the p21*@s-like domain or the linker 2peptide, the nucleotide is virtually buri-
ed in the cleft between the two major domains. It is hypothesized that recep-
tor-mediated conformational changes sufficient to permit guanine nucleoti-
de exchange result in substantial separation of the helical and p21'®-like
structures.

Ras-tike Domain

Hetica! Domain -/

/

Linker 2

Linker 1

Fig. 9. Ribbon and coil schematic of G, subunit. The helical domain is colored yellow, and the P21 like
domain is green and cyan. Linker 1 and linker 2 strands are colored red. The GTPYS is shown as a ball and
stick model, and the magnesium ion is depicted as a magenta sphere. Secondary structure elements are labe-
led. The red N and C mark the positions of the first ordered residues at the amino and carboxy termini of the
molecule. Reprinted from Coleman et al. {88}, with permission.

Despite the existence of several superb crystal structures of p2lras proteins
and of GTPase-deficient mutants of p21as, it has been difficult to deduce the
mechanism of GTP hydrolysis, perhaps in large part because the proteins are
such poor catalysts in the absence of activators (GTPase activating proteins
or GAPS). The same is true of the structures of the GTPyS-bound forms of
G and Gy, Happily, however, the AlF,-bound conformations of these pro-
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teins are more illuminating. As noted above, AP* was unexpectedly found to
be a cofactor necessary for activation of G proteins by F-, and it had been
deduced that AlF;~ probably bound to G, proteins in proximity to GDP,
mimicking the yphosphoryl moiety of GTP (29, 89, 90). The X-ray structure
revealed this hypothesis to be nearly correct {88}. However, rather than sim-
ply mimicking GTP, GDP-Al,~ appears to be acting as a transition-state ana-
log, revealing critical roles played by active-site amino acid residues.

Two residues, Arg!”® (Gjp1 numbering) andGIn2%, had been implicated in
catalysis as the result of isolation or construction of GTPase-deficient pro-
teins with mutations at these sites (91 — 94). In addition, this Arg residue
corresponds to the Arg in Ggq that is ADP-ribosylated by cholera toxin, and
the GIn corresponds to Glng in p2l'as, a residue known to be critical for
catalysis. (There is no homolog of Argl”® in p2lras Argl” is in the linker
2 peptide.)

Q204

Hydrolytic
Water

Fig. 10. A schematic of the active site in the GTP{S-G;,; complex, showing the disposition of Arg!”® and
GIn?%: these residues are not within hydrogen bonding distance of the nucleotide. The putative water nucle-

ophile is positioned 3.85 A from the yphosphorus trans axial to the f, bridging phosphate oxygen atom. The
1 - ol loop is colored green, thep2 - 0.3 switchpeptide yellow, and the linker 2 strand is blue.

Rearrangement of the positions of these two residues in the GDP-AIF, struc-
ture (relative to their positions in the GTPy-Sbound protein) reveals their
roles in catalysis (Fig. 10). GIn?% appears to be stabilizing and orienting the
hydrolytic water molecule in the trigonal-bipyramidal transition state, while
Argl78  stabilizes the negative charge at the equatorial oxygen atoms of the
pentacoordinate phosphate intermediate. Since this Arg residue is unique to
Ga proteins, its presence may explain the higher hydrolytic activity of Go. pro-
teins relative to those of members of the p2lras family.
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Hydrolytic
ater

Fig. 10. B: The GDP.AIF" complex shown from the same perspective. Arg178 and GIn204 have rotated to
contact the AIF, cluster, and the nucleophilic water has moved into the ligand field of the aluminum ion.

Hydrolysis of GTP by Gy, is accompanied by relaxation of both the linker 2
strand and a twenty-residue segment that contains GIn204. The loss of any
ordered conformation in these residues (which are invisible in the electron
density map) accounts for alterations in properties known to be characteris-
tic of the GDP-bound form of the protein: loss of the Mg2* binding site, a
somewhat reduced affinity for guanine nucleotide, enhanced susceptibility
to proteolysis in this region, and quenching of tryptophan fluorescence.

[l

NH

Fig. 10. C: Model of the active site of G, ; at the transition state of the phosphorolysis reaction, based on the
structure of the GDP.AIF, complex. Reprinted from Coleman et dl {88), with permission.
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A surprising consequence of GTP hydrolysis is the assembly of the amino and
carboxyl termini into a distinct, organized cchelical domain. This structural
change occurs nearly 30 A from the catalytic site, and it is difficult to discern
an intramolecular pathway of conformational transition between these siles.

Even more surprising is the discovery that the newly formed domain forms

an exceedingly complimentary and extensive packing interface with the o-
helical domain and the linker 2 strand of the neighboring molecule in the
crystal lattice (Fig. 11). Thus, the transmission of structural changes between
the GTP binding site and the amino and carboxyl terminii (which form part
of the presumptive binding surface for the fy subunit complex) might be by

means of intermolecular contacts {95}. Interestingly, these observations
could be pertinent to recent speculations by Rodbell on the possibility of G
protein oligomerization {96}.

Fag. 11 Symmetry-related molecules of GDP-G,, form a helical array in the crystalline state. The carboxyl-
and amino-terminal ammo acid residues of G, are disordered in the GTP complex but fold into a discrete
protein microdomain comprising nearly 40 residues upon hydrolysis of the nucleoside tnphosphate. A phos-
phate ion, which contacts three arginine residues from the ammo terminus and lysine 180 from the linker-2
strand, may act as a nucleation center for the microdomam. (A sulfate ion serves this role in crystals of GDP-
G;q-) This microdomain forms an extensive and complementary interface with the a-helical domain and the
hnker-2 strand of the neighboring molecule The contact buries more than 1800 A2 of solvent-accessible sur-

face, an area equivalent to that encompassed by many protein antigen-immunoglobulin complexes.

Summary of the Functions of Individual G Protein Subunits.

oSubunits (Table 1).Almost all known Gprotein asubunitsandmanydistinct
By subunit complexes have been purified to homogeneity from lissue sources
or purified after expression in heterologous systems (either E. coliorSf9 cells).
Properties of several subunits have also been inferred by application of new
wave biochemistry - experiments performed “in transfecto”. Each system has
advantages and disadvantages. While the E. coli-derived proteins may be mis-
sing certain covalent modifications (although myristoylation can be accom-
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plished by coexpression of protein N-myristoyl transferase), they have the

distinct advantage of being unambiguously free of other G protein subunits.
This can be difficult to prove with G proteins isolated from other sources.

Table 1. Properties of Mammalian G Protein o Subunits

Family/ M,(kDa % AA. Toxin” Lipid® Tissue Representative Effector/
Subunit x 109 Identity” Distribution Receptors? Role
G,
(1§($)(2X)“ 44.2 100 CT P Ubiquitous BAR®, TAdcnylyl cyclase
Oy (2X)* 45.7 T P Ubiquitous Glucagon, T Ca?* channels
TSH, others 1 Nat* channels
[ 44,7 88 CT P? Olfactory Odorant ) Adenylyl cyclase
neuroepi-
thelium
G,
o, 40.3 100 PT M, P Nearly ubi- | Adenylyl cyclase
quitous
o, 40.5 88 PT M, P Ubiquitous M,Cho, a,AR TK* channels (?)
Oy 40.5 94 PT M. P Nearly ubi- others T Phospholipase
quitous A, ()
A 40.0 73 PT M, P Brain, others Met-Enk, L Ca¥ channels
oy 40.1 73 PT M, P Brain, others azAR, others 1 Adenylyl cyclase
others
o 40.0 68 CT, PT M Retinal rods Rhodopsin T cGMP-specific
o, 40.1 68 CT, P1 M Retinal cones Cone opsins phosphodiesterase
5 40.5 67 CT (), Taste huds Taste (?)
PX
o, 40.9 60 M, P Brain, ad- M,Cho (), 1 Adenylyl cyclase
renal, platelets others (?) other, {?)
Gq
o, 42 100 P Nearly ubi- M,Cho, o, AR,
cuitous others
oy, 42 88 P Nearly ubi-
quitous
o, 41.5 79 P Lung, kid- Cha, 11-8, T Phospholipase C-
ney, liver others B’s, others {7)
o 43 57 P? Bcells, 1L-8, others (?)
myeloid
cells
(£ 43.5 58 P T-cells, mye- IL-8, others (?)
loid cells
Gyy
o, 44 100 p Ubiquitous ? ?
[+ 3% 44 67 P Ubiquitous ° ?

Footnotes: Table 1.
% Amino acid identity: comparison is with the first-listed member of each family

o p

. Cholera toxin (CT) and pertussis toxin (PT) catalyze the ADP-ribosylation of an arginine residue (CT) and a cysteine resi-
due (PT). respectively, of the indicated a subunits.

)

. Lipid modifications: The indicated G, subunits are covalently modified ator near the amino terminus oncysteine residues
by S-palmitoylation (P) and/or glycine residues by N-myrisroylation (M).

o

. Receptor abbreviations: BAR, -adrenergic; M,cho, M-muscarinic ~cholinergic; 0 AR, 0,-adrenergic; met-enk,met-enkepha-
lin; M, Cho, M,-muscarinic ~cholinergic; o,AR, o,-adrenergic.

@

Splice variants.(xs[s]=short forms of a ¢ and ¢, =long forms of c.

5(1)
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The members of the G, subfamily (o, o ) activate various adenylyl cyclases,
and they do so by direct interactions with these proteins. All known isoforms
of membrane- bound mammalian adenylyl cyclase are activated by G, G, is
expressed as four distinct polypeptides (+/- residues encoded in exon 3;+/-
a serine residue at the splice junction) as a result of alternative splicing of a
single precursor mRNA, but these variants have not been well distinguished
functionally {97 — 99}. The o subunit of Gy is expressed predominantly in
olfactory neuroepithelium, where it presumably couples odorant receptors
with a largely olfactory-specific isoform of adenylyl cyclase (type III) {100}.
Purified G, also activates dihydropyridine-sensitive, voltage-gated Ca2* chan-
nels in patches excised from skeletal and cardiac muscle (101) and inhibits
cardiac Na+ channels (102). The physiological significance of these last two
effects is difficult to judge. G, is activated by receptors that stimulate adeny-
Iyl cyclase activity; B-adrenergic receptors are prototypical.

Members of the G; subfamily were first encountered as retinal transducins
and then as substrates for islet-activating protein. The two isoforms of trans-
ducin are selectively expressed in retinal rods and cones {103}. They are acti-
vated by photolyzed rhodopsin or the cone opsins, and each stimulates a
cyclic GMP-specific phosphodiesterase, resulting in lowered intracellular
concentrations of cyclic GMP on illumination. A transducin-like G protein,
gusducin, is expressed selectively in taste buds (104). The relationship of gus-
ducin to the transducins is sufficiently close that a cyclic nucleotide phos-
phodiesterase is hypothesized to be the effector in a pathway mediating
response to certain tastants.

Three closely related genes encode Gy, 45 These proteins are func-
tionally very similar in vitro, although they differ in both their cellular and
subcellular distribution. Demonstration of the direct involvement of these ¢
subunits as inhibitors of adenylyl cyclases was long delayed for several tech-
nical reasons, including a requirement for comparatively high concentra-
tions, the need for myristoylation of the o subunit, and differential respon-
ses of different isoforms of adenylyl cyclase (75, 105). This role is now well
established. Although the G, proteins were originally thought to activate K+
channels in cardiac myocytes and neural tissue {106}, their role in this path-
way is now more controversial and may be secondary to that played by the By
subunit complex {107}. Evidence has also accumulated for a role of at least
certain Gj, proteins in membrane trafficking {108 -110}. Participation of
these proteins in such apparently distinct cellular pathways is confusing.

G, differs substantially from the G, proteins, but it also inhibits adenylyl
cyclase activity in transfected cells (111) or in vitro (112) Notably, G, is not a
substrate for pertussis toxin and has a very slow rate of GTP hydrolysis {113}.

As mentioned above, the discovery of G, was an eye-opener because of its
abundance in brain (1 - 2% of brain membrane protein) and apparent lack
of involvement with known guanine nucleotide-regulated systems. Although
Gy appears to play a major role as an inhibitor of voltage-sensitive Ca?* chan-

nels {114}, I assume it has other extremely important roles. Hints are suppli-
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ed by its high concentration in neural growth cones {115} and apparent inter-
actions with GAP-43, a Ca* - binding protein that is also concentrated in
these structures (116).

Compelling evidence for regulation of phosphoinositide-specific phos-
pholipase C activities was in hand well before the relevant G proteins could
be identified (54, 55). This is a pertussis toxin-insensitive process in most
cells, and the PCR-based cloning of members of the Gy, subfamily provided
candidates for this role {117}. Nearly simultaneously, G proteins that serve
this function were identified by classical reconstitutive techniques (118, 119)
and by purification of novel o subunits using clever subunit affinity and
exchange techniques {120}. All three paths merged with the identification of
Gya

phospholipase CB. Purification of the relevant proteins proved that interac-

and then Gy14,Giy,  and Gue. @S activators of the various isoforms of

tions of Gy, family members with the phospholipases are direct, and these
appear to occur at carboxyl-terminal domains of the enzymes. Particularly
interesting is the observation that the phospholipase CB’s act as GAPS or
GTPase-activating proteins towards Gy, (121). In the absence of the effector,
the k., for hydrolysis of GTP by these proteins is very slow, but it is increased
over 50-fold by the effector. The simplest interpretation of this effect is that
phospholipase CB should block its own activation. However, kinetic analyses
of these interactions suggest that receptor, G; and the phospholipase asso-
ciate in a complex that binds and hydrolyzes GTP rapidly, such that there is
substantial steady-state activation of phospholipase C associated with parti-
cularly rapid responses.

The roles of Gy, and Gz, are unknown. Both of these proteins are struc-
turally related to the product of the Drosophila concertina gene, which
appears to play a role in gastrulation {122}. Transfection of NIH 3T3 cells
with Gj,, cDNA results in cellular transformation {123, 124}.

Table 2. Properties of Mammalian G Protein B and y Subunits

Subunit Mr %A.A. Tissue Distribution EfFector/Role
(kDaxl0)  Identity®

-

B, 37.3 100 Ubiquitous
B, 37.3 90 Nearly ubiquitous Required for Gareceptor interaction
B, 37.2 83 Nearly ubiquitous
B, 37.2 89 Nearly ubiquitous Inhibition of Ga actvation
8, 387 52 Brain
Support of agonist-induced receptor
phosphorylation and desensitization
% T or 4 Adenylyl cyclase (isoform
specific responses)
kil 8.4 100 Retinal rods T Phosphohpase CB,, 8,
Ya 7.9 38 Brain, adrenal
Ys 8.5 36 Brain, testis TK* channels
s (Ppartial) (34) (Kidney, retina (?))
Ya 7.3 25 Ubiquitous T Phospholipase A’ (?)
Y, 7.5 35 Ubiquitous

a.% Amino acid identity: comparison is with the first-listed member of each family.
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fy Subunits (Table 2). General acceptance of downstream regulation of
effectors by the fy subunit complex is relatively recent {69, 70}. These subu-
nits were first assigned less glamorous roles. The binding of GDP and By to
o is positively cooperative. Py thus stabilizes the inactive GDP-bound form of
o by markedly reducing the rate of dissociation of nucleotide (125). As a
result, By acts as a noise suppressor (126). By contrast, interactions of GTP
and By with o are negatively cooperative, and it was hypothesized that By
could speed deactivation of o and thereby cause inhibition of relevant down-
stream responses {127}. The significance of this possibility remains ill defi-
ned, but the eventual observation of inhibitory effects of G;, proteins on ade-
nylyl cyclase has obviated the “need” for this hypothesis. Receptor-catalyzed
exchange of GDP for GTP on Gu requires By {128}, and By can act catalyti-
cally in this role. The G protein heterotrimer is thus the form that is recog-
nized by receptor, and reassociation of subunits is a requisite for activation.

The first strong evidence for interaction of By with effectors came from
Logothetis et al. {107}, who detected activation of K+ channels in cardiac atri-
al myocytes with By but not with G;,. Controversy about the interpretation of
these observations kept By at least partially in the closet for a few years, des-
pite genetic evidence that By was the primary mediator of downstream sig-
naling in the pheromone response pathway of budding yeast {129}.
Interesting and direct interactions between By and effectors such as adenylyl
cyclases {130 — 132} and phospholipases {133, 134} have now been observed
using simple biochemical assays that have been widely reproduced; the issue
thus now seems to be settled. Effects of By on different adenylyl cyclases will
be discussed below.

The issue of specificity among different species of By subunits remains vex-
ing. Other than observations that non-retinal « subunits and effectors appe-
ar to discriminate against retinal By (Blyl), little specificity is observed in exa-
mination of the interactions of a number of By subunit complexes with a vari-
ety of o subunits and effectors {82, 135, 136}. These observations, made in
vitro, fly in the face of striking observations of specificity made in intact cells
by Kleuss and associates {82, 135 —139}. Voltage-sensitive CaZ* channels in
GH3 cells are inhibited by both M4-muscarinic and somatostatin receptors.
Selective suppression of either of the two splice variants of G, with antisen-
se oligonucleotides demonstrates that the muscarinic response depends on

the expression of G, but not G,, while the response to somatostatin is

olat
selectively dependent on G, Similar suppression of individual f or y sub
units also yielded striking results, consistent with muscarinic signaling via
OyPsys and somatostatin signaling through  a,py;. The best current guess is
that this specificity is exerted at the level of receptor-G protein interactions,
but demonstrations of such by reconstitution of purified components in vitro

remains less than convincing.
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ADENYLYL CYCLASES

We have maintained our interest in adenylyl cyclases throughout the “diver-
sion” into G proteins, although “the job” of adenylyl cyclase was for some
time the domain of only one individualistic lab member. This situation chan-
ged and improved substantially in 1989.

Mammalian adenylyl cyclases are activated by forskolin, a diterpene found
in the roots of the plant Coleus forskolii . The development of a forskolin-affi-
nity matrix by Pfeuffer and Metzger {140} made purification of the enzyme
possible, but not simple. Smigel was the first in our laboratory to purify a cal-
modulin-sensitive form of adenylyl cyclase from bovine brain by adapting
Pfeuffer's techniques {141}, and Krupinski and coworkers (142) finally purifi-
ed a sufficient amount of protein to obtain amino acid sequence. With the
invaluable help of Randall Reed at Johns Hopkins, whose collaborative
efforts we sought because of the abundance of adenylyl cyclase in olfactory
neuroepithelium, ¢cDNA’s encoding type I (by definition) adenylyl cyclase
were obtained from a bovine brain library. Several labs have now contributed
to the isolation of six additional full-length clones (types II — VI and VIII) by
application of low-stringency hybridization and PCR techniques; all of these
proteins have been expressed, and their regulatory properties are being defi-
ned (143 — 145).

Mammalian, membrane-bound adenylyl cyclases have a complex (dedu-
ced) structure that is reminiscent of a variety of transporters and channels
(Fig. 12). Their topographical relationship to the P glycoprotein and the cys-
tic fibrosis transmembrane conductance regulator is striking, although they
share no amino acid sequence homologies with these proteins. A short cyto-
plasmic amino terminus is followed by six putative transmembrane spans
(designated M;) and a roughly 40-kDa cytoplasmic domain (C;) . This appa-
rent structural unit is then repeated: a second set of six transmembrane
spans (M,) is again followed by a second large cytoplasmic domain (C,) .
Although this structure is unique for a “simple” enzyme, its significance is
elusive. I find it fascinating that the regulatory motif for adenylyl cyclases —
activation by a GTP binding protein — is apparent in Saccharomyces cereviseae.
Although this mode of regulation is conserved from yeast to mammals, the
molecular players are not. The adenylyl cyclase of Succharomyces is a very large
peripheral membrane protein with little resemblance to its mammalian
counterpart (146). The GTP-binding protein in yeast responsible for stimu-
lation of cyclic AMP synthesis is the resident homolog of mammalian p2lws
{147}, even though yeast have heterotrimeric G proteins. Evolution works in

strange ways.
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Fig. 12. Predicted topology of membrane-bound adenylyl cyclases. Cylinders represent membrane-spanning
regions, while bold lines indicate regions of high amino acid similarity among all members of the family.
Nomenclature is as follows: N, aminoterminal domain; M, first set of membrane-spanning regions; C,, and
C,,, the first large intracellular cytoplasmic domain; M, second set of transmembrane spanning regions; and
C,, and C,,, the second large intracellular domain. Reprinted from Taussig and Gilman {145}, with per-

mission.

Two regions of roughly 200 amino acid residues eac h(Cy,, and C,,) are high-
ly conserved among the mammalian adenylyl cyclases, and this relationship
also extends to the topographically similar enzymes of Drosophila and
Dictyostelium. The Cq,and Cy, domains are also quite similar to each other
and to the catalytic domains of both membrane-bound and soluble guanylyl
cyclases. These relationships indicate that one or both of these domains is a
site of catalysis.

Unfortunately, it has not been possible to detect significant adenylyl cycla-
se activity following expression of either of these putative catalytic domains
as discrete proteins; the same is true if individual halves of the molecule are
expressed in Sf9 cells. Nevertheless, concurrent expression of M;C; and
M,C, results in appearance of a substantial level of adenylyl cyclase activity
that can be regulated characteristically by G protein subunits and, in the case
of the type I enzyme, calmodulin {130}. We tentatively assume that interac-
tion between the Cj and C> domains is necessary for catalysis. This is consis-
tent with the facts that both subunits of heterodimeric, soluble guanylyl
cyclases are required for catalysis (each subunit contains sequences homolo-
gous to C,, and C, ){148} and that the membrane-bound guanylyl cyclases
are homo-oligomers {149}. It is also interesting that point mutations in either
C,. 0r Gy, can impair adenylyl cyclase activity severely and that mutations in
either domain can elevate the K, for ATP. Both domains may bind ATP; both
might also catalyze cyclic AMP synthesis, or one may be the dominant cata-
lyst while the other serves a regulatory role.

Regulation of Adenylyl Cyclases by G Protein Subunits. All seven of the
isoforms of adenylyl cyclase identified to date are activated by G, (and for-
skolin). Surprisingly, these features (and so-called P-site inhibition by ade-
nosine analogs) are the only shared regulatory motifs. The type | isoform is
also activated by calmodulin, while it is strongly inhibited by the G protein By

subunit complex. Although this effect was originally attributed to sequestra-
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tion of calmodulin by By, purification of the expressed cyclase has permitted
demonstration of its direct interaction with By (132). The three isoforms of
G and G, can also inhibit type I adenylyl cyclase, but the effect is much less
prominent than that of By when calmodulin is the activator of the enzyme
and it nearly disappears when the cyclase is activated by G, {105}.

Type I adenylyl cyclase is the only isoform found to date that is inhibited-
by By When we looked for such interactions with other isoforms, we were
very surprised to find strong stimulation of enzymatic activity with the type II
and type IV proteins (131, 150). Particularly interesting, these stimulatory
effects of Py are highly conditional. The subunits have little or no effect on
adenylyl cyclase activity when added alone, but the complex stimulates enzy-
matic activity 5- to 10-fold when G, is also present. Stimulation of type II and
IV adenylyl cyclases by By requires substantially higher concentrations of fy
than of G, and we presume that effective concentrations of both activators
cannot arise by dissociation of oligomeric G,. The source of By is believed to
be the G; or G, oligomers, both of which are present in high concentrations
in brain. We thus envision type Il and IV adenylyl cyclases as molecules desig-
ned to detect coincidental activation of two regulatory pathways — marking
such events with a distinctive signal. The biochemical properties of these ade-
nylyl cyclases provide an excellent explanation for phenomena described in
the 1970’s by Rall and associates {151} who observed highly synergistic sti-
mulation of cyclic AMP accumulation in brain slices after application of pairs
of neurotransmitters now known to work through Gg- and Gj-regulated path-
ways. Given activation of type II adenylyl cyclase by By, which presumably ari-
ses from G, it would be problematic if G;, were to inhibit the enzyme; grati-
fyingly, it does not.

The first really believable demonstrations of inhibition of adenylyl cyclases
by G, were observed with the type V and type VI isoforms, where the effect
is prominent (75, 105). As noted above, it is dependent on myristoylation of
these a subunits and requires fairly high, but we believe quite reasonable,
concentrations of the proteins (high nM —uM). Type V and VI adenylyl cycla-
ses are thus regulated in the relatively simple way that was envisioned to be
the general rule — activation by G, and inhibition by G;, — but even these iso-
forms provided surprises, in that they are inhibited by low (uM) concentra-
tions of Ca2*.

Three distinct patterns of regulation of mammalian adenylyl cyclases are
and two other sub

classes of G proteins, G; and G, are implicated as well, either directly or indi-

thus evident (Fig. 13). All isoforms are activated by G,
rectly. The effects of G, family members are exerted through Ga? either
acting alone, with calmodulin, or with protein kinase C. G; and G- media-
ted pathways can both activate an adenylyl cyclase (type Il and probably IV)
in concert with G, or they can both oppose such activation (types V and VI).
The effects of G; and G, are antagonistic to each other with the type | enzy-
me. Even at this relatively early stage of investigation of the regulatory com-
plexities of adenylyl cyclases, it is clear that these enzymes have evolved to
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permit extensive integration and cross-talk between signaling pathways. The

adenylyl cyclases are focal points for the convergence of a great deal of regu-
latory information.

PKC

A VAN
~ 11 \/

Fig. 13. Patterns of regulation of adenylyl cyclase activity. PKC = protein kinase ¢, CAM = calmodulin; AC =
adenylyl cyclase. See text for discussion. Reprinted from Taussig and Gilman {145}, with permission.

Future Directions for Adenylyl Cyclase. Adenylyl cyclases are labile intrinsic
membrane proteins; their level of expression is low, even under artificial con-
ditions. New tools are needed to probe their structures and mechanisms of
regulation. With these thoughts in mind, Wei-Jen Tang has attempted to con-
struct a soluble adenylyl cyclase that would retain characteristic regulatory
properties, be synthesized in large quantities, and be amenable to genetic
analysis. He has recently succeeded in designing and synthesizing a molecu-
le that may have all of these properties {152}. The current product is a chi-
mera of the C,, domain of type I adenylyl cyclase, joined by a linker to the C,
domain of type II adenylyl cyclase. The molecule is synthesized by E. coli,
where it accumulates in the cytoplasm. It is activated dramatically (from an
extremely low basal activity) by G, and, surprisingly, forskolin. Cyclase-defi-
cient strains of E. coli are dependent on expression and activation of the ade-
nylyl cyclase for growth on maltose. Genetic selection of mutants with infor-
mative phenotypes thus seems possible, as does purification, detailed cha-
racterization, and, hopefully, structural analysis. We hope that this approach

will open the door for true understanding of these important proteins.

WHY G PROTEINS?

One might well ask why G proteins are included in signaling pathways and
why the systems are so complex structurally. Transmembrane signaling is cle-
arly accomplished with simpler (although usually oligomeric) molecular

assemblages, such as tyrosine kinases, ligand-gated ion channels, and recep-



Alfred G. Gilman 207

tor guanylyl cyclases. 1 believe there are several reasons for the evolution of
complex signaling systems. At a relatively simple level, the existence of these
molecular switches and timers permits enormous amplification in the signa-
ling process. A single agonist-receptor complex can catalyze the activation of
many G proteins during the time that a single G protein o subunit remains,
active {153}, delayed deactivation of the o subunit permits further amplifica-
tion at the level of catalytic effector molecules. There is also the possibility of
substantial regulatory complexity, with opportunities to modulate both the
quantitative and qualitative aspects of signaling by alterations in rates of syn-
thesis and degradation of many gene products, as well as more acute regula-
tion by covalent modification of these molecules. Most importantly, perhaps,
the tripartite nature of these signaling systems permits enormous diversity of
outputs. G protein-regulated signaling pathways are characterized by both
convergence and divergence at each step. Many different kinds of receptors
can converge to activate a single type of G protein, while a single type of
receptor can interact with more than one species of G protein to initiate seve-
ral events. Similarly, different G proteins may converge on a single effector
to alter its activity, either additively, synergistically, or antagonistically, while a
single G protein may also interact with more than one effector. G proteins
can also exert effects via either their o orfy subunits. The complexity of the
cellular switchboard thus appears sufficiently vast to permit each cell to
design a highly customized signaling repertoire by expression of a relatively
modest number of modular components. Identification of all of these com-
ponents seems certain in the next decade or so. With this information in
hand, we will be able to complete our understanding of the wiring diagram
of the signaling switchboard in each type of cell. Such knowledge, coupled
with both increasing sophistication in rational drug design and increasingly
clever approaches to screen huge chemical libraries, will revolutionize both

pharmacology and therapeutics.
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