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ABSTRACT

The recent, unfortunate death of Alfred G. (“Al”) Gilman, M.D.,
Ph.D., represents a sad signpost for an era spanning over 40
years in molecular pharmacology. Gilman’s discoveries, influ-
ence, and persona were dominant forces in research and train-
ing in pharmacology. Here, we review the progression of ideas
and knowledge that spawned early work by Gilman and collab-
orators (@among them, one of the authors) and later efforts
(including those of the other author) that have recently yielded

a comprehensive and precise structural understanding of funda-
mental topics in pharmacology: the binding of ligands to G protein-
coupled receptors (GPCRs) and the interaction of GPCRs with
heterotrimeric G proteins and effector molecules. Those data
provide new and important insights into the molecular basis that
underlies affinity and efficacy, two of the most important features
of drug action, which represent the latest chapter in the saga that
Al Gilman’s work helped launch.

Alfred Goodman Gilman (who preferred to be called “Al” by all
who met him) was a giant in science and especially molecular
pharmacology. As he described himself, he was “born with
a scientific/academic silver spoon in my mouth, or perhaps
a pestle (but not a mortar)” (Gilman, 2012), verbiage that
captures both the conditions of his birth and his incisive sense
of humor. His father, Alfred Gilman, a professor of pharma-
cology at Yale at the time of Al’s birth, is best known for his
coauthorship with Louis S. Goodman of the first edition (in
1941, the year of Al’s birth) and several subsequent editions of
The Pharmacological Basis of Therapeutics, which became
known as the “Bible of Pharmacology.” The close relationship
of Drs. A. Gilman and L.S. Goodman led to Al being given
Goodman as his middle name; perhaps in some magical way it
was also his start on a path to be a molecular pharmacologist.
Moreover, Al served as editor of several later editions of the “G
& G” bible, thus keeping it in the family.

After graduating from Yale with a major in biochemistry, Al
entered what is now Case-Western Reserve University in one
of the first M.D./Ph.D. programs in the United States. He was
encouraged by Earl Sutherland [the discoverer of cyclic
adenosine monophosphate (cAMP)], for which he later re-
ceived the Nobel Prize) to get a Ph.D. in pharmacology (“just
biochemistry with a purpose,” Sutherland said) (Gilman,
2012). Al did his Ph.D. thesis with Theodore (Ted) Rall,

R.K.S. and P.A.L contributed equally to this work.
dx.doi.org/10.1124/mol.116.104216.

Sutherland’s collaborator on discoveries related to cAMP.
These included not only the identification of cAMP as a critical
second messenger (for hormone, neurotransmitter, and drug
agonist action and as the mediator of norepinephrine action
at canine hepatic B-adrenergic receptors, 3-ARs) (Rall and
Sutherland, 1958) but also of the key enzymes (adenyl [now
adenylyl] cyclase [AC] and cyclic nucleotide phosphodiester-
ase) that catalyze, respectively, cAMP formation and degra-
dation (Sutherland and Rall, 1958; Sutherland et al., 1962).
Sutherland and colleagues proposed that in addition to
enzymatic activity AC was the receptor for norepinephrine
(Fig. 1) (Butcher and Sutherland, 1962). Meanwhile, in his Ph.
D. thesis work with Ted Rall, Al assessed cAMP formation and
actions in the bovine thyroid gland (Robison et al., 1967;
Gilman and Rall, 1968).

Hormone Receptor and Adenylyl Cyclase Are
Two Proteins

After postdoctoral training in the National Institutes of
Health laboratory of Nobel laureate Marshall Nirenberg,
during which time Al produced a single-authored paper
describing an assay for cAMP that would became the standard
for many investigators at the time (Gilman, 1970), in 1974 Al
joined the Department of Pharmacology at the University of
Virginia. There, he initiated studies to define the molecular
basis of 8-AR agonist action. His early work included efforts to

ABBREVIATIONS: AC, adenylyl cyclase; B-AR, B-adrenergic receptor; cAMP, cyclic adenosine monophosphate; CT, cholera; GPCR, G protein-
coupled receptors; PP;, pyrophosphate; PTX, pertussis toxin; WT, wild-type.
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Fig. 1. Sutherland and Rall’s proposed model from
1957, illustrating their concept that the hormone re-
ceptor/adenylyl cyclase is a single membrane-bound
protein. (Taken with permission from Circulation, Amer-
ican Heart Association; Sutherland et al., 1969.)
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improve upon B-AR radioligand-binding assays (Maguire et al.,
1976b). The Gilman laboratory adopted the use of a radio-
iodinated B-AR antagonist, which set the stage for studies to
test the proposal (Fiig. 1) by Sutherland and coworkers that AC
also possessed B-AR binding activity (Robison et al., 1967).

One way to examine this proposal was to employ a genetic
approach: using a mutant S49 lymphoma cell that had been
generated from wild-type (WT) S49 cells on the basis of
resistance to killing by the 8-AR agonist isoproterenol, which
because of its absence of AC activity was named cyc or AC™.
The reasoning was that if membranes from cyc™ cells pos-
sessed similar 8-ARs as WT membranes, AC and 8-ARs must
be the products of separate genes and thus separate proteins.
One of us (P.A.I.) worked for several weeks in 1975 (together
with Mike Maguire) in the Gilman laboratory to test this idea,
and we found that membranes from both WT and cyc™ S49
cells did indeed have B-ARs with several similar properties.
The results were published 40 years ago in Molecular
Pharmacology (Insel et al., 1976).

Maguire conducted additional B-AR radioligand binding
studies that yielded an unexpected and important result:
binding of agonists, but not antagonists, to 8-ARs was modu-
lated by the addition of guanine nucleotides (Fig. 2); thus, 8-AR
“agonists and antagonists can be distinguished by means of
binding alone; no assessment of ‘effect’ need be made,” as
(Maguire et al. (1976a) reported in a Short Communication in
Molecular Pharmacology that same year.

Discovery of G Proteins

Use of cyc /AC™ S49 cells proved to be well suited for a
series of studies undertaken by Gilman, Elliott Ross, and their

colleagues. In what are now considered classic experiments,
they reconstituted AC activity in cyc /AC~ S49 cells through
the addition of soluble extracts from WT S49 cells (Ross and
Gilman, 1977). The reconstituted activity was dependent on
both hormones and GTP. Further studies proved the existence
of G proteins and their essential role along with a G protein-
coupled receptor (GPCR) and AC as the three components that
are sufficient for hormone/agonist-stimulated cAMP synthesis
(Ross et al., 1977, 1978; Northup et al., 1980; Ross and Gilman,
1980; Sternweis et al., 1981; May et al., 1985).

These studies built on work conducted in the National
Institute of Health laboratory of Martin (“Marty”) Rodbell,
who first observed an obligatory role of guanine nucleotides in
mediating the activation of AC by the hormone glucagon
bound to its receptor. Rodbell et al. (1971) proposed that a
“discriminator, which appears to be a separate entity from
adenyl [sic] cyclase” mediates this action. Rodbell and Gilman
shared the 1994 Nobel Prize in Physiology or Medicine for
these discoveries.

In their efforts, Gilman and his colleagues used a reduc-
tionist approach: preparing purified plasma membranes then
solubilization, isolation, and purification of the critical com-
ponents required for receptor-stimulated AC activity and the
proof of their roles in this signaling system through in vitro
reconstitution of that activity (Ross and Gilman, 1977, 1980).
Figure 3, taken from one of their studies, illustrates the
capacity of soluble extracts from WT cells to restore hormone-
stimulated AC activity in S49 cyc™ cell membranes, an activity
that is GTP-dependent and can bypass the receptor by the use
of sodium fluoride. This landmark discovery required in-
genuity, perspicacity, creativity, intense effort, and as Gilman
has noted, “good luck” that needs to be recognized, embraced,
and “whatever it takes to extract its full value” (Gilman, 2012).
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Fig. 2. Guanine nucleotide sensitivity of agonist sensitivity to the —AR.
Inhibition of the binding of the antagonist [I'**Jiodohydroxybenzylpindolol
([I'2°]IHYP) by the agonist epinephrine in the absence (M) and presence ()
of the nonhydrolyzable GTP analog Gpp(NH)p. The inhibition of [T*2°|THYP
by epinephrine is multiphasic (high- and low-affinity binding) in comparison
with the antagonist alprenolol. The addition of Gpp(NH)p affects only the
high-affinity binding of epinephrine. (Taken from Maguire et al., 1976a,b.)

An example of these qualities was the demonstration—
through a series of elegant purification and reconstitution
studies spearheaded by postdoctoral fellows in the Gilman
laboratory (John Northup, Emanuel Hanski, and Paul
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Fig. 3. Separation of a nucleotide-sensitive extract containing a heat-
sensitive activator of adenylyl cyclase (AC). In this classic experiment,
extracts from wild-type cells (donor membranes) were added to membrane
fractions from S49 cyc™ cells to restore hormone-stimulated AC activity.
Concentration-dependent increases in AC activity in S49 cyc™ membrane
fractions were observed upon addition of detergent extracts from donor
membranes (wild-type cells) in the presence of GTP with (OJ) or without
agonist isoproterenol (A), or with the addition of sodium fluoride (O). No
such activity was observed using detergent extracts from S49 cyc™ cells.
(Reprinted from Ross and Gilman (1977), with the permission of Dr. Elliott
Ross, University of Texas Southwestern.)
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Sternweis)—that the G, subunit was directly responsible
for the GTP-dependent activation of AC and that its disso-
ciation from the GB, also GTP-dependent, was critical to this
activation (Northup et al., 1980; Hanski et al., 1981; Sternweis
et al., 1981; Katada et al., 1984; May et al., 1985). Among these
studies, Al>" was identified as the counter ion for fluorine,
which together as AIF,~ mimics the y-phosphate of GTP. It was
later determined that GDPeMg®"eAlF,~ bound to G, repre-
sented an approximation of the transition state (Coleman et al.,
1994). It was through the detective work of Paul Sternweis in
the Gilman laboratory that Al>*, at the time a contaminant of
ATP preparations as well as a contaminant of detergents used
to wash laboratory glassware, was discovered to be not only the
culprit but also the companion in arms with the activator
sodium fluoride (Sternweis and Gilman, 1982).

Through a series of in-depth and comprehensive studies,
the Gilman laboratory (in work spearheaded by Gary
Bokoch, Richard Kahn, Toshiaki Katada, and others in
the early 1980s) also described the mechanism of action of
two bacteria-derived toxins, cholera (CT) and pertussis
toxin (PTX), as the ADP ribosylation of G, and G; proteins,
respectively (Schleifer et al., 1982; Bokoch et al., 1983;
Kahn and Gilman, 1984). This work, together with contri-
butions from others, provided a sound understanding of the
pathogenic mechanism for these toxins as well as helped to
fortify understanding of receptor coupling (for PTX) and
GTPase activity (for CT). In addition, their work yielded
useful agents to assess the biologic roles of G; and Gg.

Incidentally, Gz was initially considered “that darn 35 kDa
contaminant,” as Gilman referred to it, because it was not one
of the proteins that could be ADP-ribosylated by CT or PTX,
but usually copurified with G,, depending on the quality of the
preparations (i.e., the integrity of the heterotrimer). Gg from
G, dissociation stimulated by AlFl, ", however, suggested that
they were indeed a functional complex (Sternweis et al., 1981).
Amusingly, although G, forms an obligate heterodimer with
Gg, it was initially missed because it ran off the sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels due its
small size (~8 kDa) and did not stain well. In fact, the three
components of the G protein (heterotrimer) were first identi-
fied in the visual G protein, transducin, by Fung and Stryer in
1980 (Fung et al., 1981), but a consensus on the parallels
between the visual system and hormone regulation of AC were
not agreed upon until contributions from the Bitensky labo-
ratory (Bitensky et al., 1982) and Gilman laboratory (Manning
and Gilman, 1983) compared them directly.

The functional relevance of Gg,, other than being a cofactor
for G,, was not fully realized until work from David Clapham’s
laboratory on an ion channel—later known as G protein inward
rectifying K" channels (GIRK channels), and not directly
related to AC—was shown to be directly activated by Gg,
(Logothetis et al., 1987). This work stimulated a plethora of
studies that suggested the direct interaction with G, and Gg, on
various effector systems, ranging from AC (Tang and Gilman,
1991) to phospholipase C (PLC) (Blank et al., 1992).

Later work by others showed that a purified GPCR (32-AR),
G, protein, and biochemically resolved catalytic AC could
reconstitute hormone-stimulated AC activity (Cerione et al.,
1984). Efforts by numerous investigators—including Gilman’s
laboratory, in part through work together with others, including
Melvin Simon—revealed that heterotrimeric G proteins are
composed of @By subunits and that the G, protein is part of a
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family of GTP-binding proteins, which includes G;,, Goo, Gio
(transducin), and others (Manning and Gilman, 1983; Hurley
et al.,, 1984; Stryer and Bourne, 1986; Simon et al., 1991).
Together, these signaling partners culminate in the mechanism
for hormone-stimulated AC described in Fig. 4A, in which the G
proteins function as timed molecular switches that are acti-
vated by agonist-occupied GPCRs, which promote the exchange
of GTP for GDP bound to G, proteins, thereby enhancing the
ability of the G protein subunits to regulate effector molecules.

Molecular Biology of G Proteins and Adenylyl
Cyclase

The use of biochemical and pharmacologic approaches was
followed by the application of molecular biologic techniques:
after accrual of information from amino acid sequencing of
purified Ga subunits, the synthesis of cDNA probes based on
those sequences and screening of various ¢cDNA libraries
culminated in the molecular cloning of full-length G proteins,
starting with G, (Harris et al., 1985). This effort, largely
through the contributions in the Gilman laboratory of Bruce
Harris and Janet Robishaw in the mid-1980s, led to the
subsequent identification and molecular cloning of other
G, isoforms as well as the Gg-and G,-subunits, in work
conducted by several other laboratories in the field. The
application of site-directed mutagenesis to ascertain the role
of key residues of the proteins identified their functional
domains and provided mechanistic insights regarding the
function of GPCR, heterotrimeric G protein, and effector

molecules (AC and others, including PLC and certain ion
channels).

An unexpected outcome of such efforts was the discovery that
each component was part of a family of structurally related
members, some of which had unknown function. For Ga
proteins, of which there are 23 family members, G,s and G,;
were initially identified as stimulants and inhibitors, respec-
tively, of AC. G, proteins with other actions were subsequently
discovered (e.g., G,q/Gs11, Which activate PLC-B); some G,
proteins initially had unclear functional activities (e.g., Gu1s,
G16)- The focus shifted from G, proteins being the exclusively
mediators of functional effects to the recognition that G, (the
two proteins function as a dimer) has a role in signal trans-
duction, not only by inhibiting the actions of G, proteins
(because the G,g, trimer is inactive); it also can in some
settings promote or oppose G, actions (e.g., to stimulate or
inhibit certain isoforms of AC) or function alone (e.g., to regulate
activity of certain ion channels and phosphoinositide 3-kinase,
or to help “recruit” proteins, such as certain G protein—coupled
receptor kinases, to the plasma membrane).

Through the use of biochemical and molecular biologic
approaches, the Gilman laboratory played a major role in
the initial cloning of a mammalian ACs, which revealed the
unexpected: its deduced structure was akin to that of pre-
viously cloned channels and transporters, with two sets of
6-transmembrane spanning regions and two homologous cyto-
solic domains. The initial cloning of the Ca®*/CaM-sensitive
type I AC in 1989 was largely through the heroic efforts of Jack
Krupinski and others in the Gilman laboratory, together with
the help of Randy Reed’s laboratory (Krupinski et al., 1989).
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Fig. 4. The G protein cycle: G proteins as timed molecular switches. (A) Cartoon of the G protein cycle. 1) Hormone binding to a cell surface GPCR
activates the heterotrimeric G protein by promoting GDP release from the G,-subunit. 2) High intracellular concentrations of GTP allow rapid binding to
the G, subunit, causing in a conformational change in G,, that affects its interaction with Gg,, resulting in its functional dissociation. 3) The dissociated
subunits can now interact with effectors, in this case allowing G, to bind to and activate AC. 4) Hydrolysis of GTP serves as a timing mechanism for
effector regulation because the affinity of the GDP-bound form of G, for the effector is lower. The hydrolysis can be accelerated by the effector itself or by
GTPase accelerating proteins such as Regulators of G protein Signaling (RGS). 5) GDP-bound G,, prefers to rebind Gy, rather than the effector, resulting
in the reformation of the inactive heterotrimer. 6) Formation of a precoupled or preassociated complex between the inactive receptor and inactive
heterotrimer. (B) High-resolution view of the G protein cycle. Complexes in A were replaced with models based on X-ray crystallographic data. Renderings
for each step in the cycle were generated based on the following PDB files: 1) B5-AReG,z, (PDB: 3SN6), 2) Gg, (model based on PDB:1TGB) and
Gos*GTPYS (PDB: 1AZT), 3) G,s*GTPySeAC (PDB:1AZS), 4) G,s*GDP ¢AC (modeled on PDB:1AZS) and G,i;*GDPeAIF,eRGS4 (1AGR), and 5) Gaig,

(PDB: 1GP2) and B.-AR (2RH1).
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Shortly thereafter, the Reed and Gilman laboratories isolated
the ¢cDNA for a new isoform, a Ca®"/CaM-insensitive type II
AC (Feinstein et al., 1991).

The isolation of these cDNAs facilitated the biochemical
characterization of these enzyme systems. Wei-Jen Tang and
Ron Taussig in the Gilman laboratory used recombinant ex-
pression systems to express, purify, and characterize various
AC isoforms and to reveal their complex and diverse regulation
(Tang and Gilman, 1991; Taussig et al., 1993a,b). Work by the
Gilman laboratory and others revealed the existence of seven
more membrane-bound, G protein—regulated ACs (yet another
example of the multiplicity among key signaling molecules);
these AC isoforms also revealed large diversity in the way they
are regulated (Sunahara et al., 1996).

Regulators of G Protein Signaling (RGS
Molecules)

A major subsequent discovery made by several groups and
related to heterotrimeric G protein signaling was that a family
of proteins, termed the regulators of G protein signaling (RGS),
modulate the activity of the proteins. Gilman and his colleagues
advanced our understanding of RGS proteins by demonstrating
their capacity to serve as GTPase-activating proteins (GAPs)
for certain G, subunits. This discovery revealed key functional
similarities between low-molecular-weight (~20 kDa) G pro-
teins (such as Ras, Rho, and Rac) and G, subunits (~40-50 kDa)
proteins in terms of GTP hydrolysis. Heterotrimeric G proteins
use GPCRs as GTP exchange factors (GEFs) to catalyze the
release of prebound GDP and the binding of GTP. Owing to the
high intracellular GTP concentration, the rapid GTP binding
event activates the G protein. Agonist occupancy of GPCRs
promotes this GEF function for G, protein activation. Low-
molecular-weight G proteins (ras-like), on the other hand, use
cytosolic proteins as GEFs. To terminate signaling through
hydrolysis of GTP to GDP, ras-like G proteins have separate
GAPs whereas heterotrimeric G proteins can use RGS proteins
to help foster GTP hydrolysis. In an interesting integration
between ras-like and heterotrimeric G proteins are certain
members of the RhoGEF family (P115, PDZ-RhoGEF, LARG,
p63RhoGEF, and Trio). The Gilman and Sternweis laboratories
determined that these multidomain proteins contain both an
RGS domain that interacts and GAPs the G913 isoforms and a
GEF motif that facilitates exchange on the rhoA family of low-
molecular-weight G proteins (Hart et al., 1998; Kozasa et al.,
1998).

Structural Biology of G Proteins

Through a strong and lasting collaboration with Stephen
Sprang’s laboratory, the Gilman laboratory brought to-
gether biochemistry and molecular biology to investigate
the structural biology of the G protein signaling pathway.
These efforts in the mid-1990s, along with independent
contributions by Paul Sigler’s and Heidi Hamm’s laborato-
ries, replaced many of the characters illustrated in Fig. 4A
with high-resolution structures (Fig. 4B). Through a series
of seminal studies by the Sprang and Gilman laboratories,
largely through the heroic efforts of a young graduate student,
Ethan Lee, and postdoctoral fellow in the Sprang laboratory,
David Coleman, each of these species was isolated and trapped,

G Protein Signaling Then and Now: A Tribute to Al Gilman

589

their X-ray crystal structures were determined, and their
mechanisms of actions were elucidated. Gilman’s early studies
identifying the y-phosphate of GTP as critical for the functional
dissociation of the Gg, subunits as well as for enhancing the
capacity of G, subunits to regulate AC activity proved to be
critical for the structural studies. Indeed, the structures reveal
that the y-phosphate of GTP helps to stabilize three regions,
termed switch regions (swl, swll, and swlIl), one of which,
swll, interacts directly with Gg but also with the effectors such
as AC (Fig. 5) (Coleman et al., 1994; Mixon et al., 1995). GTP
appears to stabilize an unfavorable swll conformation for
binding Gg, but it also is well suited to bind and activate AC
(Fig. 5, B and C). In contrast, the GDP-bound form has much
higher affinity for Gg, but only modestly lower affinity for AC
(10-fold), suggesting that the signal-terminating role of GTP
hydrolysis enhances the interaction with Gg, rather than
lowering the affinity for the effector (Sunahara et al., 1997).

Hydrolysis of GTP

The structures also reveal that swll and swl contain
residues critical in supporting the hydrolysis of GTP to
GDPePi. To approximate the transition state, G,; was crys-
tallized bound to GDPeAlF,, in which AlF,  mimics the
leaving y-phosphate (Fig. 6A) (Coleman et al., 1994). In the
structure, an attacking water molecule was identified as well
as the residues responsible for coordinating the water (e.g.,
GIn204 in G,i1, GIn227 in G,s, or GIn209 in G,4) and residues
previously identified by mutagenesis to be critical for hydrolysis
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Fig. 5. Structure of the G protein heterotrimer. (A) The GDP-bound G,
subunit (yellow) bound to Gg; (blue) and G, (magenta) through the switch
II (swIl) and the G,-amino terminus. G, is composed of the ras homology
domain (RHD), named for its structural similarity to the ras family of
small-molecular-weight G proteins, and the a-helical domain (AHD). (B)
Activation of the G, through GTP-binding restructures the swll region
decreasing its affinity for Gg, but increasing its affinity for the effector (C),
in this G4,*GTPvyS bound to AC.
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of GTP. Indeed, several somatic mutations of GIn227 (to leucine)
in G, as well as similar GIn substitutions in G, (GIn205Leu)
have been found in several human tumors (O’Hayre et al.,
2013). The interaction of RGS molecules with G,-subunits (all
isoforms except G, likewise helps to orient swIl (and swl)
in a more optimal manner and position the attacking water
molecule (Fig. 6) (Tesmer et al., 1997a).

The other catalytic residue accelerating the GTPase activity
is an arginine (Arg201 in G,s, Argl78 in G, or Argl93 in
Gyq), located in the a-helical domain (AHD in Fig. 5, A and B).
As with GIn227 in G, substitution of Arg201 (to His or Cys)
severely impairs GTPase activity and, of note, has appeared in
several tumors (O’'Hayre et al., 2013). Interestingly, the
catalytic arginine in Gy (Arg201) and G; (Argl74) are the
substrates for ADP ribosylation by CT (Angus et al., 1986),
suggesting that modification of the arginine side chain
impairs its capacity to support GTP hydrolysis.

Adenylyl Cyclase

Although the structural analysis of full length-AC with its
12 transmembrane domains had remained elusive, Wei-Jen
Tang, Richard Wisnant, Carmen Dessauer, and one of us
(R.K.S.) were able to isolate the highly conserved cytoplasmic
domains and demonstrate full catalytic activity in response to
G,s and the diterpene forskolin. In collaboration with John
Tesmer (Sprang laboratory), we were able to purify a complex

KN

Fig. 6. Hydrolysis of GTP by G,. (A) Transition state of the G, based on
the G,;1*GDPeAlF, structure superimposed onto the structure of
G,i1*GTP. The highly conserved GIn204 in the swll region coordinates
an attacking water molecule, leading to the nucleophilic attack of the
y-phosphate of GTP (PDB: 1GFI). (B) Switch II can also be further
stabilized to promote better geometry for the GIn204 through an in-
teraction with RGS4, a GTPase accelerating protein (PDB: 1AGR). (C)
Hydrolysis results in the subtle relaxation of the swll region (PDB: 1GIT).
(D) Pi release results in the complete disordering of swll (PDB: 1GDD).

and eventually delineate the crystal structure of the catalytic
core of AC bound to G,;*GTPyS and forskolin.

Asillustrated in Fig. 7 the catalytic core of AC is composed of
the first cytoplasmic loop (C1, mauve) and the closely
sequence-related second cytoplasmic loop (C2, cyan), arranged
with 2-fold pseudo-symmetry (Tesmer et al., 1997b). The
location of the forskolin-binding site came as a surprise: first,
because the relatively hydrophobic polycyclic compound was
thought to bind to the transmembrane domain; second,
because it bound the pseudo-symmetrically related site to
the ATP or catalytic site (Fig. 7B). Both activators (G,
forskolin) and substrate ATP make contacts with the C1 and
C2 domains, suggesting that AC activation involves stabiliza-
tion of the C1leC2 dimer and formation of the active site.
Although the stimulatory G, (yellow) engages both domains,
its binding site is proximal to forskolin such that the pseudo-
symmetry of the catalytic core would allow the binding of the
inhibitory G protein G,; (Fig. 7A, modeled in transparent
orange) (Dessauer et al., 1998).

Crystal soaks with adenosine phosphate analogs, 2'-deoxy
3'-AMP (with pyrophosphate, PP;, Fig. 8C) and 2',5’ dideoxy-
3'-ATP (Fig. 8D), provided suitable models for the product
cAMPe PP; and substrate ATP, respectively (Tesmer et al.,
1999, 2000). Remarkably, two divalent cations (Mg?*) were
found to be bound between the 2',5" dideoxy-3'-ATP and two
highly conserved aspartate residues in the C1 domain (Fig.
8C). This geometry and organization of the active site are
reminiscent of that found in DNA and RNA polymerases.
Thus, like nucleotide polymerases, one of these Mg®" ions is
catalytic and aids in the deprotonation of the 3'-OH™ on the
ribose ring so that it may attack the a-phosphate of ATP. In
AC the a-phosphate is on the same ATP molecule and yields

Fig. 7. Structure of G.s-bound AC. (A) The structure of G,*GTPyS
(yellow) bound to the C1 (mauve) and C2 (cyan) domains of the catalytic
core of AC. Also illustrated is a model of the G,;-bound form (B) Forskolin
and ATP bind to the interface of the pseudo-symmetrically arranged C1
and C2 domains. (C) Structure of G,s*GTPySeAC with 2',5'-dideoxy-
3’ATPeMg?*, as a mimic of substrate ATP (PDB: 1CJU). Note the two
bound Mg?* ions important for catalysis. (D) Model of structure of
G,s*GTPySeAC bound to products pyrophosphate (PPi) and cAMP. Cyclic
AMP was modeled based on the structure of 2'-deoxy-3' AMPe PP; (PDB:
1CS4).
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Fig. 8. Structure of the G,,5,982-AR complex. Structure
of the nucleotide-free Gz, bound to agonist (Bi 1670107)
in a complex with B2-AR (PDB: 3SNG6). Structure of the
GDP-bound heterotrimer of G; (left, PDB: 1GP2) compared

Bottom View

cAMP and the leaving group pyrophosphate, whereas in
polymerases the deprotonated 3’-O~ on the ribose attacks
the a-phosphate of an incoming nucleotide to yield single
stranded DNA or RNA and the leaving group pyrophosphate
(PP;). Indeed, the structure and chemistry of cAMP formation
served as good templates for the guanylyl cyclases and soluble
ACs, as was later demonstrated by X-ray crystallography
(Steegborn et al., 2005; Winger et al., 2008).

Although Al Gilman himself was keenly interested in the
contributions of the transmembrane domains, delineation of
the structure and mechanism by which AC catalyzed the
conversion of ATP into cAMP was one of his longtime dreams.
That being said, he felt a great degree of satisfaction in being
able to replace hypothesized components in Fig. 1 (by Suther-
land) with a more complex signaling pathway (Fig. 4A), and
then replacing these cartoons with high-resolution atomic
representations (Fig. 4B). The only remaining structure, just
out of his reach, was the hormone-bound GPCR in complex
with the G protein. One of our laboratories (R.K.S.) and that of
Brian Kobilka succeeded in filling this missing link (Fig. 8).
The structure of the nucleotide-free Gy, heterotrimer bound
to the B2-AR reveals not only the interaction site of G4 and
B2-AR but dramatic conformational change in G,,. These data
have helped generate models for receptor-mediated G protein
activation (Rasmussen et al., 2011).

Understanding of the molecular basis of drug action has ad-
vanced dramatically since Al Gilman’s entry into pharmacology—
as a graduate student, at approximately the time (1965)
Molecular Pharmacology was launched (Brown et al., 2015).
His use of reductionist approaches to study mechanisms in-
spired many who followed him (including the authors of this
article). In addition, his mentorship of trainees in these efforts
helped many launch independent careers and become scientific
leaders in their own right.

The immense scientific contributions of Al Gilman in trans-
forming the original 1957 Sutherland model and concept of
receptor-AC (Fig. 9) into an atomic resolution description is
remarkable (Fiig. 9, inset). The importance of GPCR signaling in
physiology and medicine is undisputable, and Al Gilman’s
shaping of the field is incontrovertible. In addition to train-
ing many outstanding scientists who have become leaders,
predominantly in the G protein area, his influence in the
molecular pharmacology of signaling is particularly outstand-
ing. Of note, though, in his later efforts Gilman sought to place

with the nucleotide-free form of Gs heterotrimer (far right
panel, receptor excluded) reveals the conformational
flexibility of the G, subunit. Loss of GDP results in a
large, rigid body translation (indicated by the blue arrow)
of the a-helical domain (AHD) away from the ras homology
domain (RHD) (right four panels).

signal transduction components and their mechanisms of
action into a cellular, tissue, and disease context, as reflected
in his creation and leadership of the Alliance for Cellular
Signaling and his subsequent scientific leadership of the Cancer
Prevention and Research Institute of Texas.

In one sense Gilman’s passing represents the end of an era,
one characterized by fundamental discoveries that addressed
major questions regarding drug and hormone action. The
application of new techniques played a major part in this
progress. However, we believe important questions remain,
and new techniques will likely be needed to address them.

Sadly, what has ended is the guidance that Gilman has given
to us and others: he led by example, using rigorous thinking,
creativity, hard work, and humor to discover, inspire, and motivate.
Al Gilman may have been born with an academic/scientific
silver spoon (Gilman, 2012), but he used it to ingest, digest, and

THE SECOND MESSENGER SYSTEM INVOLVING ADENYL CYCLASE

ENDOCRINE GLAND
+ STIM.

(ISt MESSENGER)

y
INACTIVATED
HORMONE

Fig. 9. Hormone regulation adenylyl cyclase activity then and now. When
Al Gilman entered the field, the state of the art representation of hormone
regulation of cAMP production suggested a single-membrane protein AC
also regulated hormone binding. (Inset) Current model of the receptoreG
proteineAC complex generated from crystallography and modeling stud-
ies, based largely on Al Gilman’s contributions. Illustrated is G, (yellow)
activating AC (green and cyan) while still bound to the B2-AR (blue metal).
The membrane-bound for of AC was modeled after the structures of
G,s*AC(C1C2) whereas the transmembrane domains were modeled after
the structure of glucose transporter (PDB: 4PYP).
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reshape the scientific world that he entered. We and molecular
pharmacology are better for his discoveries but perhaps even
more for the mentorship, friendship, vision, and values that he
lived by—all of which continue to inspire us and the many
others with whom he interacted.
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