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Mechanisms of guanosine triphosphate (GTP) hydrolysis by members of the G protein «
subunit-p21=° superfamily of guanosine triphosphatases have been studied extensively
but have not been well understood. High-resolution x-ray structures of the GTPyS and
GDP-AIF,~ complexes formed by the G protein G, , demonstrate specific roles in tran-
sition-state stabilization for two highly conserved residues. Glutaming?°®* (GIn®? in p21ras)
stabilizes and orients the hydrolytic water in the trigonal-bipyramidal transition state.
Arginine 178 stabilizes the negative charge at the equatorial oxygen atoms of the pen-
tacoordinate phosphate intermediate. Conserved only in the G, family, this residue may
account for the higher hydrolytic rate of G proteins relative to those of the p21ras family
members. The fold of G, , differs from that of the homologous ‘G, subunit in the con-
formation of a helix-loop sequence located in the a-helical domain that is characteristic
of these proteins; this site may participate in effector binding. The amino-terminal 33

residues are disordered in GTPyS-G,

i1

suggesting a mechanism that may promote

release of the By subunit complex when the a subunit is activated by GTP.

G proteins, which act as transducers and
timers in transmembrane signaling systems,
adopt a remarkable signaling strategy in
which a metastable GTP-bound conforma-
tional state of the o subunit is exploited as an
information carrier (1-3). Signaling is termi-
nated when GTP is hydrolyzed to guanosine
diphosphate (GDP) by the G protein a sub-
unit, and it is thus crucial to stall catalysis at
the threshold of the transition state to pro-
duce a molecular species that specifically rec-
ognizes downstream effectors. To address the
mechanism of this intriguing and fundamen-
tal phenomenon, we have determined three-
dimensional structures of active forms of the o
subunit of G;; by x-ray crystallography. The
structures presented include those of the ac-
tive forms of G,,; containing the bound non-
hydrolyzable GTP analog, guanosine 5'-O-3-
thiotriphosphate (GTPyS) (to 2.0 A resolu-
tion), the active GDP-AlF,-bound complex
(to 2.2 A resolution), and two mutants with
severely impaired guanosine triphosphatase
(GTPase) activity—Arg'®*—Cys G,,, and
GIn**—Leu G, (both to 2.3 A resolution).

The 40.3-kD a subunit of G, is ex-
pressed widely but is particularly abundant
in the brain (4). The native protein, which
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is bound at the cytoplasmic surface of the
plasma membrane, is both myristoylated
and ‘palmitoylated at its amino terminus
(5); myristate forms an amide linkage with
the amino-terminal glycine residue, while
palmitateis in thioester linkage with the
adjacent cysteine. In association with a
high-affinity dimer of G protein B and +y
subunits, the G;; heterotrimer can interact
with o,-adrenergic and M,-muscarinic cho-
linergic receptors,-among many others (3).
Dissociation of GDP from G, is slow (0.03
min~!) (6), and it is almost undetectable
from the heterotrimeric protein complex.
Activation of the G protein, which requires
exchange of GDP for GTP, is thus depen-
dent on its interaction with cytoplasmic
segments of a ligand-activated, heptahelical
receptor. This interaction is presumed to
promote a transient “open” conformation
of the a subunit from which GDP can
dissociate and to which high cytosolic con-
centrations of GTP can bind. Mg?™ is very
tightly associated with GTP and G,, in this
complex (nanomolar affinity) and is re-
quired for activation of the a subunit and
for subsequent hydrolytic activity (7).
Mg?*- and GTP-induced conformational
changes result in dissociation of G, from
both the receptor and the By dimer, and
both GTP-G, and By are thereby freed to
interact with and regulate downstream ef-
fectors (8). The best characterized effectors
that are regulated by members of the G,
subfamily are distinct isoforms of adenylyl
cyclase. Types V and VI adenylyl cyclase
are particularly susceptible to inhibition by

Gio1 (9). Slow hydrolysis of GTP (k
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to 4 min~! at 20°C) (6) returns G, to
the GDP-bound species, which dissociates
from effectors and associates again with
By.

G,, subunits are poor catalysts, yet many
of them exhibit rates of hydrolysis of GTP
that are 100 or more times faster than the
basal rates of hydrolysis catalyzed by their
p21™ homologs. The GTPase activities of
many p21™-like proteins and of certain G
protein o subunits (but perhaps not G,,;)
can be stimulated by GTPase-activating
proteins (GAPs) to rates of approximately
100 min~! (10). By analogy with EF-Tu
and p21™ (11), hydrolysis of GTP by G,
subunits probably occurs by an S,2 in-line
attack of a water molecule on the y phos-
phate of the nucleotide. However, the
mechanism by which these enzymes cata-
lyze GTP hydrolysis has been elusive de-
spite a wealth of crystallographic and mu-
tagenic data. Much attention has been fo-
cused on a catalytic-site Gln residue (GIn®!
in p21%; GIn*** in G,,,), which is present
in most GTPases (with a notable exception
of EF-Tu, which contains His at this site)
and an Arg residue (Arg!”® in G,,;; Arg!™
in G,,), which occurs in all members of the
heterotrimeric G, family. Mutations at ei-
ther of these sites largely abolish hydrolytic
activity and thus stabilize the active, GTP-
bouind state (12). These mutations are of
particular interest because GIn®! mutations
in p21™ are a common cause of cellular
transformation (13), and mutations at ei-
ther of these sites in G, and G, are asso-
ciated with human endocrine tumors, par-
ticularly of the pituitary (14).

In p217, GIn®! has been postulated ei-
ther to polarize (15) or orient (16) the
hydrolytic water for attack on the y phos-
phate or, alternatively, to stabilize the pen-
tacoordinate transition state (17). Howev-
er, these hypotheses are based on results
obtained from crystallographic views of pro-
tein complexes with nonhydrolyzable ana-
logs of GTP, mutagenesis of the protein, or
molecular dynamics simulations, and tran-
sition-state complexes have not been ob-
served. The three-dimensional structure of
GTPyS-G,, reveals that Arg'™ is hydro-
gen- -bonded to the sulfur atom of the oY
thiophosphate moiety, the bridging oxygen
between the B and vy phosphates, and a
nonbridging oxygen on the a phosphate
(18). Such stabilization of the ground state
does not offer obvious insight into the bio-
chemical characteristics of proteins with
mutations at this Arg residue; these proteins
appear to bind guanine nucleotides normal-
ly despite their inability to hydrolyze GTP.
Cholera toxin catalyzes the adenosine
diphosphate (ADP)-ribosylation of the cor-
responding Arg residue in G, (Arg?®!) and
G, (Arg'™) (19), which also results in
abolition of hydrolytic activity (20).
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Table 1. X-ray data collection. Crystals of G, were grown and prepared for
x-ray data collection as described (24, 25). Data sets for crystals of the native
protein and the uranyl derivatives were collected at the F1 beamline at the
Comell High Energy Synchrotron Source (CHESS). The data set for
GIn%4—Leu G, was collected at the CHESS F2 beamline. Both beamlines
were equipped with Fuji imaging plate detector systems. The Arg'"®8—Cys
G,,; and native GDP-AIF,~-G,_, data sets were collected with an R axis-II
imaging plate system with an RU300 x-ray generator. The selenomethionyl
GTPyS-G,,, multiwavelength anomalous dispersion (MAD) data were collect-

ed from two crystals using the inverse beam method at the Howard Hughes
Medical Institute X4a beamline at the National Synchrotron Light Source
(NSLS) equipped with a Fujiimaging plate system. Wavelengths were calibrat-
ed with EXAFS scans of selenomethionyl GTPyS-G,, protein crystals and
selenium foil standards. All data were integrated and scaled by means of the
DENZO/SCALEPACK (46) package. Only full reflections were used for the Fuii
image plate-data. The selenomethionyl GTPyS-G,,; MAD data were also
processed by the scaling procedure of the MADSYS (47) MAD data process-
ing package.

A

Total

Completeness

Resolution

Data set Beam A T obs. Redundancy %) ) R.* (l/a)
Native GTPyS CHESS F1 0.910 7°C 58,811 2.3 92.7 20-2.0 0.058 12.1
Arg'78—Cys R axis—I 1.542 100 K¥ 40,514 2.5 93.7 15-2.3 0.049 13.6
GIn2%4—Leu CHESS F2 1.079 100 Kt 58,697 3.3 97.2 15-2.3 0.041 20.2
Native GDP-AIF,~ R axis-I 1.542 100 Kt 96,580 4.9 97.8 15-2.2 0.053 15.3
KaUO4F, CHESS F1 0.910 7°C 42,928 21 971 20-2.2 0.078 6.4
UO,(NO,), CHESS F1 0.910 7°C 21,968 1.9 78.8 20-2.5 0.050 16.5
Selenomethionyl NSLS 0.9879 108 K¥ 40,331 3.2 86.1 20-2.5 0.046 22.2

GTPyS MAD data (X4A) 0:9802 37,644 3.0 84.0 20-2.5 0.057 19.7
0.9800 34,821 2.9 82.4 2025 0.061 18.6
0.9705 35,155 2.9 82.0 20-2.5 0.056 18.5

ER

" s(Iy

, all values from SCALEPACK.

The architecture of G,;, presented be-
low, is similar to that of the closely related
a subunit of G, (18). Nevertheless G,,; and
G,, are activated by different receptors, in-
teract preferentially with different species of
By, and regulate different effectors. Com-
parison of the structures of the two mole-
cules and ultimately their complexes with
their molecular partners should reveal the
structural elements that have diverged to
enable these two proteins to engage in dis-
tinct sets of regulatory interactions. Of the
structures that we present, perhaps the most
surprising and illuminating is that of G,
complexed with GDP and AIF,”. The
AlF,” is an activator of GDP-bound G
protein o subunits because, as has been
suggested, of the anion’s capacity to substi-
tute for and mimic the y-phosphate of GTP
(21). In fact, the x-ray structure reveals
GDP-AIF,” to be a transition state analog.

Structure determination. The structure
of G,,; was ultimately determined by mo-
lecular replacement with the coordinates
for the GTPyS-G,, complex as a search
model (18). Prior to this, two isomorphous
uranyl derivatives of GTPyS-G,,; had been

Table 2. Refinement statistics.

FMolecular Structure Corporation Cooling System.

identified, and a complete multiwavelength
anomalous data set had been measured from
crystals of selenomethionyl GTPyS-G,,, to
be used for multiwavelength anomalous dis-
persion (MAD) phasing (22). Although
these data were not used to develop the
initial model, they provided independent
phase information, which proved useful in
the structural analysis.

Nonacylated, full-length G,,; and the
Arg!”—Cys and GIn?°*—Leu mutants
of G,,; were synthesized in Escherichia coli
and purified (23). The yield of purified
protein was approximately 40 mg per liter
of bacterial culture. Crystallization of
wild-type and mutant GTPyS-G, ; com-
plexes has also been described (24). Crys-
tals of GDP-AIF,”-G,,; and selenome-
thionyl GTPyS-G, ; were obtained under
similar conditions (25). Two uranyl de-
rivatives were prepared from native crys-
tals; both share a single, common site.
X-ray data were measured and processed
as described (Table 1). Complete data sets
for the selenomethionyl derivative were
measured to a resolution limit of 2.5 A at
four wavelengths: one above and one

+Oxford Cryostream cooling system.

below the selenium 12.6540 keV K ab-
sorption edge and the other two corre-
sponding to the energy maxima for the
real and imaginary components of anom-
alous scattering.

The structure of GTPyS-G,,;, deter-
mined by molecular replacement (26), is
now refined to a crystallographic R factor of
0.175 at a limiting resolution of 2.0 A (Ta-
ble 2). A volume of the electron density
map computed with phases from the refined
model is shown in Fig. 1A. As a guard
against model bias, an electron density map
was also computed with phase information
derived from the single isomorphous uranyl
derivative and from selenium anomalous
scattering. Positions of the methionine sul-
fur atoms from the refined model were used
to compute the anomalous phase contribu-
tion (Table 3). The resulting electron den-
sity map (Fig. 1B) corresponds well with the
refined model.

The asymmetric unit contains one sub-
unit of G,;. The refined model comprises
residues 34 to 343 (of 353 residues present
in the molecule; the amino-terminal Met

is cleaved), the bound Mg?*-GTPyS

Deviation from rms deviation of Ca’s

Data set Res?iution Reflections* R factort R free} Atoms Waters ideality (rms) versus native
0, 0, -
A ) (%) (%) (N) ™) Bonds  Angles GTPYS Gy,
A ()
Native GTPyS 8-2.0 22,440 17.5 22.8 2650 126 0.010 1.381 —
Arg'”®—Cys GTPyS 8-2.3 14,535 21.7 28.0 2573 77 0.011 1.501 0.506
GIn?%*—Leu GTPyS 8-2.3 14,544 23.0 31.0 2561 52 0.013 1.588 0.502
Native GDP-AIF,~ 8-2.2 17,407 22.2 28.2 2594 93 0.012 1.505 0.672

*F/o > 1.0 reflections used for refinement after random removal of 10 percent of reflections for use in R free calculation (47).
the observed and calculated structure factor amplitudes of the reflections used for refinement.

to monitor the reliability of the refinement.
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R factor = 3 |F, — F,|/3F, where F_ and F_ are

1R free = R factor for the set of reflections removed prior to refinement and used



complex, and 126 ordered solvent mole-
cules. More than 95 percent of the non-
glycine residues exhibit ® and Y torsion
angles within the “most favorable” re-
gions of the Ramachandran plot (27).
None adopt disallowed conformations.

Crystals of GIn?***—Leu GTPyS-G,,
and Arg!”®—Cys GTPyS-G,,, and that of
the GDP-AIF,~-G,,, complex are isomor-
phous with the wild-type crystals. X-ray
data for the Arg'”®—Cys and GIn?**—Leu
mutants and the GDP-AIF,~ complex were
measured and processed (Table 1). Struc-
tural changes were examined in difference
Fourier maps. Modified GTPyS-G,,; struc-
tures were used as starting models subjected
to crystallographic refinement (26) (Table
2).

Molecular architecture; recognition of
effectors and By subunits. G, is con-
structed from two domains: a p21™-like o8
domain flanked by an a helical (helical)
module that is common to G, subunits. The
fold of the molecule is identical to that of
G,, (Fig- 2, A and B) (18); the two mole-
cules can be superimposed with a root mean
square deviation (rms) of 1.2 A at Ca po-
sitions. This rather large deviation, given
the 68 percent sequence identity between
the two molecules, can be attributed to
both local and global differences between
the structures. The most noteworthy of
these is apparent in the conformation of
residues 108-120, which correspond to the
terminus of helix B and the connecting
loop to the following helix C (Fig. 2B).
[Secondary structural elements are named
according to the convention developed for
p21™ and extended by Noel et al. (18).]
The aB helix terminates at residue 109 in
G, (residue 113 in G,,), but in G, it is
slightly kinked by a 3,, turn and then con-
tinues for an additional turn of a helix to
residue 116. This structural difference
might be attributed to the replacement of a
pair of residues in close van der Waals
contact—Met!% and Met!'? in G, —with
Leu''® and Leu'?® in G,;. The reduction in
packing volume apparently allows helix B
to continue for an additional four residues
and results in a more compact interface
between the B and C helixes.

Experiments with chimeras of human
and Xenopus G, suggest that stimulation
of adenylyl cyclase activity by these pro-
teins might require residues in a segment
corresponding to G, (short form) 70—
140 (28). The human and Xenopus se-
quences, which are 92 percent identical,
differ by six residues within the sequence
118-128, which corresponds almost ex-
actly to the region in G,; (110-120) that
exhibits the largest structural deviation
from G,,. This is also a region of general
sequence divergence among G, subunits.
On this basis we think that the helical
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Fig. 1. Electron density maps drawn with the Program O (40) in the vicinity of the GTPyS binding site in

Gi,q- (A) The 2F_ — F_ map contoured at 2a, computed with 8 to 2.0 A data with phases from the refined
atomic model. (B) F, map contoured at 1o, computed with single isomorphous replacement and MAD
phases. Carbon and phosphorous atoms are colored yellow; nitrogens, blue; oxygens, red; and sulfur

atoms green.

domain, and in particular the helix B-he-
lix C region, may be an effector binding
site, even though this portion of the mol-
ecule is spatially distant from other
known regions of G, effector contact.
Preliminary crystallographic analysis of
crystals of G,; grown in the presence of
GDP (24) indicates that substantial struc-
tural changes occur in the helix B-helix
C segment upon GTP hydrolysis (29).
Comparison of G, and G,,, suggests
that the helical and p217-like domains
behave to a first approximation as rigid
units connected by two flexible tethers,
one of which (linker 2, residues 177-183)
forms part of the nucleotide binding site.
The helical and p21™*-like domains of
G, and G, when superimposed inde-
pendently, correspond more closely than
do the entire proteins (Fig. 2B). The same
analysis shows that, on superimposing the
helical domains of G,,; and G, the
p217-like domain of G,_; must be rotated

il

3.5° toward the helical domain to bring it
into correspondence with the p217s-like
domain of G,,. Since the axis of this
pseudo-rotation is close to the GTP bind-
ing site in the center of the molecule, the
substrate binding pockets of the two a
subunits are almost identical. The more
open conformation of the G, subunit
relative to G, may reflect its complemen-
tarity to a different effector (in that bind-
ing sites for effectors might reside on both
the p21™s-like and helical domains) or
simply the variation expected for rigid
domains connected by flexible hinges.
Although the G,,; protein present in
the crystals is intact, no electron density is
observed for either the amino-terminal 32
residues or the carboxyl-terminal 11 resi-
dues. It is unlikely that there is bias from
the search model of G, (where the amino
terminus is proteolytically cleaved), since
density is also absent from maps computed
with combined single isomorphous replace-

Table 3. Phasing statistics. Heavy atom sites were refined in MLPHARE (48) as implemented in CCP4
(49). In this procedure the diffraction data from the selenomethionyl GTPyS-G,, crystal collected at
different wavelengths were treated as separate derivatives. Wavelength 3 (0.9800 A) was used as the
native data set, explaining the absence of phasing power and centric and acentric Cullis R factors for this
set. By combining the phase information from both the uranyl derivatives and the MAD experiment, an
overall figure of merit of 0.60 for all data between 15.0 and 2.8 Awas obtained. The correlation coefficient
for the map calculated using these phases with that of the final [2F ) — F_ electron density map] was 0.476.

Phasing power Cullis R factor

Derivative Occ.* AF/Ft
Acent. Cent. Acent. Cent. Anom.
UO,(NOg), 1.0 0.6 0.75 0.82 — 0.56 0.179
K,UO,F, 0.8 0.5 0.80 0.86 1.00 0.44 0.185 (0.072)
Se A, = 0.9879 0.7 0.7 0.88 0.70 1.00 — 0.052 (0.048)
Se A, = 0.9802 0.2 0.2 0.99 0.96 1.00 — 0.043 (0.072)
Se A, = 0.9800 — — — — 0.60 — —(0.087)
Sea, = 0.9705 0.7 0.7 0.88 0.70 0.70 — 0.058 (0.073)

*The two uranyl derivatives both contained one common site at x = 0.756, y = 0.316,z = 0.055, B = 26 A2, which was
determined by inspection of difference Patterson maps. The initial positions of the selenium atoms were taken from the
final refined model of GTPyS-G,_,. tAFJF = 3|F,. — FuellEFnao the values given in parentheses refer to the
anomalous component of the scattering factor and is defined as AF/F = =[F* — F~|/zF.
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Fig. 2. (A) Ribbon and A
coil schematic of G, Helical Domain

subunit. The helical do- 5
main is colored yellow,
and the p21s-like do-
main 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 ma-
genta sphere. Secondary
structure elements are la-
beled. The red N and C
mark the positions of the
first ordered residues at

the amino and carboxy termini of the molecule. The image was computed with
the program MOLSCRIPT (42) and rendered with RASTERSD (43). (B) A super-
position of G, (cyan) with G,,, (red) using the C_ atoms of residues 62-107 (G
numbering) and 120-182 of the helical domain and linker 2 peptide. The rms

ment and MAD phases, which contain no
model information. The observed disorder
of the amino and carboxyl termini may be
functionally significant. A wide variety of
experimental evidence indicates that the
amino terminus participates in By binding,
whereas the carboxyl terminus participates
in receptor recognition (30). Disorder in
these regions may account for the weak
affinity of the GTP-bound form of the «
subunit for both the By subunit complex
and the intracellular domains of heptaheli-
cal receptors. Hydrolysis of GTP may in-
duce the amino terminus to adopt an or-
dered conformation, allowing it to form part
of the By binding surface.

Guanine nucleotide binding. The nucle-
otide is buried in the cleft between the
helical and the p217s-like domains of the
G, subunit, although all of the direct con-
tacts are formed with either the domain
linker peptide 2 or the p21™-like domain
itself (Fig. 3). Therefore, all of the nucle-
otide binding elements have structural ho-
mologs in p21™ and EF-Tu. The a and
phosphates of GTPyS are firmly tethered to
residues in the Bl-al loop (residues 45-
48), whereas the <y thiophosphate group
forms hydrogen bonds to residues in the
B3-a2 connector (residues 201-203) and
the linker 2 peptide. These segments also
contribute to the octahedral coordination
sphere of the magnesium ion, similar to that
seen in p21™, with the B and vy phosphates
providing two oxygen ligands; the remain-
ing oxygen atoms are donated by the side
chains of Ser*” and Thr'®! and by two water
molecules. Asp?® (not shown in Fig. 3A) is
likewise conserved in the second coordina-
tion sphere. The structure of the GDP-G,,
complex (31) shows that the linker 2
(switch I) and B3-a2 (switch II) segments
that bind the vy phosphate and Mg?* are
perturbed on hydrolysis of GTP, but that
the Bl-al loop, which interacts with the

1408

(3]

a and B phosphates, remains undisturbed.

Both p21™ and G protein a subunits
bind GTP with nanomolar affinity. Al-
though the helical domain of G, shields
the nucleotide from solvent, it does not
appear to contribute any additional bind-
ing energy to the GTP complex. Two
pairs of ionically bonded residues,
Asp'%Lys?® and Arg!"8Glu®, arch over
the interdomain cavity and trap the nu-
cleotide within (Fig. 3B). Although most
of the protein-nucleotide interactions are
directly analogous to those observed in
p21™ (15, 32), the two proteins adopt
somewhat different mechanisms for sup-
porting the purine ring of the guanine

deviation of the atoms used in this superposition is 0.77 A Superposition of
residues 33-54 and 183-343 of the p21=s domain yields an rms deviation of 0.63
A. The insert (eft) shows the superimposed aB-aC loops of G, and G
by about 90° about the vertical axis, from the full view shown on the right.

rotated

ta?

nucleotide. In p21™, Phe?8, located in
the B1-B2 loop, performs this function.
Leu'?, its homolog in G,,, is part of the
linker 2 segment that connects the p21™:-
like and helical domains, and it is not
located in the GTP binding site. Instead,
Thr*?” downstream of the B6 strand but-
tresses the guanine ring in a manner anal-
ogous to that of Phe?® in p21™. As in
p21™ and EF-Tu, the exocyclic-ring oxy-
gen atoms of the nucleotide ribose moiety
accept hydrogen bonds from the back-
bone carbonyl oxygens of residues 175
and 176 in the linker 2 strand. The two
water-mediated hydrogen bonds linking
the ribose 3’ hydroxyl and the guanine

Fig. 3. Binding site of GTPyS. (A) Stereo view.
Coloring scheme: carbon (GTPyS), green; carbon
(protein), orange; nitrogen, blue; oxygen, red; sul-
fur and phosphorus, yellow; and magnesium, ma-
genta. Water molecules belonging to the coordi-
nation sphere of the magnesium and the putative
water nucleophile (W) are shown. Sphere radii are
not drawn in proportion to atomic radii. (B) This
view, rotated approximately 90° about the vertical
axis of Fig. 3A, shows carbon atoms from the
helical and linker 2 domains in white. Side chain
interactions trap the nucleotide between p217s-
like and helical domains.
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Fig. 4. 2F | — F_ electron density maps contoured at 1.5¢, computed with refined phases ( Table 2)t0 2.3

A resolution, at the GTPyS binding sites: (A) GTPyS-GIn2%*—Leu G,

. (B) GTPyS-Arg' 78— Cys G, the

putative water nucleophile is present in the active site of both complexes.

N3 to Ser!®! are the only interactions
between the nucleotide and the helical
domain.

There are only two significant differenc-
es between the nucleotide binding sites of
Gio; and G,,. The Leu at position 273 in
Giq is replaced by Val in G,,, which is
the only substitution within 4.5 A of
the nucleotide. The larger side chain in G,y
is in van der Waals contact with Asp'*° and
excludes a water molecule that is found be-
tween the corresponding two residues in G,,.
Asp'®° is shifted toward Leu?”, thus filling

the cavity occupied by the water in G,

Of more direct relevance to the mecha-
nism of nucleotide binding and hydrolysis is
the conformation of Arg!”® which, in G,
is in contact with the a and B phosphates as
well as the sulfur of the nucleotide analog
(18). In contrast, the side chain oﬁ Arg!?is
poorly ordered in G,,, (B = 39 A% B/B,,.
= 2.0) (33) and forms no contacts with the
nucleotide. Instead, the plane of the guani-
dinium moiety is parallel to and displaced
by 3.0 A from that of the carboxylate group
of Glu*? (Fig. 3B).

A 100 B

80

@, O wildtype
W, 0 a204L
A, A Ri7sc

60—

40

20

T T T T T T 0
100 150 200 250 300 350 400 0 25 50 75

T T T T
100 125 150 175 200
Time (min)

Fig. 5. (A) Kinetics of [3°S]GTPyS association with and dissociation from wild-type G,,, and mutants of
G, ;. Proteins (10 pg/ml) were incubated at 30°C in 100 mM Hepes (sodium salt) (pH 8.0), 1 mM EDTA,
10 mM DTT, 10 mM MgSO,, and 2 pM [BS]GTPyS (700 cpm/pmol). After 180 minutes, 100 uM
unlabeled GTPyS was added to initiate exchange of labeled for unlabeled nucleotide. Samples were
withdrawn at the indicated times and analyzed (44) for bound, 3°S-labeled nucleotide. Values are
expressed as a percentage of the maximal value observed for each protein. Reactions were performed
with wild-type G, (O), GIn?**—Leu G, , (O), and Arg'"®—Cys G, , (2). Gly**>—Ala G, (V) was also
included because GTPYS is known to dissociate from this mutant protein (45). (B) Effect of AIF,~ on
GTP~S binding to wild-type and mutant G, , proteins. The rate of GTP+S binding is limited by the rate of
GDP dissociation. Proteins (10 wg/ml) were incubated at 30°C in 100 mM Hepes (sodium salt) (pH 8.0),
1 mMEDTA, 10mMDTT, 2mM MgSO,, and 2 uM [F5S]GTPyS (2000 cpm/pmol). Reactions designated
with filled symbols contained in addition 30 uM AICl, and 10 mM NaF. Samples were withdrawn at the
indicated times and analyzed as described (44) for bound, 35S-labeled nucleotide. Values are expressed
as a percentage of the maximal value observed for each protein in the absence of AlF,~. Reactions were
performed with wild-type G, (O, @), GIn**—Leu G,,, (O, W), and Arg'"8—Cys G, (A, A).
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The mechanism of GTP hydrolysis. Be-
cause members of the G protein—p21™ su-
perfamily are poor catalysts, it has been
difficult to discern the mechanism of GTP
hydrolysis. Potential catalytic ligands might
be expected to orient the nucleophilic wa-
ter or activate it by polarization or proton
abstraction. Other residues might be ex-
pected to stabilize the developing negative
charge about the y phosphate or to proto-
nate the leaving group. The tightly coordi-
nated Mg?* is absolutely required, and its
role in catalysis has been discussed (1, 34).
As in the structures of EF-Tu (35), p21™
(32, 34), and G, (18) complexed with
GTP analogs, a candidate for the attacking
water molecule appears in the expected ax-
ial position of the GTPyS-G,,; complex,
3.85 A from the y phosphate (Fig. 3A).
Barring a major conformational change at
the catalytic center, GIn?** and Glu?°? ap-
pear to be the only residues capable of
interacting directly with the putative nu-
cleophilic water molecule.

The role of the conserved and apparent-
ly essential Gln?®* residue in catalysis has
been elusive. In GTPyS-G,,;, the GIn?*
side chain forms no hydrogen bonds or
short (=3.5 A) van der Waals contacts, nor
is it in contact with any ordered solvent
molecules. The average thermal parameters
for the side chain atoms are relatively high
(B = 38 A% B/B,,. = 1.9), although the
main-chain atoms are well ordered.

Replacement of GIn?** by Leu in G,
does not perturb the active site or the bind-
ing mode of the nucleotide (Fig. 4A). The
presumptive nucleophilic water molecule
remains bound. Similar results were ob-
tained by Privé et al. (17) in their crystal-
lographic analysis of the Gln®'—Leu p21™
oncogene product. The crystallographic
data are consistent with measurements of
the rates of association of GTPyS with G,
(which is limited by and therefore equal to
the rate of dissociation of GDP) and disso-
ciation of GTPyS from the protein, which
indicate that the affinities of Gln?°*—Leu
G, for substrate and product are similar to
those of the wild-type protein (Fig. 5A).
We infer that GIn?®* does not contribute
substantially to the binding of GTP or the
attacking water molecule in the ground-
state E-S complex. Rather, we believe that
Gln?%* exerts its influence in the transition
state, as described below.

Likewise, Arg!”® forms no direct con-
tacts with GTPyS in G, although its side
chain is poised over the triphosphate moi-
ety of the nucleotide. The structure of the
Arg!”®—Cys mutant complex (Fig. 4B) is
essentially identical to that of the wild type,
again indicative of the fact that the Arg
residue does not participate in ground-state
stabilization. This is further substantiated
by observation of unperturbed rates of dis-
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sociation of GTPyS and GDP from

Arg'"—Cys G, (Fig. 5A).

The roles of Arg!”® and GIn?** are strik-
ingly revealed in the structure of the
GDP-AIF,~ complex with G, ;. Rearrange-
ment of these residues and the structure of
the GDP-AIF,” moiety suggest that this
complex mimics the transition state of the
S\2 reaction. The 2.2 A electron density
map shows the nucleotide and the AlF,™ as
well defined and discrete entities, with
AlIF,” occupying the position normally
filled by the -y phosphate of GTP (Fig. 6A).
However, in contrast to the tetrahedral ge-
ometry of a phosphate group, AlF,~ forms a
square planar complex that is octahedrally
coordinated to a B-phosphate oxygen and
to a putative water molecule as the trans
axial ligands (Fig. 6, A and D). The axial
water molecule appears in a position near
that of the putative hydrolytic water seen in
the GTPyS-bound structures, but it is
shifted by 1.5 A toward the aluminum. The
position and coordination sphere of the
Mg?* are identical to that seen in the
Mg?*-GTPyS complex except in that a
fluoride atom (F3, Fig. 6D) substitutes for
an oxygen atom of the GTP +y phosphate.

Fig. 6. The GDP-AIF, com-
plex of G,. (A) 2F, — F,
electron density map con-
toured at 1.5¢0, computed
with refined phases (Table
2) to 2.2 A resolution. The
aluminum atom is colored
brown, the fluorides green,
and magnesium yellow. (B)
A schematic of the active
site in the GTPyS complex,
showing the disposition of
Arg'™® and GIn®%*; these
residues are not within hy-
drogen bonding distance of
the nucleotide. The putative
water nucleophile is posi-
tioned 3.85 A from the v
phosphorus trans axial to

the B, bridging phosphate oxygen atom. The B1-a1 loop is colored green, the
p2—a3 switch peptide yellow, and the linker 2 strand is blue. (C) The GDP-AIF,~
complex shown from the same perspective. Arg'”® and GIn?®* have rotated to
contact the AlF,,~ cluster, and the nucleophilic water has moved into the ligand
field of the aluminum ion. (D) Schematic showing the coordination sphere and
contact distances (A) of AIF,~ involving Arg'78, GIn2%4, the magnesium ion, and
other active site residues. The average A-F bond distance is 1.8 A (E) Model of
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The loop (182-186) connecting linker 2
with the B4 strand has shifted by up to 1.4
A toward helix B. This might occur as a
consequence of a rotation of Thr!®! which
is coupled by hydrogen bonding to the
translation of the water nucleophile to-
ward the aluminum ion. Otherwise, the
GDP-AlF,~ G, structure is identical to
that of the GTPyS bound form. This is
consistent with the ability of GDP-AIF,~
complexes of G proteins to interact with
effectors.

The dramatic reorientations of Arg!”®
and GIn”** induced by GDP-AIF,~ provide
compelling evidence for their roles in catal-
ysis (Fig. 6, B and C). The side chain of
Arg'™ moves further into the active site
and forms hydrogen bonds with two of the
fluoride atoms (F1 and F2, Fig. 6, C and D),
displacing a water molecule found in the
GTP+S structure; it also interacts with the
a and B phosphate oxygens of GDP. The
side chain of GIn?%* rotates to bring it into
hydrogen bonding contact with both a flu-
oride atom (F1) and the axial water mole-
cule (36). The side chains of both Gln?%*
and Arg!'”® are immobilized by contact with
AlF,~, which is evident from the electron

e

the active site of G,
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0.6; GIn?®, B = 27.03, and B/B,,, = 1.3).
It thus appears that these two residues are
mobile and do not bind substrates in the
ground state but interact tightly with both
substrates (GTP and the nucleophilic wa-
ter) in the transition state.

The affinity of AlF,~ for GDP-G,; can
be inferred from the effect of AlF,™ on the
rate of dissociation of GDP from the protein
(which is measured simply by examination
of the rate of [**SJGTPyS binding). Addi-
tion of AIF,™ substantially slows the rate of
dissociation of GDP from wild-type G,,,,
while having a lesser effect on the
Arg!"8—Cys mutant and virtually no effect
on GIn*®*—Leu G,,, (Fig. 5B). These data
are consistent with the structural observa-
tions that these two residues participate in
stabilization of the GDP-AIF,”-G,,, com-
plex (Fig. 5B) but not the GTPyS-G,,,
complex (Fig. 5A).

Aluminum fluoride does mimic the vy
phosphate of GTP by promoting an active
conformation. However, the geometry and
coordination of the GDP-AlF,” complex,
the structural changes within the catalytic

at the transition state of the phosphorolysis reaction, based
on the structure of the GDP-AIF,~ complex. The phosphorus atom of a trigonal
“PO," group was centered on the aluminum ion of the AIF,~ with the planes of
the “PO," group coincident with that of AIF, . P-O bond distances and the O-P-O
angles were set to 1.65 A and 120°, respectively. The PO, group was rotated to
achieve a O-Mg distance similar to that observed for the F3-Mg contact in the
AlF,,~ complex. This model is otherwise identical to the GDP-AIF,~ complex.



site, and the guanine nucleotide exchange
kinetics of the wild-type and mutant pro-
teins all argue that GDP-AIF,” is not a
GTP analog but rather mimics the trigonal-
bipyramidal species presumed to appear at
or near the transition state of the S, 2 reac-
tion (Fig. 6E).

For these reasons, we propose that
Arg'™® promotes bond cleavage by stabiliz-
ing the developing negative charge on the
equatorial oxygen atoms of the vy phos-
phate. A similar view was expressed by Noel
et al. (18). The weak hydrolytic activity of
the p21™° enzymes, which do not have an
Arg residue at a position analogous to 178
and cannot be activated by AlF,”, suggests
that Arg!'”® provides up to 2.5 kcal of energy

to stabilize the transition state. ~

Extrapolating from the hydrogen bond
coordination between GIn?** and the
AlF,~ complex (Fig. 6, C and D), we infér
that GIn?°* may stabilize the axial coordi-
nation of the nucleophilic water molecule
to the trigonal y phosphate in the transi-
tion state (Fig. 6E). The amide group of the
Gln residue could serve as a hydrogen bond
donor to the equatorial y phosphate oxygen
atoms, in analogy to the donation of a
hydrogen bond to the negatively charged
fluoride-atoms of AIF,~. The axial water is
consequently a hydrogen bond donor to
both the carboxamide oxygen of Gln2** and
the main-chain carbonyl of Thr'®! (Fig.
6E). In the transition state, we propose that
these ligands orient the lone pair orbitals of
the nucleophilic water toward the develop-
ing positive charge on the y phosphorus,
and in their capacity as hydrogen bond
acceptors, polarize the water for nucleophil-
ic attack. A similar role for GIn®' was an-
ticipated by model-building and molecular
dynamics simulation of the transition state
in p217 by Privé et al. (17). A molecular
dynamics simulation performed by Frech et
al. (16) suggests that GIn®! might also con-
tact the water nucleophile in the ground-
state GTP complex (37).

Although GIn?* appears to have signif-
icant involvement in the transition state, it
is unlikely that it serves as a general base.
Insertion of a catalytic base at this position
(for example, mutation of the equivalent
GIn®! in p21™ to Glu) does increase k_,, by
20 times but results in an even larger in-
crease in K, presumably because of intro-
duction of a negative charge so close to the
v phosphate (16). Noel et al. (18) have
proposed that a neighboring conserved Glu
residue (Glu’* in G_; Gl in G,,)
could act as a general base. As in G, the
carboxylate of Glu**” in G, is turned away
from the attacking water molecule (Fig.
6B); it forms a hydrogen bond with the
main-chain carbonyl oxygen of residue 182
and an ion pair with Lys?!°, (Lys or Arg is
also conserved at this position in heterotri-

meric G protein a subunits.) As suggested,
a modest rotation would bring the Glu side
chain into hydrogen bonding contact with
the presumed water nucleophile but would
require disruption of the two interactions
observed in the native complexes. Further-
more, replacement of Glu?®’ by either Gln
or Ala results in only slight (and equiva-
lent) reductions in the k__ for GTP hydrol-

‘cat

ysis (38). These data indicate that Glu?®?
does not play a substantial role in catalysis,
at least in the absence of a GAP.

The picture that emerges from these
studies is of a weak hydrolytic enzyme.
Two residues, Arg'”® and GIn*%%, appear
to play well-defined roles in a transition-

_state stabilization mechanism that we as-
sume to be common to many G protein o
subunits. The function of GIn®! in p217
and its relatives may also be similar to
that. of the analogous Gln residue in G
protein « subunits. There is no residue in
either of these families of GTPases that is
positioned to function as a general base to
deprotonate the nucleophile. We presume
that the absence of such a residue reflects
a functional requirement for a hydrolytic
site with weak activity. A slow GTPase
permits maximal use of the free energy
expended during the signal transduction
process.
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Articles sections. Nominations must be typed, and the following
information provided: the title of the paper, issue in which it was
published, author’s name, and a brief statement of justification
fornomination. Nominations should be submitted to the AAAS—
Newcomb Cleveland Prize, AAAS, Room 924, 1333 H Street,
NW, Washington, DC 20005, and must be received on or
before 30 June 1995. Final selection will rest with a panel of dis-
tinguished scientists appointed by the editor-in-chief of Science.

The award will be presented at the 1996 AAAS annual
meeting. In cases of multiple authorship, the prize will be
divided equally between or among the authors.
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