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GDP, Al3+ and F– promotes configurations of
switch 1 and switch 2 different from those
seen in the ‘ground state’ of Ras, Rho or 
Gai1 bound to hydrolysis-resistant GTP 
analogues1–3. Both configurations differ
from the GDP-bound inactive conforma-
tion. Only one can support the transition
state of the GTPase reaction, however, while
either may increase or decrease the signalling
protein’s affinity for effectors and other 
proteins. 

Not surprisingly, other proteins can
sometimes tell the difference between the
two GTP-bound conformations. For
instance, RhoGAP interacts differently with
Rho proteins depending on whether the
nucleotide-binding site contains GDP.AlF4

–

or a GTP analogue. The GAP binds to the
same switch regions in both complexes, but
in the latter (as reported5 in crystals of
RhoGAP bound to Cdc42p, a close relative 
of RhoA) it fails to stabilize residues in the
active site, is orientated at a different angle
with respect to its partner, and points the
arginine finger in an inappropriate direction
for stabilizing the transition state. Crystal
structures and biochemical evidence indi-
cate that the transition and ground states 
differ in Ras and Ga also1,2,4. 

We can imagine several uses for the ability
of RGS and GAP proteins to discriminate
between the ground and transition states.
Other signalling pathways could increase
(for instance, by phosphorylation) the rela-
tive binding affinity of an RGS or a GAP for
its partner’s ground state, in order to pro-

duce a complex in which the GTP-binding
component is sequestered but remains in the
GTP-bound ground state. Sequestration of
the signal transmitter would be expected to
damp signal transmission, but might para-
doxically enhance it — at least in the case of
signals carried by the bg subunit of Gi,
because such signals normally terminate
when bg reassociates with Gai.GDP after
GTP has been hydrolysed. 

The quite different orientations of
RhoGAP with respect to its partner in the
ground and transition states suggest that a
GTP-hydrolysing machine might monitor
the relative positions of its partners in space
with considerable precision. Hydrolysis of
GTP by elongation factor Tu (EF-Tu)
depends on interaction of the protein with
the mRNA-programmed ribosome10,11. Per-
haps a tight anticodon–codon interaction
between the amino-acyl tRNA bound to EF-
Tu and the mRNA positions the ribosome’s
arginine finger to trigger hydrolysis of GTP
bound to the elongation factor. 

Finally, the Ras–RasGAP structure shows
why mutations that replace glycine-12 in 
Ras cause cancer: Ras-mediated mitogenic 
signals cannot be turned off, because the side
chain of any other amino acid at position 12
would displace RasGAP’s arginine finger and
prevent proper tickling of the g-phosphate2.
The affinity of RasGAP for the mutant 
Ras protein is unchanged12, however. This
suggests that the embrace of RasGAP may 
be able to stabilize configurations of active- 
site residues in switch 1 and switch 2 even

when its arginine finger can’t push the right
button. 

If so, might it be possible to accelerate
GTP hydrolysis by inserting a surrogate fin-
ger into the GTPase active site, in the form of
a drug? Although several molecules contain-
ing amidino groups fail to restore the 
ability of ‘fingerless’ RasGAP to stimulate
GTP hydrolysis by wild-type Ras in vitro
(A. Wittinghofer, personal communica-
tion), measuring GTPase activity of a
glycine-12 Ras mutant in the presence of
wild-type RasGAP might be used to identify
the right compound in a chemical library.
Alternatively, persuading a complex of
mutant Ras and RasGAP to form properly
diffracting crystals could guide design of an
effective prosthetic finger.
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The figure here shows a
simplified view of how
arginine fingers stabilize the
GTPase-reaction transition
state. Depicted are the GDP
(grey), AlF4

–
(a red aluminium

surrounded by four yellow
fluorine atoms), the
attacking water (grey) and
the conserved glutamine
residue (magenta) as seen
in the GDP.AlF4

–
–bound

structure of the Gai1—RGS4
complex1. 

In the three distinct GTP-
hydrolysing machines1–3

discussed in the main text,
arginine fingers converge on
the same point, stabilizing g-
phosphate oxygens and the
leaving group. The finger
pointed in cis by Gai1 (green)
approaches from one
direction, while arginines
supplied by RasGAP (blue)
and RhoGAP (cyan) point
from the opposite direction.

AlF3, which was found in the
Ras–RasGAP structure2,
presumably mimics the
transition state more
accurately than does the
AlF4

–
shown here, which was

seen in the Gai1–RGS4 and
RhoA–RhoGAP crystals1,3. 

The transition state is
bipyramidal, with a central
phosphorus (the Al3+ ion in
crystals) located equidistant
from the leaving group (an
oxygen of GDP’s b-
phosphate) and an attacking
water molecule, which is
destined to donate an
oxygen to form a product of
the GTPase reaction,
inorganic phosphate. A
straight line (black dots),
perpendicular to the plane
formed by the phosphorus
and its three oxygens,
connects the leaving group,
phosphorus and water. The
position of every atom in the

transition state is stabilized
by a network of hydrogen
bonds connecting it to a
Mg2+ ion and/or
neighbouring amino acids
from the GTP-binding
protein. This network is
omitted here, except for
bonds involving the arginine
of Gai1 and bonds
connecting the glutamine to
the water and AlF4

–
. In

addition, arginine ‘knuckles’
(main-chain carbonyls)

positioned by the GAPs
stabilize the amide group of
the glutamine’s side chain;
this stabilizing influence is
represented by an imaginary
bond connecting the
arginine main chain of
RhoGAP to the glutamine of
Gai1. (Coordinates of crystal
structures kindly provided by
S. Sprang1, A. Wittinghofer2

and S. J. Smerdon3. Elaine
Meng helped in making the
graphic.) H. R. B.
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