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ABSTRACT RAS genes isolated from human tumors often
have mutations at positions corresponding to amino acid 12 or
61 of the encoded protein (p21), while retroviral ras-encoded p21
contains substitutions at both positions 12 and 59. These mutant
proteins are deficient in their GTP hydrolysis activity, and this
loss of activity is linked to their transforming potential. The
crystal structures of the mutant proteins are presented here as
either GDP-bound or GTP-analogue-bound complexes. Based
on these structures, a mechanism for the p21 GTPase reaction
is proposed that is consistent with the observed structural and
biochemical data. The central feature of this mechanism is a
specific stabilization complex formed between the GIn-61 side-
chain and the pentavalent y-phosphate of the GTP transition
state. Amino acids other than glutamine at position 61 cannot
stabilize the transition state, and amino acids larger than glycine
at position 12 would interfere with the transition-state complex.
Thr-59 disrupts the normal position of residue 61, thus prevent-
ing its participation in the transition-state complex.

ras-encoded proteins (p21) play a pivotal role in the signaling
of cell growth and differentiation. p21 communicates in its
GTP-bound state to effector proteins and is deactivated by
hydrolysis of GTP to GDP (reviewed in refs. 1-3). The p21
proteins possess an inherent GTPase activity that is stimu-
lated in vivo by GAP (GTPase-activating protein) (4—6) and
by the GAP-related domain of the neurofibromatosis type 1
protein (NF1) (7, 8). The molecular switching from the
GDP-bound to the GTP-bound form is accompanied by
extensive conformational changes in two parts of the protein,
the switch I and switch II regions (Fig. 1).

Several transforming ras genes have been found. RAS
oncogenes isolated from human tumor cells often have single
point mutations in the codons corresponding to amino acid
position 12, 13, 61, or 146 (1, 9). Both Harvey and Kirsten rat
sarcoma viruses have a ras gene with mutations at codons 12
and 59, and in vitro mutagenesis at position 12, 13, 59, 61, 63,
116, 117, or 119 endows p21 with cell-transforming capabil-
ities (1-3). These positions make up part of the guanine
nucleotide-binding pocket (10-12), and these can be mapped
to either the phosphate region (positions 12, 13, 59, 61, and
63) or base region (positions 116, 117, 119, and 146) (Fig. 1).
To date, all of the biochemically characterized phosphate-
region mutants show a decrease in the intrinsic GTP hydro-
lysis rate and are insensitive to GAP and the GAP-related
domain of NF1 stimulation. In addition, all of the base-region
mutations (and several of the phosphate-region mutations)
that have been tested show a decreased affinity for the
guanine nucleotide. Either or both of these properties—
reduced hydrolysis rates and weakened nucleotide binding—
are thought to be the biochemical reasons for cell transfor-
mation by oncogenic p21 proteins.
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To understand the structural basis for the reduction in
GTPase activity by the phosphate-region mutants, we have
analyzed the conformational differences between the crystal
structures of normal and mutant proteins,! paying special
attention to distinguish structural changes due to amino acid
substitutions from those due to crystal packing.

Based on the crystal structures of these mutant and wild-
type proteins, we propose a transition-state stabilization
mechanism for GTP hydrolysis by p21. This new mechanism
differs from a water-activation mechanism (13) and provides a
rationale for the transforming effects of mutations at positions
12, 59, and 61. Our structural interpretations of the oncogenic
mutations at residues 12 and 61 are different from a previously
published analysis (14), and that for residue 59 is new.

METHODS

The expression, purification, and crystallization of both the
GDP and GDP-[CH,]P complexes with c-Ha-ras-encoded p21
have been described (15, 16). Unless specified otherwise, a
truncated form of p21 [p21-(1-171)] was used to form the
complexes (see Table 1). Data for the p21-GDP,
p21(G12V)-GDP, p21(Q61L)-GDP, and p21(AS9T)-GDP crys-
tals were collected at the Stanford Synchrotron Research Lab-
oratory on x-ray film and then processed and reduced as
described (17). The p21(G12V, AS9T)-GDP, p21-GDP-[CH,]P,
and p21(Q61L)-GDP-[CH,]P diffraction data were collected on
type-1II Fuji imaging plates at the Photon Factory synchrotron
in Tsukuba, Japan, on a screenless Weissenberg camera mod-
ified for protein crystallography (18). The plates were read on
a Fuji BA-100 scanner by using a 100-um raster size. The raw
images were then reduced to structure factors by using the
program WEIS (19). Rperge(I) values (19) were all below 7.5%.

All of the mutant structures were solved by using the
structure of the normal p21:-GDP or p21-GDP-[CH,]P com-
plexes excluding the regions surrounding the mutation sites.
Crystallographic refinement was carried out with a combi-
nation of the x-PLOR (20) and TNT programs (21). Deleted
regions of the protein were built into difference electron
density towards the final stages of the refinement.

Abbreviations: GDP-[CH,]P, guanosine 5'-[8,y-methylene]triphos-
phate; GDP-[NH]P, guanosine 5'-[B,y-imidoltriphosphate; GAP,
GTPase-activating protein; NF1, neurofibromatosis type 1.
TPresent address: Molecular Biology Institute, University of Cali-
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§Present address: Department of Biological Sciences, Purdue Uni-
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IPresent address: Department of Protein Engineering, Genentech,
Inc., South San Francisco, CA 94080.
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t1The atomic coordinates and structure factors have been deposited
in the Protein Data Bank, Chemistry Department, Brookhaven
National Laboratory, Upton, NY 11973 {reference R6P21SF (c-
Ha-ras p21-GDP), R7P21SF [p21(G12V)-GDP], and R8P21SF
(p21-GDP-[CH,]P)}.
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Fi1G.1. View into the nucleotide-binding pocket of p21. The GTP
is shown in red (base at top, phosphates at bottom), and the Mg?* ion
is in yellow. The phosphate-binding loop is light purple (residues
10-17, residues 10-14 from loop L1, and part of the a;-helix), the
switch I region is light green. [residues 30-38 (residues 30-37 from
loop L2 and part of the B;-strand)], the switch II region is light blue
[residues 60-76 (residues 60-66 from loop L4 and a part of the
as-helix)], and the base-recognition regions are light pink (residues
116-119 and 143-147). The locations of specific residues are shown
in the darker colors. Oncogenic mutation positions 12, 13, 59, 61, and
63 cluster near the phosphates, and positions 116, 117, and 119 are
located near the guanine base.

RESULTS AND DISCUSSION

GIn-61 Is Not Essential for Positioning the Attacking Water
Molecule in GTP Hydrolysis. Replacement of the normal
GIn-61 with 17 other amino acids reduces intrinsic GTPase
activity of p21 (22). All of these except the proline and
glutamate mutants have transforming activity. The crystal
structure of the GDP-bound p21(Q61L) mutant at 2.3 A
resolution shows little structural difference from that of
normal p2l, including disorder in the region of residues
60-67. Similar disordering has been reported in a guanosine
5'-[B,y-imido]triphosphate (GDP-[NH]P) complex of p21 as
well, where the molecule shows multiple conformations in
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the region of residues 61-64 for both the normal (13) and
mutant (14) structures. However, in the GDP-[CH,]P-bound
p21(Q61L) crystal structure, where there are four indepen-
dent molecules per asymmetric unit (Table 1), one of the four
molecules shows strong and easily interpretable density for
this region of the protein (Fig. 2) and has an average tem-
perature factor of 19 A2 for residues 59-66. Similarly, one of
the four independent molecules in the normal GDP-[CH,]P-
bound p21 crystal structure is well ordered in this same
region. In three of the molecules, the average main-chain
temperature factors of residues 59-66 is about 62 A2 but
only 29 A? in the fourth molecule, only slightly higher than
other well-defined regions of the protein.

The GTP hydrolysis reaction of p21 has been shown to
proceed via a direct attack of a water molecule to the GTP
y-phosphate (23), and this requires an attacking water mol-
ecule that is roughly in line with the scissile »-P—O bond. We
have located strong electron density for such a water mole-
cule in all four independent molecules of the normal
p21-GDP-[CH,]P structure (Fig. 2 Upper), although the mol-
ecules have weak electron density in the region of residues
60-64 of the protein. A water molecule at a similar position
has been described in the GDP-[NH]P structure (13), which
has a single molecule in the asymmetric unit.

In the 2.0-A structure of p21(Q61L)-GDP-[NH]P by Kren-
gel et al. (14), the leucine side chain occupies a position
different from that of the ‘‘active’’ glutamine in the normal
structure. In contrast, the Leu-61 side chain in our best
resolved p21(Q61L)-GDP-[CH,]P molecule has a side-chain
orientation essentially the same as in our normal Gin-61
structure and also has the in-line water at the same position
(Fig. 2 Lower). A surprising finding, thus, is that an equiv-
alent water molecule is found in all four of the normal p21
structures and at least two of the four mutant p21(Q61L)
structures, although the four molecules in each case are in
different crystal environments and have different loop L4
conformations. This observation directly implies that Gln-61
is not required to fix this water molecule at the attacking
position. Rather, this water molecule is tightly bound and
presumably activated by strong interactions with the y-phos-
phate and the main-chain carbonyl group of Thr-35.

Transition-State Stabilization Mechanism for GTP Hydrol-
ysis. Previously, a mechanism for p21-catalyzed GTP hydrol-
ysis has been proposed in which GIn-61, in a hydrogen-

Table 1. Refinement statistics for p21 mutants
Protein Space Total rms rms
complex* group Unit cell Nt Refls Resolution, A Rfactor,% bond, A angle, deg

p21-GDP P6s22 a=b=283.2c=1051 1 8,566 2.2 18.8 0.026 2.6
a=B=90.0,vy=120.0

p21(G12V)-GDP P6s22 a=b=2832c=1051 1 8,690 2.2 19.2 0.024 2.5
a=B=90.0, y=120.0

p21(Q61L)-GDP P6s22 a=b=832,c=105.1 1 9,447 23 20.7 0.027 29
a= B =900, y=120.0

p21(AS9T)-GDP P6s22 a=b=833,c=104.6 1 5,640 2.7 18.4 0.027 29
a=B=90.0,y=120.0

p21(G12V, AS9T)GDP  P6s22 a = b = 82.9,c = 101.8 1 8,160 2.2 21.3 0.021 2.6
a=B=90.0,y=120.0

Intact p21-GDP 14 a=b=978,c =418 1 10,167 2.0 19.5 0.019 2.4
a=B=1y=9.0

p21-GDP-[CH,]P P2, a=420,b=799,¢c=1305 4 41,345 1.95 18.8 0.014 2.6
a=B=9.0,y=117.5

p21(Q61L)GDP-[CH,]P P2, a=42.0,b=799,c=1292 4 31,061 2.00 20.3 0.019 3.6

a=B=900,y=117.5

*All structures are with the truncated p21 ‘‘catalytic domain’’ fragment, p21-(1-171), except for ‘‘Intact p21-GDP"’ (p21 residues 1-188).
Mutations are shown in single letter code: G12V indicates the Gly-12 — Val mutation, Q61L indicates the Gin-61 — Leu mutation, and AS9T
indicates the Ala-59 — Thr mutation. GDP-{CH,]P, guanosine 5'-[8,y»methylene]triphosphate. Refls, reflections.

¥Number of crystallographically independent molecules.
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Fi1G. 2. (Upper) 2F,-F. electron density of one of the four
independent molecules (molecule C) in the L4 region of normal p21,
showing the GIn-61 side chain, the GDP-[CH;]P phosphates, and the
in-line water molecule. (Lower) Electron density for molecule C of
the p21(Q61L) mutant.

bonded network with Glu-63, activates the in-line water
molecule for nucleophilic attack (13). We argue that the
activation of the in-line water molecule by Gln-61 is not the
rate-limiting step in the hydrolysis reaction for several rea-
sons. (i) All p21 mutants containing amino acid substitutions
at position 61 have roughly the same 90% decrease in GTPase
activity relative to the normal Gln-61-containing p21 (22). In
particular, both p21(Q61E) (GIn-61 — Glu) and p21(Q61H)
(GIn-61 — His) have virtually the same low hydrolysis
activity as p21(Q61L), even though glutamate or histidine
would provide better water-activating groups than the normal
glutamine. (ii) Glu-63 is not highly conserved among the
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ras-related proteins, although Gln-61 and Glu-62 are seen in
almost all of the small GTPase proteins (24, 25). Furthermore,
in the ras-related protein RAP1A, in which position 61 is a
threonine and position 63 is a glutamine, replacement of
Thr-61 with glutamine (while keeping GIn-63) produces a
protein with a similar GTP hydrolysis rate as that of normal
p21, whereas normal RAP1A has a much lower intrinsic
GTPase activity than that of p21 (26). This argues against the
direct involvement of Glu-63 in a hydrogen-bonded relay
mechanism. (iii) The water-activating ability of GIn-61 is
likely to be insignificant compared with that of the y-phos-
phate, since glutamine is a poor general base. (iv) The same
water molecule was found in all four crystallographically
independent molecules of normal p21:‘GDP-[CH,]P and at
least two of four mutant p21(Q61L)-GDP-[CH,]P structures,
even though the position of the residue 61 side chain is
different in each molecule.

The binding pocket surrounding the phosphates is lined
with positive charges, and this leads to the electrostatic
stabilization of the GTP phosphates. The 8- and y-phosphates
form ionic interactions with the Mg?* and the Lys-16 e-amino
group and form hydrogen bonds with the main-chain amides
of residues 13-17, 35, and 60. This extensive charge neutral-
ization is likely to serve both to fix the flexible phosphate
groups in a defined conformation and to reduce the charge
density at the y-phosphorus atom. p21 then act as a catalyst
by lowering the activation energy required to reach the
transition state. Therefore, we propose that the role of Gln-61
is to reduce the activation barrier by stabilizing the pentava-
lent phosphate intermediate of the hydrolysis reaction (Fig.
3 Left). The stabilization energy from the two proposed
hydrogen bonds between GIn-61 and the transition-state
phosphate oxygens are sufficient to explain the rate enhance-
ment of normal p21 relative to the position 61 mutants, which
are unable to form this specific complex.

A model of the transition state was built and energy-
minimized with molecular dynamics (27), and the resultant
complex is shown in Fig. 3 Right. The GIn-61 side chain,
which is initially behind the attacking water and the phos-
phates, moves alongside the y-phosphate to form hydrogen
bonds with the phosphate oxygens (compare Fig. 2 Upper
with Fig. 3 Right). The model building involved changes in
the conformation of residues 61-63 (the a-carbon positions
moved by about 0.5-1 A and the &-carbon of Gln-61 moved
by about 2.5 A). This covers the exposed patch at the surface
of p21 in the preattack complex, where the GTP y-phosphate

F1G. 3. (Left) Schematic drawing of the transition state of the hydrolysis reaction stabilized by GIn-61. The shaded group indicates the
incoming water after attack and loss of a proton. The pentavalent phosphorus is shown by P*. (Right) Energy-minimized model of the p21
transition state. Hydrogen atoms bound to oxygens and nitrogens were included in the energy calculations.
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is accessible to solvent (Fig. 4). The side chain of GIn-61 in
the transition-state complex is near the a-carbon of Gly-12,
the main-chain carbonyl of amino acid 35, and the hydroxyl
of Tyr-32, which is in a similar position in three of the four
molecules in the crystal structures of both the normal
p21-GDP-[CH,]P and the mutant p21(Q61L)-GDP-[CH,]P
complexes. A model built with asparagine (the other amino
acid with the same functional groups as glutamine) at position
61 suggests that perhaps the Gln-61 — Asn mutant is deficient
in its GTPase activity because the shorter asparagine side
chain does not have enough ‘‘reach’’ to interact with the
transition state.

Mutations at Position 12 Interfere with the Formation of the
Transition State. Replacement of Gly-12 with any amino acid
except proline was found to generate transforming mutants
(28), and of the mutants that have been tested, all have reduced
intrinsic GTPase activity. The overall structures of the GDP-
bound form of the normal p21 and the Gly-12 — Val mutant
[p21(G12V)] are identical except for residues 61-65 of the loop
L4 region, which is flexible and has less well-defined electron
density than the rest of the protein. The region around the
mutation site (residues 10-17 in loop L1) is well ordered in
both the normal protein and the mutant, with tempera-
ture factors around 20 A2, comparable to that of other well-
defined secondary structures of the protein. Surprisingly, the
region around the mutation site does not show any significant
changes apart from the added Val-12 side chain (17).

The phosphate-binding L1 region in the normal GDP-
[CH,]P structure also shows little difference in conformation
when compared with that of the GDP complex. Therefore, we

FiG. 4. (Upper) Space-filling representation of p21 in the pre-
attack complex, as seen in the GDP-[CH,]P complex structure. The
color scheme is the same as in Fig. 1, except that the attacking water
is yellow (note that the Mg2* is buried and is not visible), and only
the a-carbon of Gly-12 and the side chain of Gln-61 are shown in the
darker colors. (Lower) Close-up view (same orientation as in Upper)
of the phosphate region in the transition-state model, showing the
close contact between the pentavalent phosphorous intermediate,
Gly-12, GIn-61, and Tyr-32. Any amino acid other than glycine at
position 12 would interfere with the position of the GIn-61 side chain.

Proc. Natl. Acad. Sci. USA 89 (1992)

modeled the structure of the p21(G12V) mutant in the GTP-
bound conformation by replacing residues 10-17 of the
GDP-[CH,]P complex with the corresponding residues of the
p21(G12V)-GDP complex. In this model, the side chain of
Val-12 comes into an unfavorably close contact with the
y-phosphate and may affect the position or orientation of the
y-phosphate or the L1 region or both. More importantly, the
Val-12 side chain would interfere with the intrinsic GTPase
reaction by directly blocking the approach of the GIn-61 side
chain in the transition state, as can be seen from Fig. 4 Lower.

Krengel et al. (14) report that the loop L1 conformation of
the GTP complex of p21(G12V) at 2.6-A resolution is pushed
away slightly from the 8- and y-phosphates and that residues
in the L4 region are also disrupted. They attribute the loss of
GTPase activity to interference of the residue 12 side chain
with GIn-61 and the attacking water molecule. This would not
explain the effect of the Gly-12 — Ala mutant [p21(G12A)],
which also has poor GTPase activity. The alanine side-chain
is probably too small to contact the GIn-61 side chain and to
disrupt the preattack complex. In our transition-state model,
Gln-61 comes in much closer to the a-carbon of residue 12,
so that even a small side chain like that of alanine would have
a blocking effect. However, neither mechanism can explain
the high GTPase activity of the Gly-12 — Pro mutant
[p21(G12P)] without invoking a subtle conformational change
of loop 1 by Pro-12.

Thr-59 Mutation Disrupts the Loop L4 Conformation. Ret-
rovirus-encoded ras oncogenes have two activating muta-
tions: one at the codon for amino acid 12 (glycine replaced
with either serine or arginine), and the other at the codon for
amino acid 59 (alanine codon replaced with a threonine
codon) (29, 30). As with the position 12 and 61 mutants, the
Ala-59 — Thr mutants [p21(AS9T)] have reduced GTPase
activity (31-34) but are unique in that they undergo an
autophosphorylation reaction in which the GTP y-phosphate
is transferred to the threonine hydroxyl group.

The crystal structures of the two nonphosphorylated
Thr-59 proteins, p21(AS5S9T) and the double mutant
p21(G12V, AS9T), have been solved in the GDP form, and a
model of p21(G12V, AS59T) in the GTP form has been built.
A comparison of the GDP forms of the normal p21 and
p21(G12V, AS9T) mutant protein structures shows that, as
with the p21(G12V) mutant, the introduction of a valine at
position 12 causes practically no alterations in the surround-
ing protein structure. However, introduction of threonine at
position 59 causes a conformational shift in residues 59
through 61 (Fig. 5) and possibly even further into the loop L4
region, where the electron density is weak. Similar changes
in the 59-61 region are seen in the GDP complex of the
p21(A59T) mutant structure. The conformational change
results from the formation of a hydrogen bond between the
threonine hydroxyl group and the main-chain carbonyl oxy-
gen of Pro-34 in the loop L2 region. In the normal form, the
Ala-59 side chain is in close contact with this region of loop
L2, but in the mutant, the bulkier branched threonine side
chain causes the backbone residue 59 to be pushed away from
loop L2, dragging the following amino acids along with it.

In the active GTP form, our model building suggests that
a p21(AS59T) mutant would cause a similar perturbation in the
L4 region (although the clash would probably involve differ-
ent residues of loop L2 because of the conformational shift in
switch II). This would move the critical GIn-61 residue away
from its normal position and prevent it from stabilizing the
transition state, thus reducing the GTP hydrolysis rate.

Implications for Cellular Transformation. All of these results
pertain to purified p21 proteins, but their in vivo behavior
depends on interactions with many proteins, including nucle-
otide exchange factors, GAP, NF1, and other unidentified
effector molecules. To accurately assess the biological effect
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59 59
61 61

of these mutants from the crystal structures, the interactions
between p21 and the interacting proteins must be considered.
This would explain the observation that there is only a
qualitative correlation between the loss of GTPase activity and
transforming potential in the p21 mutants. For example, both
p21(Q61E) and p21(Q61L) have the same low level of intrinsic
GTPase activity; thus both exist predominantly in the GTP-
bound ‘‘on”’ state, but only p21(Q61L) is transforming (22).
This may be because the p21(Q61E) mutant interacts differ-
ently with the effector than does p21(Q61L), even though both
may be in the GTP-bound form.

There appear to be two requirements for transformation
potential in the GTPase-impaired mutants: (i) ability to form
a complex with effector(s) and (ii) insensitivity to GTPase
stimulation by GAP, NF1, or other factors. There are no
known systems to date in which GAP or NF1 can restore
GTPase activity to mutants that are deficient in intrinsic
hydrolysis activity.

GAP binding and activity are affected by mutations in the
switch I effector region (residues 30-38) and by amino acid
substitutions at positions 12, 59, and 61 (4, 5, 35, 36).
Furthermore, NF1 activity is blocked by p21 mutations at
position 12 or 38 (7, 8). All of these residues cluster to form
a patch at the surface of p21-GTP (Fig. 4 Upper), and
GAP/NF1 may function in stimulating p21 GTPase activity
by affecting the conformation of these residues. Because of
its flexibility, the switch II region 61-64 is also a likely
interaction site for GAP/NF1. These proteins may act by
positioning GlIn-61 so that it covers the surface patch at the
y-phosphate (Fig. 4 Lower), thus promoting formation of the
transition state.
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