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Ras family small GTPases assume two interconverting confor-
mations, “inactive” state 1 and “active” state 2, in their GTP-
bound forms. Here, to clarify the mechanism of state transition,
we have carried out x-ray crystal structure analyses of a series of
mutant H-Ras and M-Ras in complex with guanosine 5'-(f3,y-
imido)triphosphate (GppNHp), representing various interme-
diate states of the transition. Crystallization of H-RasT35S-
GppNHp enables us to solve the first complete tertiary structure
of H-Ras state 1 possessing two surface pockets unseen in the
state 2 or H-Ras-GDP structure. Moreover, determination of the
two distinct crystal structures of H-RasT35S-GppNHp, showing
prominent polysterism in the switch I and switch II regions,
reveals a pivotal role of the guanine nucleotide-mediated inter-
action between the two switch regions and its rearrangement by
anucleotide positional change in the state 2 to state 1 transition.
Furthermore, the 3'P NMR spectra and crystal structures of the
GppNHp-bound forms of M-Ras mutants, carrying various
H-Ras-type amino acid substitutions, also reveal the existence of
a surface pocket in state 1 and support a similar mechanism
based on the nucleotide-mediated interaction and its rearrange-
ment in the state 1 to state 2 transition. Intriguingly, the confor-
mational changes accompanying the state transition mimic
those that occurred upon GDP/GTP exchange, indicating a
common mechanistic basis inherent in the high flexibility of the
switch regions. Collectively, these results clarify the structural
features distinguishing the two states and provide new insights
into the molecular basis for the state transition of Ras protein.

Small GTPases Ras (H-Ras, K-Ras, and N-Ras) are the prod-
ucts of the ras proto-oncogenes and presumed to be some of the
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most promising targets for anti-cancer drug development
because of their high frequency of mutational activation in a
variety of human cancers (1). Ras functions as a molecular
switch by cycling between GTP-bound active and GDP-bound
inactive forms in intracellular signaling pathways controlling
cell growth and differentiation. Conversion between the GDP-
bound and the GTP-bound forms is controlled by guanine
nucleotide exchange factors and GTPase-activating proteins (2,
3). Ras comprises the Ras family of small GTPases together with
a number of its relatives, including Rap1, Rap2, R-Ras, R-Ras2/
TC1, M-Ras/R-Ras3, etc. (1). X-ray crystallographic and NMR
analyses of H-Ras and RaplA, alone or in complex with their
effectors, revealed that the exchange of GTP for GDP results in
allosteric conformational changes in two adjacent regions,
termed switch I (residues 32-38) and switch II (residues
60-75), and enables Ras to execute downstream signaling
through direct interaction with its effectors, such as Raf kinases
and phosphoinositide 3-kinases (2, 3).

Recent >'P NMR spectroscopic studies on Ras unveiled its
novel structural feature, the conformational dynamics in the
GTP-bound form (4). H-Ras and K-Ras in complex with Mg?"
and a non-hydrolyzable GTP analogue, GppNHp,> exhibit
equilibrium between two distinct conformational states, state 1
and state 2, which are characterized by different chemical shift
values for the resonance of the nucleotide phosphorus atoms of
the a- and y-phosphate groups. The interconversion between
the two states occurs on a millisecond time scale and appears to
be a general property shared by members of the Ras family small
GTPases irrespective of the nature of the bound guanine nucle-
otide triphosphate: GTP, GppNHp, or GTPvS (5- 8). However,
the state distribution exhibited a great variation among various
GTPase species; H-Ras-GppNHp and Rap2A-GppNHp pre-
dominantly assume state 2, whereas M-Ras-GppNHp predom-
inantly assumes state 1 (7). Because association of H-Ras-
GppNHp with its various effectors induced a shift of the
equilibrium toward state 2, state 1 and state 2 were presumed to
represent the inactive and active conformations, respectively
(4,9-11). Although state 2 corresponds to the structure solved

3The abbreviations used are: GppNHp, guanosine 5'-(8,y-imido)triphos-
phate; GTPyS, guanosine 5'-3-O-(thio)triphosphate; PEG, polyethylene
glycol; RasWT, wild type Ras; r.m.s., root mean square; MES, 4-morpho-
lineethanesulfonic acid.

ACEVEN

VOLUME 285+NUMBER 29-JULY 16, 2010


http://www.jbc.org/cgi/content/full/M110.125161/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3KKM
http://www.pdb.org/pdb/explore/explore.do?structureId=3KKN
http://www.pdb.org/pdb/explore/explore.do?structureId=3KKO
http://www.pdb.org/pdb/explore/explore.do?structureId=3KKP
http://www.pdb.org/pdb/explore/explore.do?structureId=3KKQ

with the crystal of H-Ras-GppNHp alone (Protein Data Bank
entries 1ICTQ and 5P21) or in complex with the effectors (12—
14), the tertiary structure corresponding to state 1 remained to
be determined. Recently, we succeeded in solving the first ter-
tiary structure of state 1 by crystallizing M-Ras-GppNHp (15).
The state 1 structure is distinguished from state 2 by the loss
of the direct and Mg>*-coordinated indirect interactions of
Thr-45 of M-Ras (corresponding to Thr-35 of H-Ras) with the
vy-phosphate of GppNHp, which causes marked deviation of the
switch I loop away from the guanine nucleotide and conforma-
tional instability of the switch I loop. The result is consistent
with the mechanism for the *'P NMR chemical shift changes
accompanying the state transition; the distance of the y-phos-
phate from the aromatic ring of Tyr-32 in switch I of H-Ras,
which exerts a “ring current shift” effect, is a major determinant
of the y-phosphate chemical shift change. Another Tyr residue
in the switch regions, Tyr-64 in switch 11, is too far away to exert
a significant effect. This indicates that the interconversion
between state 1 and state 2 is mainly accounted for by revers-
ible engagements of the Thr-35/45-y-phosphate interaction,
taken together with the result of past electron spin reso-
nance studies on the Mg?"*-binding site of H-Ras, showing
the transient nature of the coordination of Thr-35 to the
v-phosphate (16, 17). Moreover, the marked deviation of the
switch I loop away from the guanine nucleotide results in
formation of a surface pocket surrounded by the guanine
nucleotide and the two switch regions in the M-Ras-
GppNHp structure.

In the present study, we succeed in solving the first complete
tertiary structure of H-Ras-GTP state 1, possessing two surface
pockets, through crystallization of H-RasT35S-GppNHp.
Moreover, determination of two distinct crystal structures of
H-RasT35S-GppNHp enables us to clarify the structural fea-
tures distinguishing the two states and gain new insights into
the molecular mechanism for the state transition, which is also
backed by structural analysis of M-Ras mutants representing
various state intermediates. Further, the significance of the
structural information on H-Ras-GTP state 1, especially on its
surface pockets, in structure-based drug design of Ras inhibi-
tors will be discussed.

EXPERIMENTAL PROCEDURES

Protein Purification—Human H-RasT35S (residues 1-166),
mouse M-RasP40D (residues 1-178), M-RasL51R (residues
1-178), and M-RasP40D/D41E/L51R (residues 1-178) were
expressed as fusions with glutathione S-transferase in Esche-
richia coli using pGEX-6P-1 vector (GE Healthcare), immobi-
lized on glutathione-agarose, and eluted by cleavage with Pre-
Scission protease (GE Healthcare). Mouse M-RasD41E
(residues 1-178), M-RasP40D/D41E (residues 1-178), and
M-RasP40D/D41E/L51R/F74Y/E79D (residues 1-178) were
expressed with an N-terminal His, tag in E. coli using pQE30
vector (Qiagen, Valencia, CA) and purified by affinity chroma-
tography on Ni?"-NTA-agarose (Qiagen). After further purifi-
cation by ion exchange chromatography to a final purity of
>95%, they were loaded with GppNHp and used for crystalli-
zation or NMR spectroscopy as described before (10). Human
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c-Raf-1 Ras-binding domain (residues 51-130) was purified as
described (7).

NMR Spectroscopy—>'P NMR spectra were recorded in the
presence or absence of c-Raf-1 Ras-binding domain on a
Brucker AVANCE-500 NMR spectrometer (15). The *'P spec-
tra were referenced as described before (10).

Crystallization of Ras Proteins in Complex with Mg®" and
GppNHp—H-RasT35S-GppNHp was dissolved in buffer 1 (40
mw Tris-HCl, pH 7.4, 50 mm NaCl, and 5 mm MgCl,) and buffer
2 (40 mm Tris-HCI, pH 7.4, 50 mm NaCl, 5 mm MgCl,, and 7%
DMSO), yielding protein solution 1 and 2, respectively. Crystals
of H-RasT35S-GppNHp were grown by the sitting drop vapor
diffusion method at 20 °C in drops containing 1.5 ul of protein
solution 1 (16 mg/ml) and 1 ul of reservoir 1 (100 mm MES, pH
6.5, 200 mm (NH,),SO,, and 30% (w/v) PEG 5000) or in drops
containing 1.5 ul of protein solution 2 (16 mg/ml) and 1 ul of
reservoir 2 (100 mm Tris-HCI, pH 8.5, and 2 M (NH,),SO,),
respectively. Crystals with the space group 1222 (form 1) grew
in solution 1 with reservoir 1. Crystals with the space group R32
(form 2) grew in solution 2 with reservoir 2. M-RasP40D-
GppNHp was dissolved in the buffer (50 mm Tris-HCI, pH 7.4,
50 mMm NaCl, 5 mm MgCl,, 1 mm EDTA, and 1 mm dithiothre-
itol). The crystals were grown by the sitting drop method at
20 °C in drops containing 2 ul of protein solution (18 mg/ml)
and 2 ul of reservoir solution (28% (w/v) PEG 1500, 150 mm
MgSO,, and 100 mm sodium cacodylate, pH 6.5). M-RasP40D-
GDP was dissolved in 50 mm Tris-HCI, pH 7.4, 100 mm NaCl, 5
mMm MgCl,, 1 mM EDTA, and 1 mm dithiothreitol. The crystals
were grown by the sitting drop method at 20 °C in drops con-
taining 2 pl of protein solution (20 mg/ml) and 2 ul of reservoir
solution (20% (w/v) PEG 4000, 200 mM ammonium acetate, and
100 mm sodium acetate, pH 4.6). M-RasP40D/D41E/L51R-
GppNHp was dissolved in 20 mm Tris-HCI, pH 8.0, 50 mm NaCl, 5
mM MgCl, 1 mm EDTA, and 1 mm dithiothreitol. The crystals
were grown by the hanging drop method at 20 °C in drops con-
taining 1 ul of protein solution (20 mg/ml) and 1 ul of reservoir
solution (20% (w/v) PEG 4000, 160 mm (NH,),SO,, 80 mm
sodium acetate, pH 5.20, and 10% (v/v) glycerol). After the crys-
tals appeared in 24 h, they were crushed and used as microseeds
for growing new crystals by the hanging drop method at 20 °C
in drops containing 1 ul of protein solution (14 mg/ml) and 1 ul
of reservoir solution (19% (w/v) PEG 4000, 160 mm (NH,),SO,,
80 mM sodium acetate, pH 5.20, and 10% (v/v) glycerol).

Data Collection and Structure Determination—The data col-
lections at 100K were carried out at BL38B1 using Jupiter 210
(Rigaku Corp.) or Quantum 210 (ADSC) CCD detectors and at
BL41XU using a Quantum 315 (ADSC) CCD detector in
SPring-8. The data for H-RasT35S-GppNHp form 1 and form 2
were processed using the program HKL2000 (18), whereas
those for M-RasP40D-GppNHp, M-RasP40D-GDP, and
M-RasP40D/D41E/L51R-GppNHp were processed with the
program MOSFLM (19) and scaled with the program SCALA in
the CCP4 program suite (20). The crystal structures of
H-RasT35S-GppNHp form 1 and form 2 were determined by
the molecular replacement method with the program AMoRe
(21) and MOLREP (22) by using H-RasWT-GppNHp (Protein
Data Bank entry 5P21) as a search model. The structures of
M-RasP40D-GppNHp, M-RasP40D-GDP, and M-RasP40D/
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FIGURE 1. Comparison of the crystal structures among H-RasT35S-GppNHp forms 1 and 2 and H-RasWT-
GppNHp. A, superimposition of the backbone structures of H-RasWT-GppNHp (yellow), H-RasT35S-GppNHp
form 1 (deep pink), and H-RasT35S-GppNHp form 2 (orange). The structure of GppNHp is excerpted from the
model of H-RasWT-GppNHp. The models were generated with Raster3D (27) and MOLSCRIPT (28) based on the
least squares fittings of the overall residues excluding the invisible residues 61-71 of H-RasT35S-GppNHp form
2.GppNHp bound to H-RasWT and the side chains of the residues Thr/Ser-35 and Gly-60 for the H-Ras series are
shown in a ball-and-stick model (black, carbon; red, oxygen; blue, nitrogen; deep pink, phosphorus). B, the
surface models were generated by the program PyMOL (DeLano Scientific, LLC), where the two switch regions
are highlighted (yellow, switch I; green, switch Il). GppNHp is shown by a CPK model. The positions of the surface

pockets found in H-RasT35S-GppNHp form 1 are shown by red open arrows.

D41E/L51R-GppNHp were determined in the same way using
the structure of M-RasP40D-GDP (Protein Data Bank entry
3KKQ), M-RasWT-GDP (Protein Data Bank entry 1X1R) and
M-RasWT-GppNHp (Protein Data Bank entry 1X1S) as search
models, respectively. After the obtained model of each Ras was
refined with the programs CNS (23) and REFMAC (24), it was
corrected with a 2F ) — F, map using the program COOT (25).
Data collection and refinement statistics are summarized in
supplemental Table 1.

Calculation of the y-Phosphate Positional Changes and the
Pocket Size—The program CONTACT in the CCP4 program
suite (20) was used to search for the residues directly contacting
with GppNHp via hydrogen bonding and/or van der Waals
interaction in M-RasWT, M-RasP40D, M-RasP40D/D41E/
L51R, H-RasWT, H-RasT35S form 1, and H-RasG60A. 13-20
residues were identified in each Ras protein, among which 12
residues (hereafter called reference residues) were conserved.
The distance between the y-phosphate positions of M-RasWT-
GppNHp and M-RasP40D/D41E/L51R-GppNHp was mea-
sured after the least squares fitting of their reference residues by
the program LSQKAB in the CCP4 program suite (20), and the
r.m.s. deviation values of the Ca atoms of the reference residues
were calculated. Similar calculations of the y-phosphate dis-
tances and the r.m.s. deviation values of the Ca atoms of the
reference residues were done with the pairs of M-RasWT-
GppNHp and M-RasP40D-GppNHp, of H-RasWT-GppNHp
and H-RasT35S-GppNHp form 1, and of H-RasWT-GppNHp
and H-RasG60A-GppNHp. The volume of the surface pockets
of H-RasT35S-GppNHp form 1 was calculated based on their
crystal structures using the program MOE as described (see the
Chemical Computing Group site on the World Wide Web).
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Protein Data Bank codes of

1
/L£ ) _~Pocket2 the coordinates used in the figures
\z@ and tables are as follows: M-

\ RasWT-GppNHp, 1X1S; M-RasW'T-
GDP, 1X1R; M-RasP40D-GppNHp,
o 3KKP; M-RasP40D-GDP, 3KKQ;
M-RasP40D/D41E/L51R-GppNHp,
3KKO; H-RasWT-GppNHp, 1CTQ;
H-RasWT-GDP, 4Q21; H-RasG60A-
GppNHp, 1XCM; H-RasT35S-
GppNHp form 1, 3KKN; H-
RasT35S-GppNHp form 2, 3KKM;
Rap2A-GTP, 3RAP chain R.

/ RESULTS

Two Distinct State 1 Crystal
Structures of H-RasT35S-GppNHp
and Their Implication in State 2 to
State 1 Transition—Because crys-
tallization of the state 1 conformer
of the GppNHp-bound H-RasWT
had been unsuccessful, we went
over to solving the crystal struc-
ture of H-RasT35S-GppNHp. We
thought this mutant might repre-
sent the intrinsic property of the
state 1 structure of RasWT because
it has a conservative substitution in Thr-35, the residue whose
interaction with the y-phosphate constitutes a key structural
basis for the state transition. Moreover, the GppNHp-bound
form of this mutant had been shown by *'P NMR to predomi-
nantly adopt state 1 (10). A past attempt to solve the crystal
structure of H-RasT35S-GppNHp had failed to identify the
electron density of both the switch I and switch II regions (10).
We made use of improved crystallization conditions, whose
main differences were the replacement of 24% PEG 1500 (10)
with 30% PEG 5000 or 2 M (NH,),SO, as precipitants (see
“Experimental Procedures” and Ref. 6 for the detailed condi-
tions) and obtained two types of crystals with space groups /222
and R32, from which distinct tertiary structures were derived
(supplemental Table 1). The electron density of the two switch
regions in the H-RasT35S-GppNHp structure with the 7222
space group (form 1) was completely clear, whereas the switch
[Iresidues 61-71 were invisible in the 2F, — F, electron density
map of the structure with the R32 space group (form 2). Both
form 1 and form 2 corresponded to state 1 as evidenced by the
loss of the Ser-35-y-phosphate interaction and marked devia-
tion of the switch I loop from GppNHp, whereas the rest of the
structure superimposed very well with that of H-RasWT-
GppNHp state 2 (Protein Data Bank code 1CTQ) (Fig. 14). Thus,
form 1 represents the first complete state 1 structure of H-Ras-
GppNHp. In addition, the switch II region of form 1 showed a
conformation (a short a2-helix and a long loop) distinct from
that of H-RasWT-GppNHp (a long a2-helix and a short loop)
(Fig. 1A). Intriguingly, form 1 possessed a surface pocket (here-
after called pocket 1) between the two switch regions, which is
similar to that found in M-Ras-GppNHp state 1 (15) (Fig. 1B).
Moreover, it possessed a second pocket (hereafter called pocket
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2) between the switch I-flanking residues 28 —31 and GppNHp.
These pockets were unseen in the state 2 structure of H-RasWT -
GppNHp (Fig. 1B). Form 2 did not have an equivalent of pocket
2 of form 1, and the existence of a pocket 1 equivalent remained
unclear because of the complete loss of the electron density
corresponding to the switch II residues 61-71, constituting a
main part of the pocket edge. Superimposition of the two forms
revealed the existence of prominent polysterism in the switch I
loop; the r.m.s. deviation of Ca atoms of the switch I residues
was 2.51 A. Such polysterism was never observed in state 2
conformers; the corresponding r.m.s. deviation was 0.38 A even
between different proteins H-RasWT-GppNHp (Protein Data
Bank code 1CTQ) and Rap2A-GppNHp (Protein Data Bank
code 3RAP).

The discovery of the state 1-specific pockets and the switch I
polysterism in H-RasT35S-GppNHp prompted us to investi-
gate the intrinsic properties of the state 1 conformation
through detailed comparison of the hydrogen bonding net-
works of the nucleotide binding site among the two state 1
conformers of H-RasT35S-GppNHp and the state 2 conform-
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FIGURE 2. Comparison of the hydrogen bonding networks of the nucleotide binding site. Hydrogen bonding networks surrounding GppNHp of M-RasWT,
H-RasWT, and their mutants are schematically shown together with Mg?* and water molecules involved. The switch | and its N-terminal flanking residues are
shown in red, and the switch Il residues are shown in blue. The dotted lines represent hydrogen bonding interactions with a distance of less than 3.3 A between
donor and acceptor atoms, regardless of whether main chains or side chains of the residues are involved. The distance was calculated by using the program
COQT (25).

ers of H-RasWT-GppNHp and Rap2A-GppNHp (Figs. 2 and
3A and supplemental Fig. 1). In the state 2 conformers, their
switch I'and switch I loops were stably fixed to the y-phosphate
via Thr-35 and Gly-60, respectively (7, 26). In striking contrast,
the switch I loops of the both forms of H-RasT35S-GppNHp
were not fixed to GppNHp due to the loss of the Ser-35-vy-
phosphate interaction, causing deviation away from GppNHp
and conformational instability (Figs. 14 and 3A). Moreover, in
form 1, showing marked deviation of the switch I loop (Fig. 14,
deep pink), switch I-flanking Val-29 and Asp-30 and switch II
Gly-60 failed to interact with the ribose and <y-phosphate of
GppNHp, respectively (Figs. 2 and 3A). By contrast, in form 2,
showing moderate deviation of the switch I loop, these interac-
tions were fully restored, as was the case with H-RasWT-
GppNHp (Figs. 1A (orange) and 2). However, the fact that the
electron density of residues 61-71 was missing in form 2
implied that the switch II loop is highly mobile and not stably
fixed to the y-phosphate via Gly-60 even in this form. The insta-
bility of switch Il in state 1 was also observed in the M-RasWT -
GppNHp structure (15). Thus, in addition to the high flexibility
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Gln-61 in switch IT of H-RasWT and
Rap2A, with H,0-1126 and H,0-30
acting as bridges, respectively (Figs.
2 and 3A and supplemental Fig. 1).
This water-bridged interaction is
lost in the state 1 conformers, such
as form 1, which may also contrib-
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FIGURE 3. Nucleotide y-phosphate-mediated and water-mediated interactions between the switch land
switch Il regions of H-Ras, M-Ras, and their mutants. A, interactions between the two switch regions of the
indicated proteins mediated by the y-phosphate and water molecules are shown, where hydrogen bonds are
indicated by broken lines. The main chains and side chains of Thr-35, Gly-60, and GIn-61 of H-RasWT and
H-RasT35S form 1, Thr-45, Gly-70, and GIn-71 of M-RasP40D/D41E/L51R and M-RasP40D, and the bridging
water molecules are shown in the ball-and-stick model (black, carbon; red, oxygen; blue, nitrogen; deep pink,
phosphorus). The models were generated as described in the legend to Fig. 1A. B, y-phosphate-mediated
interactions between the switch | and switch Il regions involving Thr-35/45 and Gly-60/70 (H-Ras/M-Ras) of

H-Ras, M-Ras, and their mutants are schematically shown.

of switch I and its flanking region caused by the dissociation of
Thr-35 from the nucleotide, the instability of switch II caused
by the dissociation of Gly-60 from the nucleotide represents a
common structural feature of state 1 distinguishing it from
state 2. It must be emphasized that a single mutation T35S in
switch I caused switch II instability and that both switch I and
switch II underwent markedly different conformational
changes between the two forms of H-RasT35S-GppNHp.
These results suggest the existence of strong interdependency
between the conformations of the two switch loops, which is
mediated by the guanine nucleotide triphosphate. Moreover,
the interdependence is strengthened by water-mediated inter-
action between the two switch loops in state 2, which is formed
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loops.

These results suggested that the
transition from state 2 to state 1
involves the dissociation of the two
switch loops from GppNHp, which
is mainly contributed by the dissoci-
ation of Thr-35 and Gly-60 from the
y-phosphate (Fig. 3B). This mecha-
nism is supported by past electron
spin resonance studies on the
Mg>*-binding site of H-Ras, show-
ing the transient nature of the coor-
dination of Thr-35 with the y-phos-
phate (16, 17).

Identification of Amino Acid Res-
idues Affecting the Conformational
Equilibrium—M-Ras and H-Ras
exhibit a high degree of overall
sequence homology and possess
identical switch I residues (sup-
plemental Fig. 2), thereby sharing
some of the effectors, guanine
nucleotide exchange factors, and
J GTPase-activating proteins with
each other (29, 30). However, they
exhibit quite different state distri-
bution in the GTP-bound forms; the
state 1 population occupies 93 *+ 2%
for M-Ras-GppNHp and 36 * 2%
for H-Ras-GppNHp (7, 15). Because
the T35S mutation was found useful
in investigating the molecular basis
of the transition toward state 1 in
H-Ras, we searched for amino acid
substitutions of M-Ras, which could
induce the equilibrium shift toward
state 2. Regarding the crucial role of the two switch regions in
state transition, we focused on the differences in the residues
flanking the identical switch I region between M-Ras and
H-Ras, in particular Pro-40, Asp-41, and Leu-51 of M-Ras, cor-
responding to Asp-30, Glu-31, and Arg-41 of H-Ras, respec-
tively, and in the switch II residues, in particular Phe-74 and
Glu-79 of M-Ras, corresponding to Tyr-64 and Asp-69 of
H-Ras, respectively (supplemental Fig. 2). Accordingly, we
introduced P40D, D41E, and L51R mutations alone or in com-
binations into M-Ras, and the resulting mutant polypeptides in
complex with GppNHp were examined for state distribution by
31P NMR spectroscopy. The y-phosphate resonance line in the
spectrum of M-RasP40D-GppNHp showed a small but signifi-
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FIGURE 4. 3P NMR spectra of various M-Ras mutants in complex with GppNHp. A, the spectra were recorded using 1 mm solution of the indicated M-Ras
mutant proteins. The spectrum of M-RasWT-GppNHp, adapted from Ref. 15, is shown as a control. , 8, and y represent the a-, 8- and y-phosphate resonances,
respectively. (7) and (2) represent the conformersin state 1 and state 2, respectively. a.., Breer aNd Voo represent the a-, 8- and y-phosphate resonances of the
free GppNHp, respectively. a-GDP and 3-GDP represent the a- and B-resonances of GDP bound to M-Ras mutants, respectively. B, the state 1 and state 2 peaks
in the y-phosphate resonance of each GTPase were fitted by Lorentz curves, and the state 1 proportion was calculated as [state 1]/([state 1] + [state 2]), where
[state 1] and [state 2] represent the relative concentrations obtained as the integrals of the corresponding peaks. Error bars, standard deviations derived from

the Lorentz curve fitting.

cant increase of the state 2 population (at —3.75 ppm) to 13 *
3% compared with that (at —3.9 ppm) of M-RasWT-GppNHp
(7 = 2%) (Fig. 4, A and B, and supplemental Table 2). The state
assignment of the two peaks of the y-phosphate resonance line
was confirmed by transition of the —2.9 ppm peak to the —3.75
ppm peak by the addition of c-Raf-1 Ras-binding domain
(supplemental Fig. 3). M-RasD41E-GppNHp showed a higher
increase of the state 2 population, reaching 21 = 2%. In con-
trast, the L51R mutation showed no effect. Further, examina-
tion of the combinatorial effects of the mutations revealed
that the state 2 population of M-RasP40D/D41E-GppNHp
increased to 32 = 3%, which was unaffected by the addition of
the L51R mutation. Likewise, the addition of both the F74Y and
E79D mutations to M-RasP40D/D41E/L51R showed no addi-
tional effect on the state distribution (Fig. 4, A and B,
supplemental Tables 2 and 3, and supplemental Fig. 3). These
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results indicated that both Pro-40 and Asp-41 of M-Ras play
crucial roles in stabilizing state 1 conformation.

Crystal Structures of M-RasP40D-GppNHp and M-RasP40D/
D41E/L51R-GppNHp and Their Implication in State 1 to State
2 Transition—Hoping to obtain structural information perti-
nent to the state 1 to state 2 transition, the M-Ras mutants with
increased populations of state 2 were subjected to crystal struc-
ture analyses in their GppNHp-bound forms. Eventually, we
succeeded in solving the structures of M-RasP40D-GppNHp
and M-RasP40D/D41E/L51R-GppNHp (supplemental Table 1),
both of which superimposed very well with those of M-RasWT-
GppNHp (Protein Data Bank code 1X1S) and H-RasWT-
GppNHp (Protein Data Bank code 1CTQ) except for the two
switch regions (Fig. 5A4). The hydrogen bonding networks of the
nucleotide binding sites are illustrated in Fig. 2. M-RasP40D
adopted a state 1 conformation, as characterized by dissociation of
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FIGURE 5. Comparison of the crystal structures among the GppNHp-bound forms of M-RasWT,
M-RasP40D, M-RasP40D/D41E/L51R, and H-RasWT. A, superimposition of the backbone structures of
M-RasWT-GppNHp (green), M-RasP40D-GppNHp (cyan), M-RasP40D/D41E/L51R-GppNHp (blue), and H-RasWT-
GppNHp (yellow). The structure of GppNHp is excerpted from the model of M-RasP40D/D41E/L51R-GppNHp.
The models were generated as described in the legend to Fig. 1A excluding the invisible residues 69-73 of
M-RasWT. B, the surface models were generated as described in the legend to Fig. 1B. The position of the

surface pocket found in M-RasP40D is shown by a red open arrow.

the Thr-45-y-phosphate interaction and marked deviation of the
switch Iloop (Fig. 3A). Because the electron density of the switch II
residues, missing in the M-RasWT-GppNHp structure (15), was
well resolved, this represented the first complete M-Ras state 1
structure with a high resolution of 1.35 A. It possessed a surface
pocket corresponding to pocket 1 of H-RasT35S form 1 but not a
second pocket corresponding to pocket 2 (Fig. 5B). As shown in
Fig. 2, the hydrogen bonding network of the residues 39 —42 with
the ribose and a-phosphate was rearranged from those of
M-RasWT-GppNHp; Asp-40 restored the contact with the
hydroxyl group of the ribose, similar to the case with H-RasWT-
GppNHp, and Asp-41 lost the contact with the nucleotide.
Another major difference from M-RasWT-GppNHp was the
establishment of a direct interaction of Gly-70 with the y-phos-
phate of GppNHp, which resulted in stabilization of the switch II
loop on the nucleotide similar to the case with H-RasWT-
GppNHp (Figs. 2 and 3A). Thus, the P40D mutation in switch I
resulted in stabilization of the flexible switch II region mainly
through establishment of the Gly-70-y-phosphate interaction,
leading to an increase of the state 2 population.

On the other hand, the crystal structure of M-RasP40D/
D41E/L51R-GppNHp corresponded to state 2 as evidenced by
the switch I loop stabilization on the nucleotide via direct and
Mg**-coordinated indirect interactions of Thr-45 with the
vy-phosphate of GppNHp (Figs. 2 and 3A). Although this is
rather unexpected considering the minority of state 2 (<50%)
in solution (Fig. 4B and supplemental Table 2), similar phenom-
ena have been observed for a couple of other H-Ras mutants (4,
11) and probably reflect preferential crystallization of confor-
mationally stabler forms. Like M-RasP40D-GppNHp, the
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M-RasP40D (state 1)

switch Il loop of M-RasP40D/D41E/
L51R-GppNHp was stabilized to the
nucleotide via an interaction of
Gly-70 with the y-phosphate (Fig.
3A). Further, the hydrogen bonding
network of the switch I and its flank-
ing residues of this mutant bore
close resemblance to that of
H-RasWT-GppNHp; both Asp-40
and Val-39 made direct contacts
with the hydroxyl groups of the
ribose, and Glu-41 formed a water-
mediated interaction with the
a-phosphate (Fig. 2). Consequently,
the backbone structure of the two
switch regions of M-RasP40D/
D41E/L51R-GppNHp  superim-
posed very well with that of
H-RasWT-GppNHp (Fig. 5A).
Moreover, the two switch loops of
M-RasP40D/D41E/L51R-GppNHp
established a water-mediated inter-
action, with H,0-1004 acting as a
bridge between Thr-45 in switch I
and GIn-71 in switch II, like the
cases with H-RasWT-GppNHp and
Rap2A-GppNHp (Figs. 2 and 34
and supplemental Fig. 1).

The results obtained with the M-Ras mutants confirmed the
structural features distinguishing the two states, which were
revealed by the study on H-RasT35S form 1 and form 2. Also,
they suggested that the transition from state 1 to state 2 involves
the association of the two switch loops with GppNHp via
achievements of the interaction of Thr-45 and Gly-70 with the
y-phosphate. The important role of the nucleotide-mediated
interdependence between the two switch loops in undergoing
such structural changes was further supported by the fact that a
single switch I mutation, P40D, caused restoration of the Gly-
70-y-phosphate interaction in switch II. Moreover, the facilita-
tive role of the water-bridged interaction between the two
switch loops in state 2 formation gained further support from
the result on M-RasP40D/D41E/L51R-GppNHp.

Crucial Role of the Nucleotide Positional Change in State
Transition—The results obtained so far comprehensively indi-
cated that the state transition is caused by rearrangement of the
hydrogen bonding networks of the nucleotide binding site,
where the switch I and switch II regions exhibit strong interde-
pendence mediated by the guanine nucleotide via Thr-35/45
and Gly-60/70 (Fig. 3B). This led us to examine the positional or
conformational change of the guanine nucleotide accompany-
ing the state transition and its effect on the switch region
conformation.

The crystal structures of H-RasT35S-GppNHp could be
regarded as intermediates reflecting a facet of the conforma-
tional changes along the path from state 2 to state 1 (Fig. 6A).
Because the switch II region was missing in H-RasT35S-
GppNHp form 2, we used form 1 only for the following analysis.
As shown in Fig. 64, the y-phosphate position exhibited a
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FIGURE 6. Positional changes of the y-phosphate accompanying the state
transition. A, the positions of the 3- and y-phosphates of GppNHp relative to
the reference residues (see “Experimental Procedures”) are shown: H-RasWT
(yellow), H-RasG60A (pink), and H-RasT35S form 1 (deep pink). The direction of
the positional change of the y-phosphate accompanying the state 2 to state
1 transition is indicated by a red arrow. B, the positions of the 8- and y-phos-
phates of GppNHp relative to the reference residues (see “Experimental Pro-
cedures”) are shown: M-RasWT (green), M-RasP40D (cyan), and M-RasP40D/
D41E/L51R (blue). The direction of the positional change of the y-phosphate
accompanying the state 1 to state 2 transition is indicated by a red arrow. B
and vy represent the B- and y-phosphate, respectively.
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change of ~0.46 A for H-RasT35S-GppNHp compared with
H-RasWT-GppNHp in the direction away from Thr-35 and
Gly-60, which was a significant value, considering the value of
r.m.s. deviation of Ca atoms of reference residues (see “Exper-
imental Procedures”), 0.12 A. Apparently, there is a causal rela-
tionship between this y-phosphate positional change and the
loss of the interactions between the two switch loops and the
nucleotide. In the case of H-RasT35S-GppNHp, the loss of a
side chain methyl group of Thr-35 facilitates the dissociation of
this residue from the y-phosphate, resulting in dissociation of
the switch I loop from the nucleotide. The dissociation causes a
positional change of the nucleotide (Fig. 6A4), leading to disso-
ciation of Gly-60 from the y-phosphate (Figs. 2 and 3A). It
should be noted that residues other than Thr-35 and Gly-60,
such as the switch I-flanking residues, which are involved in
rearrangement of the hydrogen bonding networks of the nucle-
otide binding site, may also play a role for the state transition
(Fig. 2). Through extensive searches of the literature and the
Protein Data Bank, we found that the reported structures of
H-RasG60A-GppNHp and H-RasG60A/K147A (31, 32) might
correspond to state 1, although the authors did not attempt to
make state assignment for these mutants by *'P NMR in the
presence of the effectors. This assumption was based on the loss
of the Thr-35-y-phosphate interaction and marked deviation of
the switch I loop away from GppNHp in their structures. Also,
the backbone structures of the two switch regions of these
mutants along with the side chain of Phe-28, showing promi-
nent deviation form the nucleotide, superimposed well with
those of H-RasT35S-GppNHp form 1 except for the N-termi-
nal region of switch I (supplemental Fig. 5). If this is the case,
H-RasG60A-GppNHp represents an example of a switch II
mutation causing the switch I conformational change, provid-
ing a further support for the importance of the nucleotide-me-
diated interdependence between the two switch regions. More-
over, H-RasG60A-GppNHp exhibits a y-phosphate positional
shift of ~0.47 A (cf r.m.s. deviation of Ca atoms of reference
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residues: 0.15 A) in the direction approaching Thr-35 and
Gly-60 compared with H-RasWT-GppNHp (Fig. 64).

In a similar vein, the path from state 1 to state 2 could be
traced by using a series of the crystal structures of M-RasWT,
M-RasP40D, and M-RasP40D/D41E/L51R in complex with
GppNHp (Fig. 6B). Comparison of the y-phosphate position
between M-RasWT-GppNHp and M-RasP40D/D41E/L51R-
GppNHp revealed a change of ~0.25 A in the direction
approaching Thr-45 and Gly-70 (Fig. 6B), where the r.m.s. devi-
ation of Ca atoms of reference residues was 0.10 A. This posi-
tional change is probably initiated by rearrangement of the
hydrogen bonding between the residues 40/41 and the ribose/
a-phosphate of GppNHp due to the mutations (Fig. 2 and
supplemental Fig. 4). The establishment of the y-phosphate
interaction with both Gly-70 and Thr-45 seems to be necessary
for attaining the observed change of the y-phosphate position
because M-RasP40D failed to show a significant change (Fig.
6B), where the values for the y-phosphate positional change
and for the r.m.s. deviation of Ca atoms of reference residues
were 0.14 A and 0.12 A, respectively.

DISCUSSION

State Transition Mechanisms Inferred from Crystal Struc-
tures of State Intermediates—Conformational equilibrium
between the two states is shared over diverse members of the
small GTPase family in their GTP-bound forms (5, 33). How-
ever, the molecular basis for this equilibrium remained largely
unknown mainly due to the scarcity of structural information
on state 1 and state intermediates. Also, the extremely slow
equilibrium velocity on the order of 10”3 s precluded a molec-
ular dynamics simulation to predict a path for the state transi-
tion based on the existing structural information. In this paper,
we are able to trace the conformational changes along the path
through the crystal structure analyses of a series of mutant
H-Ras and M-Ras proteins, which can be regarded as interme-
diates of the state transition.

Comparison of the various crystal structures representing
state 1 or state 2 reveals the structural features favoring state 2
formation (Fig. 3B), stabilization of the switch I and switch II
loops to the nucleotide through interaction of Thr-35/45 and
Gly-60/70 (H-Ras/M-Ras) with the y-phosphate. Moreover,
discovery of the regional polysterism in the two switch regions
of H-RasT35S form 1 and form 2 (Fig. 1A4), along with the con-
formational change of switch II in M-RasP40D (Fig. 5A4), reveal
a crucial role of the nucleotide-mediated interdependence
between the two switch regions in the state transition, which is
influenced by a water-mediated bridge formation between the
two switch loops. Furthermore, our results indicate that the
positional change of the nucleotide y-phosphate is intimately
involved in the nucleotide-mediated interaction between the
two switch regions (Fig. 6).

Proposal of Common Mechanistic Basis between State Tran-
sition and GDP/GTP Exchange—High flexibility is a main fea-
ture of the two switch regions of Ras, which enables conforma-
tional transition associated with a GDP/GTP exchange (3, 26).
Our present results lead us to deduce that the dynamic equilib-
rium of Ras-GTP may also be generated by this property of the
switch regions. Comparison between the conformational
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FIGURE 7. Structural features of the switch Il regions and their changes accompanying the GDP/GTP
exchange. A, superimposition of the backbones of the switch Il residues (60-75 for H-Ras and 70-85 for
M-Ras) of M-RasWT-GppNHp (green), M-RasP40D-GppNHp (cyan), M-RasP40D/D41E/L51R-GppNHp (blue),
H-RasWT-GppNHp (yellow), H-RasT355-GppNHp form 1 (deep pink), and H-RasG60A-GppNHp (pink). The struc-
tures of GppNHp and Gly-60 are excerpted from the model of H-RasWT-GppNHp and are shown in a ball-and-
stick model. B, the switch Il structures and the nucleotide positions were compared between the GDP-bound
and GppNHp-bound forms by superimposition of the corresponding regions of H-RasWT (GDP-bound form in
pink and GppNHp-bound form in red), M-RasP40D (GDP-bound form in cyan and GppNHp-bound form in blue),
and M-RasWT (GDP-bound form in yellow and GppNHp-bound form in green). Gly-60/70 is shown in a ball-and-

stick model. The models were generated as described in the legend to Fig. 1A.

changes upon the GDP/GTP and state 1/state 2 transitions
reveals the existence of a common interesting feature as fol-
lows. The switch II loop of the state 1 conformers, such as
H-RasT35S-GppNHp form 1 and possibly H-RasG60A-
GppNHp, is longer than that of the state 2 conformers, such as
H-RasWT-GppNHp and M-RasP40D/D41E/L51R-GppNHp,
because the C-terminal part of the loop is stabilized and remod-
eled into an a-helix through direct interaction of Gly-60/70
with the y-phosphate in the state 2 conformers (Fig. 7A). Con-
comitantly, the a2-helix of the state 2 conformers exhibits sig-
nificant rotation toward the a3-helix compared with the state 1
conformers (Figs. 1A and 5A). Similar switch II conformational
changes are observed in the GDP/GTP exchange cycle. The
switch II region of H-RasWT-GDP (Protein Data Bank entries
4Q21 and 1Q21), whose Gly-60 fails to interact with GDP, con-
sists of a longer loop and a shorter a-helix compared with that
of the H-RasWT-GppNHp (1CTQ) (Fig. 7B). In another crystal
of H-RasWT-GDP (Protein Data Bank entry 110Z), the elec-
tron density of a part of the switch I loop is completely missing,
suggesting its high flexibility. Indeed, NMR spectra of
H-RasWT-GDP (Protein Data Bank entries 1ICRP and 1CRR)
showed remarkable flexibility in this region. Upon nucleotide
exchange from GDP to GTP/GppNHp, a gain of y-phosphate
causes the stabilization of the switch II loop to the nucleotide
mainly via establishment of the Gly-60-y-phosphate interac-
tion, which results in remodeling of the C-terminal part into an
a-helix (3, 26) (Fig. 7B). This model is supported by the obser-
vation that M-RasWT-GppNHp, which predominantly adopts
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M-RasP40D/D41E/L51R
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state 1 and lacks the Gly-60-y-phos-
phate interaction in its GppNHp-
bound form, fails to undergo the
switch II conformational changes
upon the GDP/GTP exchange (Fig.
7B). In a similar vein, M-RasP40D-
GppNHp, which restores the Gly-
60-y-phosphate interaction in its
GppNHp-bound form, undergoes a
switch II conformational change
upon the GDP/GTP exchange (Fig.
7B). These results collectively demon-
strate that the highly flexible property
of the two switch regions, especially
switch II, is responsible for both the
GDP/GTP and state 1/state 2 transi-
tions, which is mediated by the posi-
tional changes of the y-phosphate.
The State 1-specific Pockets as a
Promising Target for the Develop-
ment of Ras Inhibitors—The dra-
matic effect of Imatinib (Gleevec of
Novartis) (34), targeting the onco-
gene product Abl, on chronic
myelogenous leukemia has boosted
hopes for the molecular approach to
cancer therapy (i.e. the develop-
ment of anti-cancer drugs targeting
the oncogene products). However,
Ras has been refractory to this
approach, although it is one of the most attractive anti-cancer
drug targets (1). Also, the activated Ras is known to cause
“oncogene addiction” in cancer cells carrying it (35), implying
that its pharmacological inhibition leads to cell death. In this
study, we discover surface pockets on the state 1 structure of
H-Ras-GTP, which are unseen in the state 2 or H-Ras-GDP
structure, through the x-ray crystallographic analysis of
H-RasT35S-GppNHp form 1. The pockets of H-RasT35S-Gp-
pNHp form 1 seem to be a promising target for the structure-
based drug design of Ras inhibitors for the following reasons.
First, compounds fitting into this state 1-specific pocket are
predicted to inhibit Ras function by holding it in the state 1
“inactive” conformation. This notion is supported by the fact
that activated Ras mutants, such as H-RasG12V and
H-RasQ61L, also exhibit the same conformational equilibrium
in their GppNHp-bound forms (4, 11). Further, very close
resemblance between the pocket structures of H-RasT35S-
GppNHp form 1 and H-RasG60A-GppNHp implies that a
common and essential structural feature of the state 1 pocket of
H-RasWT-GTP is represented by these structures. This is
indeed backed by the fact that our crystal structure (2.2 A)* of
H-RasWT-GppNHp corresponding to state 1 reveals very close
resemblance to that of H-RasT35S-GppNHp form 1, which is
exemplified by loss of the Thr-35 and Gly-60 interactions with
the y-phosphate, and formation of two surface pockets with

M-RasWT

P F

GppNHp form

4F. Shima, S. Muraoka, and T. Kataoka, unpublished data.
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similar shapes. These results collectively suggest that the state 1
structures of the activated Ras mutants, although yet to be
determined, are likely to adopt a similar conformation. More-
over, the cubic capacities of pocket 1 and pocket 2 (Fig. 1B) of
H-RasT35S-GppNHp form 1 were calculated to be 328 and 568
A3, respectively, which are large enough to accommodate small
molecule compounds. Furthermore, the size and shape of the
pockets of H-RasT35S-GppNHp form 1 are obviously different
from those of the pocket of M-RasP40D-GppNHp (Fig. 1B and
5B), indicating their high specificity among various Ras family
GTPase species. Taking these results and information together,
the structural information of the state 1-specific pockets will
provide an invaluable tool for the structure-based drug design
of Ras inhibitors based on computer docking screening.

In addition, our finding of the crucial role of the nucleotide-
mediated interaction between the two switch regions may pro-
vide a new insight into the target site selection for the develop-
ment of Ras inhibitors; compounds which interact with switch
IT and cause its instability may also be effective in inhibiting Ras
functions through induction of a switch I conformational
change. Further studies on the molecular basis for the state
transition will provide us with invaluable resources for rational
drug development targeting not only Ras but also other small
GTPases.
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