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GTP-bound forms of Ras family small GTPases exhibit
dynamic equilibrium between two interconverting conforma-
tions, “inactive” state 1 and “active” state 2. A great variation
exists in their state distribution; H-Ras mainly adopts state 2,
whereas M-Ras predominantly adopts state 1. Our previous
studies based on comparison of crystal structures representing
state 1 and state 2 revealed the importance of the hydrogen-
bonding interactions of two flexible effector-interacting re-
gions, switch I and switch II, with the �-phosphate of GTP in
establishing state 2 conformation. However, failure to obtain
both state structures from a single protein hampered further
analysis of state transition mechanisms. Here, we succeed in
solving two crystal structures corresponding to state 1 and state
2 froma singleRas polypeptide,M-RasD41E, carrying anH-Ras-
type substitution in residue 41, immediately preceding switch I,
in complex with guanosine 5�-(�,�-imido)triphosphate. Com-
parison among the two structures and other state 1 and state 2
structures of H-Ras/M-Ras reveal two new structural features
playing critical roles in state dynamics; interaction of residues
31/41 (H-Ras/M-Ras) with residues 29/39 and 30/40, which
induces a conformational change of switch I favoring its inter-
action with the �-phosphate, and the hydrogen-bonding inter-
action of switch II with its neighboring �-helix, �3-helix, which
induces a conformational change of switch II favoring its inter-
actionwith the�-phosphate. The importance of the latter inter-
action is proved by mutational analyses of the residues involved
in hydrogen bonding. These results define the two novel func-
tional regions playing critical roles during state transition.

H-Ras, K-Ras, and N-Ras, collectively called Ras, are the
products of the ras proto-oncogenes and belong to the Ras fam-

ily of small GTPases, which also includes Rap1, Rap2, R-Ras,
R-Ras2/TC1, M-Ras/R-Ras3, Ral etc. (1, 2). They function as
guanine nucleotide-dependent molecular switches by cycling
between theGTP-bound active andGDP-bound inactive forms
in intracellular signaling pathways controlling cell growth and
differentiation (3). The interconversion between the GDP-
bound and GTP-bound forms is catalyzed by guanine nucleo-
tide exchange factors and GTPase-activating proteins (4, 5).
X-ray crystallographic andNMR analyses of H-Ras and Rap1A,
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), consisting of a single
loop and a loop and an �-helix (�2-helix), respectively, and
enables Ras to execute downstream signaling through direct
interaction with its effectors, such as Raf kinases, phosphoino-
sitide 3-kinases, and phospholipase C� (3, 4) (see supplemental
Fig. S1). Switch I almost overlaps with the effector region (res-
idues 32–40), which forms a principal binding interface for
effector recognition (6–9).

31P NMR studies revealed that H-Ras and K-Ras in complex
with Mg2� and a non-hydrolyzable GTP analog, GppNHp,3
exhibit equilibrium between the two conformational states,
termed state 1 and state 2 (10). The two states are characterized
by different chemical shift values for the resonances of the
phosphorous atoms of the �- and �-phosphate groups of
GppNHp. The chemical shift values are mainly influenced by
the distance of the phosphate groups from the aromatic ring of
Tyr-32 in switch I, which exerts a “ring current shift” effect (10).
The interconversion between the two states occurs in a milli-
second time scale and appears to be a general property shared
bymembers of the Ras family small GTPases irrespective of the
nature of the bound guanine nucleotide triphosphate: GTP,
GppNHp, or GTP�S (10–13). However, the state distribution
exhibited a great variation even among closely related GTPase
species; the state 1 population occupies 36� 2, 15� 1, and 93�
2% for H-Ras, Rap1A, andM-Ras, respectively (12), which pos-
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sess the identical switch I residues and share some of the effec-
tors such as c-Raf-1 (14, 15). Because association of H-Ras-
GppNHpwith its effectors such as c-Raf-1 induced a shift of the
equilibrium toward state 2, state 1 and state 2were presumed to
represent inactive and active conformations, respectively (10).
Although the crystal structures corresponding to state 2 had

been solved with H-Ras-GppNHp alone or in complex with the
effectors (8, 9, 16, 17), those corresponding to state 1 remained
unsolved until our determination of the crystal structure of
M-Ras-GppNHp (18). So far, state 1 structures were solved
with the crystals of the GppNHp-bound forms of M-Ras (18),
H-RasG60A (19), H-RasG60A/K147A (20), M-RasP40D (21),
and H-RasT35S (21). H-RasT35S yielded two distinct struc-
tures, termed form 1 and form 2. Comparison of these struc-
tures with state 2 structures indicated that themost fundamen-
tal feature distinguishing state 1 from state 2 is the loss of the
direct and Mg2�-coordinated indirect hydrogen-bonding
interactions of Thr-35/45 (H-Ras/M-Ras) in switch I with the
�-phosphate of GppNHp. This results is inmarked deviation of
the switch I loop away from the guanine nucleotide and
increases the distance betweenTyr-32/42 and the�-phosphate,
accounting for at least a major part of the observed 31P NMR
chemical shift changes. Moreover, the structures of M-Ras-
GppNHp and H-RasT35S-GppNHp form 1 revealed another
key structural feature of state 1, the loss of the hydrogen-bond-
ing interaction between Gly-60/70 in switch II and the �-phos-
phate, whose importance was also supported by the adoption
of the state 1 conformation by H-RasG60A-GppNHp and
H-RasG60A/K147A-GppNHp (19, 20). Thus, the state 2 struc-
ture is characterized by stabilization of the switch I and switch
II loops to the nucleotide through interactions of Thr-35/45
andGly-60/70 with the �-phosphate. The results also indicated
the importance of the nucleotide-mediated interdependence
between the two switch regions because a mutation in one
switch region induced a gross conformational change of the
other switch region (19–21). The structures of M-RasP40D-
GppNHp and H-RasT35S-GppNHp form 2, retaining the Gly-
60/70-�-phosphate interaction whereas losing the Thr-35/45-
�-phosphate interaction, were presumed to represent the
intermediate between the two states (21). However, these anal-
yses were carried out by comparison of the crystal structures
representing either state derived from different mutant poly-
peptides, which tended to be compromised by the secondary
effects of themutations. Thus, further analysis of the state tran-
sition mechanisms needed determination of both state struc-
tures from a single Ras polypeptide.
In the present study, we utilize the M-RasD41E polypeptide

to solve both state 1 and state 2 crystal structures in the
GppNHp-bound forms. The D41E mutation, where Asp-41 of
M-Ras was substituted by the corresponding Glu-31 of H-Ras,
was known to increase state 1 occupancy of M-Ras most effi-
ciently as a single mutation from our previous study (21). Com-
parison of the resulting two crystal structures corresponding to
state 1 and state 2 reveal two new structural features pertaining
to the state transition; the interaction among the residues
immediately preceding switch I including Glu-31/Asp-41 and
the hydrogen-bonding interaction of switch II with the �3-he-
lix. The two interactions facilitate establishment of the Thr-35/

45-�-phosphate and Gly-60/70-�-phosphate interactions, re-
spectively, and thereby induce the shift of state equilibrium
toward state 2. Applicability of this mechanism to other mem-
bers of the Ras family small GTPases,H-Ras, andmore distantly
related RalA, will be discussed.

EXPERIMENTAL PROCEDURES

Protein Purification—Mouse M-RasD41E (residues 1–178)
was expressed as fusionswith glutathione S-transferase inEsch-
erichia coli BL21(DE3) using pGEX-6P-1 vector (GE Health-
care, Buckinghamshire, UK), immobilized on glutathione-aga-
rose, and eluted by cleavage with PreScission protease (GE
Healthcare). After further purification by ion exchange chro-
matography to the final purity of �95%, it was loaded with
GppNHp and used for crystallization or NMR spectroscopy as
described before (18). Human c-Raf-1 RBD (residues 51–130)
was purified as described (12).
NMR Spectroscopy—31P NMR spectra were recorded in the

presence or absence of c-Raf-1 RBD on a Brucker AVANCE-
500 NMR spectrometer (18). The 31P spectra were referenced
as described (22).
Crystallization of Ras Proteins in Complex with Mg2� and

GppNHp—M-RasD41E-GppNHp was dissolved in buffer (50
mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM MgCl2, and 1 mM

DTT). Crystals of M-RasD41E-GppNHp were grown by the
sitting drop vapor diffusion method at 20 °C in drops contain-
ing 1 �l of protein solution (19 mg/ml) and 1 �l of reservoir 1
(100 mM Tris-HCl, pH 8.5, 200 mM MgCl2, and 20% (w/v) PEG
8000) for 1 week, or in drops containing 0.8 �l of protein solu-
tion 2 (21.5 mg/ml) and 1 �l of reservoir 2 (100 mM Tris-HCl,
pH 6.5, 200 mM MgCl2, and 25% (w/v) PEG 8000) for 3 weeks,
respectively. Crystalswith space groupP622 grew in reservoir 1,
whereas those with space group P212121 grew in reservoir 2.
Data Collection and Structure Determination—The data col-

lections at 100 K were carried out at BL38B1 using Jupiter 210
(Rigaku corporation) or Quantum 210 (ADSC) CCD detectors
in SPring-8. Distinct structures, type 1 and type 2, were solved
from the crystals with space groups P622 and P212121, respec-
tively. The data for M-RasD41E-GppNHp type 1 were pro-
cessed using the programHKL2000 (23), whereas those for type
2 were processed with the program MOSFLM (24) and scaled
with the program SCALA in the CCP4 program suite (25). The
crystal structures were determined by the molecular replace-
ment method withMOLREP (26) usingM-Ras-GppNHp (Pro-
tein Data Bank code 1X1S) as a search model. After the two
models were refined with programs CNS (27) and REFMAC
(28), their stereochemical quality was checked with PRO-
CHECK in the CCP4 program suit (29). The data collection
and refinement statistics are summarized in supplemental
Table S1. The number of detected water molecules in type 1
(resolution � 2.75 Å) was substantially smaller than that in
type 2 (resolution � 1.55 Å). Thus, the assignment of water-
mediated hydrogen bonds in type 1 was done with great care
only in reference to those found in type 2, when the corre-
sponding water molecules were invisible.
Graphics—The figures were prepared with PyMOL (DeLano

Scientific).
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PDB Codes of the Coordinates Used in this Paper—
M-RasD41E-GppNHp type 1, PDB code 3PIR; M-RasD41E-
GppNHp type 2, PDB code 3PIT; M-Ras-GppNHp, PDB code
1X1S; M-RasP40D-GppNHp, PDB code 3KKP; M-RasP40D/
D41E/L51R-GppNHp, PDB code 3KKO; H-Ras-GppNHp,
PDB code 1CTQ; H-RasT35S-GppNHp form 2, PDB code
3KKM; Rap2A-GTP, PDB code 3RAP chain R; RalA-GppNHp,
PDB code 1U8Y chain B were used.

RESULTS

Determination of Two Distinct Crystal Structures of M-
RasD41E-GppNHp, Corresponding to State 1 and State 2—We
previously showed that the residues immediately preceding
switch I (hereafter termed pre-switch I residues) of M-Ras
(supplemental Fig. S1), particularly Pro-40 and Asp-41, play
critical roles in its state 1 predominance because H-Ras-type
substitutions for these residues, P40D and D41E, caused a sig-
nificant increase in the state 2 population (21). In particular,
M-RasD41E-GppNHp exhibited the most prominent increase
of the state 2 population to 21 � 2 over 7 � 2% of M-Ras-
GppNHp (supplemental Table S2). This led us to examine crys-
tallization conditions ofM-RasD41E-GppNHp for crystals rep-
resenting either state. With the use of two distinct conditions
different in pH and PEG8000 concentrations (see “Experimen-
tal Procedures”), we obtained two crystals with a different space
group, which yielded two distinct tertiary structures, type 1 and
type 2 (supplemental Table S1). Their overall structures super-
imposed very well with those of M-Ras-GppNHp and H-Ras-
GppNHp, representing state 1 and state 2 structures, respec-

tively, except the two switch regions (Fig. 1). Electron density of
residues 69–73 in switch II, which were invisible in theM-Ras-
GppNHp structure (18), was completely clear in both struc-
tures. The effect of crystal packing on the determined struc-
tures seemed negligible. Although we observed dot-like
contacts only at residues 74 and 112 with a neighboring mole-
cule in type 1, such extremely faint contacts were unlikely to
affect the conformation of the corresponding regions. Indeed,
the temperature factor values for the two residues were kept
high, suggesting that these residues were not fixed by crystal
packing.
M-RasD41E-GppNHp type 1 exhibited the loss of the inter-

actions of both Thr-45 in switch I and Gly-70 in switch II with
the �-phosphate of GppNHp (see also supplemental Fig. S2)
and deviation of the switch I loop away from the nucleotide,
indicating that it corresponded to state 1. Indeed, switch II res-
idues of type 1 superimposed very well with the visible part of
switch II residues of M-Ras-GppNHp (Fig. 1) and the type 1
crystal possessed similar unit cell dimensions and the same
space group with theM-Ras-GppNHp crystal, implying similar
crystal packing. Although no interaction was recognized
between the switch I loop and �-phosphate, Thr-45 of type 1
showed a significant positional shift approaching the �-phos-
phate compared with that of M-Ras-GppNHp and was located
in the middle positions of Thr-45 of M-Ras-GppNHp (state 1)
and Thr-35 of H-Ras-GppNHp (state 2) (Fig. 1). This posi-
tional change of Thr-45 of type 1 may facilitate establish-
ment of a hydrogen-bonding interaction with the �-phos-
phate and account for the increase of the state 2 population
in M-RasD41E-GppNHp.
On the other hand, M-RasD41E-GppNHp type 2 corre-

sponded to state 2 because the interactions of both Thr-45
and Gly-70 with the �-phosphate were retained as commonly
observed in state 2 conformers such as H-Ras-GppNHp and
M-RasP40D/D41E/L51R (21) (Fig. 1 and supplemental Figs. S2
and S3). Indeed, the backbone structures of the switch I loop
and �2-helix in switch II of type 2 superimposed very well with
those of state 2 conformers, except switch II loop residues,
which exhibited a minor conformational change (Fig. 1 and
supplemental Fig. S3). Thus, M-RasD41E-GppNHp yielded
both state 1 and state 2 crystal structures for the first time as Ras
family small GTPases.
Structural Differences Around Switch I and Switch II between

Type 1 and Type 2—We made a detailed comparison of the
structures of the switch I and switch II regions, which exhibited
marked differences between M-RasD41E-GppNHp type 1 and
type 2 (Fig. 1). Because of the relatively low resolution of type 1,
we predicted the existence of water-mediated hydrogen bonds
in type 1 only for those actually detected in type 2 when the
corresponding water molecules were invisible.
Comparison of the structures of the switch I and pre-switch I

regions indicated that Tyr-42 exhibited the most drastic posi-
tional changes (Fig. 2). In type 2, where the Thr-45-�-phos-
phate hydrogen-bonding interaction was present, the side
chain of Tyr-42 was located very close to the nucleotide (Fig.
2A). In contrast, it was pulled far away from the nucleotide in
type 1, which lacked the Thr-45-�-phosphate interaction (Fig.
2B). Consistent with this, the main chain amide of the adjacent

FIGURE 1. Comparison of the crystal structures of M-RasD41E-GppNHp
types 1 and 2 with those of M-Ras-GppNHp and H-Ras-GppNHp with a
special emphasis on switch I, switch II, and the �3-helix. Superimposition
of the backbone structures of M-Ras-GppNHp, M-RasD41E-GppNHp type 1,
M-RasD41E-GppNHp type 2, and H-Ras-GppNHp. Only switch I, switch II, and
the �3-helix are colored as indicated. The structure of GppNHp is excerpted
from the model of M-RasD41E-GppNHp type 2. GppNHp and the side chains
of Thr-35/45 and Gly-60/70 (H-Ras/M-Ras) are shown in the stick model (red,
oxygen; blue, nitrogen; deep pink, phosphorus). Direct hydrogen bonds of
Thr-45 and Gly-70 with the �-phosphate in type 2 are shown by red dotted
lines, whereas Mg2�- or water-mediated hydrogen bonds (see supplemental
Fig. 2) are not shown. The models were generated with PyMOL, based on the
least square fittings of the C� atoms of the residues excluding those of the
two switch regions.
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Glu-41 formed a water-mediated hydrogen bond with the
�-phosphate of GppNHp in type 2, whereas the corresponding
interaction was absent in type 1 (Fig. 2 and supplemental Fig.
S2). Moreover, the modes of interaction with the ribose ring of
GppNHp showed a marked difference; Val-39 formed a direct
hydrogen bond and Pro-40 formed both direct and water-me-
diated hydrogen bonds in type 2, whereas type 1 formed only a
water-mediated hydrogen bond via Val-39. Thus, the hydro-
gen-bonding network in switch I and the pre-switch I regions of
type 2 showed closer resemblance to that of H-Ras-GppNHp
than that of M-Ras-GppNHp (supplemental Fig. S2). These
results hinted at an intimate relationship of the composition of
the hydrogen-bonding networks in these regions with the for-
mation of the Thr-45/35-�-phosphate (M-Ras/H-Ras) hydro-
gen bond, the determinant of the conformational states. Mech-
anisms underlying this relationship will be discussed (see
“Discussion”).
Comparison of the structures of the switch II region indi-

cated that �2-helix was located close to the �3-helix in type 2
compared with that in type 1 (Fig. 1). We observed a clear dif-
ference in the mode of interaction between switch II and the
�3-helix. In type 2, where the Gly-70-�-phosphate interaction
was present, Glu-72, Glu-73, and Phe-74 in switch II formed
direct and/or water-mediated hydrogen bonds with Arg-105 in
the�3-helix (Fig. 3A). In sharp contrast, residues 70–79 includ-
ing these 3 residues in switch II failed to form any hydrogen
bonds with residues 105–109 in the �3-helix (Fig. 3B). Intrigu-
ingly, H-Ras-GppNHp exhibited hydrogen-bonding interac-
tions between corresponding residues 60–69 in switch II and
residues 95–99 in the �3-helix, which were similar to those
observed in type 2 (Fig. 3C). However, the interactions were
more intensive in the case of H-Ras-GppNHp; they were com-
posed of a direct hydrogen bond of Asp-69 with Gln-99, and

water-mediated hydrogen bonds of Arg-68 with Gln-95, Tyr-
96, and Gln-99, and Gly-60 with Tyr-96. The �2-helices of type
2 and H-Ras-GppNHp exhibited a similar rotational change
compared with that of type 1, and their Gly-70/60 (M-Ras/H-
Ras) formed hydrogen bondswith the �-phosphate of GppNHp
(21) (Fig. 3, A and C).
Crucial Role of the Switch II-�3-Helix Interaction in Facili-

tating Adoption of State 2—The results described above sug-
gested that the mode of the switch II-�3-helix interaction,
which depends on the nature of the relevant residues, may play
a critical role in state transition. Comparison of amino acid
sequences showed that some of the residues involved in the
switch II-�3-helix interactions were not conserved between
H-Ras and M-Ras, such as Tyr-64 versus Phe-74 and Asp-69
versusGlu-79, respectively, in switch II, andGln-95 versusArg-
105, Tyr-96 versus Phe-106, Glu-98 versusGln-108, andGln-99
versus Leu-109, respectively, in the �3-helix (supplemental Fig.
S1). We knew from our previous study (21) that H-Ras-type
amino acid substitutions for Phe-74 and Glu-79, F74Y and
E79D, inM-Ras, alone or in combination with the P40D/D41E/
L51R mutation (see supplemental Table S2), had no significant
effect on state distribution. Accordingly, we introducedH-Ras-
type amino acid substitutions for Arg-105, Phe-106, and Leu-
109, i.e. R105Q, F106Y, and L109Q, into M-RasP40D/D41E/
L51R/F74Y/E79D, and the resulting mutant polypeptides in
complex with GppNHp were examined for the state distribu-
tion by 31P NMR spectroscopy (Fig. 4). We used M-RasP40D/
D41E/L51R/F74Y/E79D as the prototype for mutation because
it possessed the hydrogen-bonding partner residues such as
Tyr-74 and Asp-79 in switch II. The result clearly showed that
only the L109Q substitution caused a substantial increase in the
state 2 population; the state 2 peak of the �-phosphate reso-
nance line at �3.7 ppm increased to 47 � 2% in M-RasP40D/

FIGURE 2. Comparison of the hydrogen-bonding networks around the pre-switch I and switch I regions between M-RasD41E-GppNHp types 1 and 2.
The pre-switch I and switch I residues (yellow) and the switch II residue Gly-70 (green) are shown for M-RasD41E-GppNHp type 2 (A) and type 1 (B). Oxygen (red)
and nitrogen (blue) atoms are shown only for the main chains and side chains of Val-39, Pro-40, Glu-41, Tyr-42, Thr-45, and Gly-70, and GppNHp. Water
molecules mediating hydrogen bonds are shown by red balls, whereas hydrogen bonds are shown by red dotted lines. The models were generated with PyMOL.
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D41E/L51R/F74Y/E79D/L109Q-GppNHp compared with
23 � 3% at �3.68 ppm in M-RasP40D/D41E/L51R/F74Y/
E79D-GppNHp (Fig. 4B and supplemental Table S2). The state
assignment of the two peaks of the �-phosphate resonance
line for M-RasP40D/D41E/L51R/F74Y/E79D/L109Q-GppNHp
was confirmed by addition of c-Raf-1 RBD (supplemental Fig.
S3 and Table S2). The results suggested that restoration of the
hydrogen-bonding interaction between Gln-109 and Asp-79,
corresponding to the Gln-99—Asp-69 interaction in H-Ras,
facilitated the adoption of state 2 in thisM-Ras mutant. Collec-
tively, our results implied that the higher density or proper
arrangement of the hydrogen-bondingnetwork between switch
II and the�3-helix facilitates the adoption of state 2, resulting in
the higher state 2 population.
Another H-Ras-type substitution, F106Y, in the �3-helix

of M-RasP40D/D41E/L51R/F74Y/E79D, whether introduced
alone or in combination with L109Y, caused a significant
decrease in state 2 population even though the hydrogen-bond-
ing partners of Tyr-106, Gly-70, and Arg-78 existed (Fig. 4, A
andB). This unexpected effect of the F106Y substitutionmay be
accounted for by the notion that the addition of a hydroxyl
group to Phe-106 of M-RasD41E-GppNHp type 2 is likely to

bring collision with the side chain of Asp-21 in the P-loop
according to the calculation using the program PyMOL (sup-
plemental Fig. S5). In the case of H-Ras-GppNHp, the less mas-
sive side chain of Ala-11, corresponding to Asp-21 of M-Ras,
leads to an escape from the collision with Tyr-96. This finding
suggests that the�3-helix-P-loop interactionmay have a role in
state transition.

DISCUSSION

Comparison of the Pre-switch I and Switch I Structures and Its
Implication in the State Transition Mechanism of M-Ras—The
positional change of Thr-45 of M-RasD41E-GppNHp type 1
approaching the nucleotide (Fig. 1) has prompted us to clarify
its underlying mechanism focusing on the role of residue 41 on
the switch I conformational changes during the state transition
of M-Ras. To this end, we make a detailed comparison of the
structures of the pre-switch I (residues 39–41) (Fig. 5) and
switch I (residues 42–48) regions (Figs. 5 and 6) amongM-Ras-
GppNHp (state 1) and M-RasD41E-GppNHp types 1 (state 1)
and 2 (state 2).
The configuration of residue 41 exhibits a clear difference

among the three structures (Fig. 5, A-C). In M-RasD41E-

FIGURE 3. Comparison of the hydrogen-bonding interactions between switch II and the �3-helix among M-RasD41E-GppNHp types 1 and 2 and
H-Ras-GppNHp. The tertiary structures around switch II and the �3-helices are shown for M-RasD41E-GppNHp type 2 (A), M-RasD41E-GppNHp type 1 (B), and
H-Ras-GppNHp type 2 (C). Switch I, switch II, and the �3-helix are shown in yellow, green, and orange, respectively. Hydrogen bonds are shown by red dotted
lines. The models were generated as described in the legend to Fig. 2.
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GppNHp type 2, the side chain ofGlu-41 is arranged face to face
with that of Val-39 and pulled away from the nucleotide (Fig.
5A). A hydrophobic interaction of C� of Glu-41 with the C� of
Val-39 appears to play a role in establishing this constellation.
In contrast, Asp-41 of M-Ras-GppNHp fails to establish any
interactions with Val-39 and Pro-40, leading to marked dis-
placement of Asp-41 from Val-39 (Fig. 5C), which could be
accounted for by the fact that the shorter side chain of Asp-41
prohibits the formation of a van derWaals contact with the side
chain of Val-39 or Pro-40 (Fig. 5E). Intriguingly, M-RasD41E-
GppNHp type 1 exhibits a constellation of Glu-41 and Val-39
very similar to that of type 2 as characterized by a flip of Glu-41
away from the nucleotide (Fig. 5B). The underlyingmechanism
could be that the longer side chain of the Glu-41 substitute
restored the van der Waals interactions with the side chain of
Val-39 (Fig. 5D).
Superimposition of the main chain and side chain structures

of residues 39–45 of M-Ras-GppNHp and M-RasD41E-
GppNHp type 1 (Fig. 6A) reveals that the inside-out flip of
Glu-41 (arrow a) causes substantial rotational and positional
changes of the backbone structure of the switch I loop and
pre-switch I residues starting at Pro-40. For example, the (�, �)
dihedral angles of Pro-40 and residue 41 exhibit significant
changes from (�51°, 147°) and (41°, 44°), respectively, in

M-Ras-GppNHp to (�54°,�31°) and (�84°,�5°), respectively,
in M-RasD41E-GppNHp type 1. These conformational
changes, resulting from the D41E substitution, induce a
gross regional rearrangement of the hydrogen-bonding net-
work involving the switch I loop and pre-switch I residues:
both the direct interaction of the Asp-41 side chain with the
ribose and the water-mediated interaction of the main chain
carbonyl group of Tyr-42 with the �-phosphate in M-Ras-
GppNHp are lost and replaced by the newly formed hydro-
gen bond between the main chains of Glu-41 and Asp-43 in
M-RasD41E-GppNHp type 1 (Fig. 6A and supplemental Fig.
S2). Thus, the rotational and positional changes initiated at
the pre-switch I residues are conveyed to the switch I loop,
resulting in the positional shift of Thr-45 approaching the
�-phosphate (arrow b). As already discussed, this positional
shift of Thr-45 is likely to facilitate the formation of a hydro-
gen bond with the �-phosphate and may account for the
increase of the state 2 population in M-RasD41E-GppNHp.
The reason why M-RasD41E-GppNHp type 1 failed to
establish Thr-45-�-phosphate hydrogen-bonding interac-
tion despite the adoption of the type 2-like constellation of
Val-39 and Glu-41 could be accounted for by the presence of
Pro-40, which exerts a rotational constraint on the backbone
structure.

FIGURE 4. 31P NMR spectra of the GppNHp-bound M-Ras mutants bearing H-Ras-type amino acid substitutions in the �3-helix. A, the spectra were
recorded using 1 mM solution of the indicated M-Ras mutant and H-Ras proteins in complex with GppNHp. �, �, and � represent the �-, �- and �-phosphate
resonances, respectively. (1) and (2) represent the �-phosphate resonance peaks corresponding to states 1 and 2, respectively. �free, �free, and �free represent the
�-, �-, and �-phosphate resonances of the free GppNHp, respectively. �-GDP and �-GDP represent the �- and �-phosphate resonances, respectively, of GDP
bound to the M-Ras mutants. B, bar graph representation of state 2 populations of the M-Ras mutants in complex with GppNHp. The state 1 and state 2 peaks
in the �-phosphate resonance were fitted by Lorentz curves (blue lines in A), and the state 2 population was calculated as [state 2]/([state 1]�[state 2]), where
[state 1] and [state 2] represent the relative concentrations obtained as the integrals of the corresponding peaks. Error bars, S.D. derived from the Lorentz curve
fitting. The data of H-Ras-GppNHp and M-RasP40D/D41E/L51R/F74Y/E79D-GppNHp were adopted from our previous reports (18, 21).

FIGURE 5. Main chain and side chain configurations of the pre-switch I and switch I residues of M-Ras-GppNHp and M-RasD41E-GppNHp types 1 and
2. The backbone structures of the pre-switch and switch I regions and the structure of GppNHp are shown for M-RasD41E-GppNHp type 2 (A), M-RasD41E-
GppNHp type 1 (B), and M-Ras-GppNHp (C), on which only the side chains of Val-39, Glu/Asp-41, and Thr-45 are depicted (red, oxygen). The hydrogen bond
between Thr-45 and the �-phosphate in M-RasD41E-GppNHp type 2 is shown by a red broken line. The van der Waals distances for Val-39, Pro-40, and
Glu/Asp-41 of M-RasD41E-GppNHp type 1 (D) and M-Ras-GppNHp (E) are highlighted, where a red dotted line represents a hydrogen bond. The models were
generated by PyMOL.
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Determination of both the state 1 and state 2 structures from
M-RasD41E-GppNHp enables us to analyze the state transition
mechanisms through comparison of the two structures. Super-
imposition of residues 39–45 of type 1 and type 2 (Fig. 6B)
reveals drastic changes in the main chain and side chain struc-
tures of the switch I loop and pre-switch I residues, resulting in
establishment of the Thr-45-�-phosphate hydrogen-bonding
interaction in type 2 (arrow c). Type 2, but not type 1, forms
both direct and water-mediated hydrogen bonds between
Pro-40 and the ribose, and a water-mediated hydrogen bond
between Glu-41 and the �-phosphate (Fig. 2 and supplemental
Fig. S2). Above all, Tyr-42 exhibits the most drastic positional
and rotational change toward the nucleotide (arrow d). This is
presumably caused by collision of Tyr-42 with the side chain of
Val-39 (bidirectional broken arrow), which undergoes a posi-
tional change (arrow e) during the state 1 to state 2 transition.
Collectively, the results demonstrate that having Glu at resi-

due 41 of M-Ras plays a pivotal role in the adoption of the state
2 conformation for the following two reasons. 1) The interac-
tion of Glu-41 with the neighboring Val-39 causes a rotational
change of the pre-switch I residues, leading to the switch I loop
conformational change in combinationwith the rearrangement
of the hydrogen-bonding network involving the switch I loop,
pre-switch I residues, and the nucleotide. As a result, Thr-45
undergoes a positional shift approaching the �-phosphate,
facilitating the formation of a hydrogen bond with the �-phos-
phate. 2) The remarkable displacement of Tyr-42 through the
positional change of Val-39 brings about a drastic conforma-
tional change of the switch I loop toward the nucleotide, leading
to the Thr-45-�-phosphate hydrogen bond formation (see Fig.

2A). On the contrary, having Asp at residue 41 as in the case of
M-Ras-GppNHp totally abolishes the corresponding interac-
tions and facilitates the adoption of state 1.
State-specific Constellations of the Pre-switch I Residues Con-

served Among M-Ras, H-Ras, and Their Mutants—The critical
role of residue 41 in the state transition ofM-Ras-GppNHp and
M-RasD41E-GppNHp lead us to examine intramolecular inter-
actions involving pre-switch I residues in H-Ras-GppNHp,
H-RasT35S-GppNHp, and M-RasP40D/D41E/L51R-GppNHp.
The configuration of the residues 31/41 (H-Ras/M-Ras)
showed a clear difference between state 1 and state 2 con-
formers (Fig. 7). In state 2 conformers, H-Ras-GppNHp and
M-RasP40D/D41E/L51R-GppNHp, their Glu-31/41 residues
establish interactions with neighboring residues 29/39 and/or
30/40, leading to adoption of a constellation of residues 29/39
and 31/41, which is equivalent to that ofM-RasD41E-GppNHp
type 2 (Figs. 5A and 7A). However, the mode of interactions is
different among the three proteins. InH-Ras-GppNHp, the side
chain carboxyl group of Glu-31 forms a water-mediated hydro-
gen bond with the main chain amide of Asp-30, which is pre-
sumably assisted by a van derWaals contact of the C� of Glu-31
with the C� of Val-29 (Fig. 7C). In the case of M-RasP40D/
D41E/L51R-GppNHp (PDB code 3KKO, chain A), both the
main chain and side chain of Asp-40 formed water-mediated
hydrogen bondswith the side chain ofGlu-41 (data not shown).
As already discussed, in the case of M-RasD41E-GppNHp type
2, a hydrophobic interaction of C� of Glu-41 with the C� of
Val-39 appears to be involved. In contrast, Glu-31 of the state 1
conformer, H-RasT35S-GppNHp form 2, fails to establish any
interactions with Val-29 and Asp-30, leading to marked dis-
placement of Glu-31 from Val-29 as observed in M-RasGp-
pNHp (Figs. 5C and 7B), whose shorter side chain of Asp-41
prohibits interactionwithVal-39 or Pro-40 as already discussed
(Fig. 5E). In this case, the loss of theGlu-31—Val-29 interaction
presumably occurs by themarked deviation of the switch I loop
following the loss of the Ser-35-�-phosphate interaction. As
already pointed out, M-RasD41E-GppNHp type 1 (state 1) rep-
resents an exceptional case; it exhibits a constellation of Glu-41
and Val-39 very similar to that of the state 2 conformers (Fig.
5B), which can be explained that the longer side chain of the
Glu-41 substitute restores the van der Waals interactions with
the side chain of Val-39 (Fig. 5D). These results collectively
indicate that the critical role of the Glu-31/41—Val-29/39
interaction in adoption of the state 2 conformation is conserved
betweenM-Ras and H-Ras. It is also supported by the observa-
tion that H-RasV29G-GppNHp exhibits a vast increase in the
state 1 population as assessed from its 31P NMR spectrum (30).
The study on M-RasD41E-GppNHp types 1 and 2 also has

indicated the importance of the displacement of Tyr-42
through the positional change of Val-39 in the conformational
change of Thr-45 leading to the establishment of its interaction
with the �-phosphate. Comparison of the structures of the pre-
switch I and switch I regions between H-RasT35S-GppNHp
form 2 and H-Ras-GppNHp shows the existence of a similar
displacement of Tyr-32 toward the nucleotide in H-Ras-Gp-
pNHp, which is presumably caused by the positional change of
Val-29 (supplemental Fig. S6). Thus, this mechanism may also
be shared between M-Ras and H-Ras.

FIGURE 6. Comparison of the structures of the pre-switch I and switch I
regions among M-Ras-GppNHp and M-RasD41E-GppNHp types 1 and 2.
Shown are superimpositions of the structures of the residues 39 – 45 of
M-Ras-GppNHp (light blue) and M-RasD41E-GppNHp type 1 (yellow) (A) and
M-RasD41E-GppNHp type 1 (yellow) and type 2 (pink) (B) are shown. The struc-
ture of GppNHp (white) is excerpted from the model of M-RasD41E-GppNHp
type 1. Main chains and side chains are shown by thick and thin bars, respec-
tively, on which oxygen and nitrogen atoms are shown by red and blue colors,
respectively. Arrows a and b in A represent the conformational changes of
Glu-41 and Thr-45, respectively, whereas arrows c, d, and e in B represent
those of Thr-45, Tyr-42, and Val-39, respectively. A red dotted line in A shows the
hydrogen bond between the main chains of Glu-41 and Asp-43. A bidirectional
broken arrow represents the collision of the side chain of Tyr-42 with that of Val-
39. The models were generated as described in the legend to Fig. 2.
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Conservation of the Roles of the Novel Intramolecular Inter-
actions in a More Distantly Related Ras Family Member, RalA—
Conservation of the critical roles of the two interactions,
around the pre-switch I residues and between switch II and the
�3-helix, in the state transition of M-Ras and H-Ras leads us to
test whether a similar mechanism is working in more distantly
related members of Ras family small GTPases. To this end, we
focus on RalA, whose switch I residues are poorly conserved
(supplemental Fig. S1), because it is the only Ras familymember
whose state 1 crystal structure has been determined other than
M-Ras, H-Ras, and their mutants (31). RalA-GppNHp mainly
adopts state 1 in solution with a state 1 population of 53 � 7%
(12). The crystal structure of RalA-GppNHp corresponds to
state 1 judging from the loss of the interaction of Thr-46 (cor-
responding to Thr-35/45 of H-Ras/M-Ras) with the �-phos-
phate (31) and its backbone structure of switch I superimposes
verywell with that ofM-Ras-GppNHp (data not shown) despite
the existence of non-conserved residues, Glu-44, Lys-47, and
Ala-48 (corresponding to Asp-33/43, Ile-36/46, and Glu-47 of
H-Ras/M-Ras) (see supplemental Fig. S1). In RalA-GppNHp,
Asp-42, equivalent to Asp-41 in M-Ras, fails to interact with
Val-40, equivalent to Val-39 inM-Ras, adopting a constellation
of the pre-switch I residues analogous to those of state 1 struc-
tures of M-Ras and H-Ras (Fig. 7B).

On the other hand, RalA-GppNHp retains the hydrogen-
bonding interaction of Gly-71 (corresponding to Gly-60/70 of
H-Ras/M-Ras) with the �-phosphate (31) (supplemental Fig.
S7). In RalA-GppNHp, Gln-110 in the �3-helix, equivalent to
Gln-99 of H-Ras, formed hydrogen bonds with Ile-78 and
Asp-80 in switch II, like the case of H-Ras-GppNHp, whereas
Phe-107, equivalent to Phe-106 of M-Ras, fails to interact with
switch II residues, such asM-RasD41E-GppNHp type 1. This is
consistent with our notion that the higher density or the proper
arrangement of the hydrogen-bondingnetwork between switch
II and the�3-helix facilitates the adoption of state 2, resulting in
the higher state 2 population. These results suggest that RalA
shares a similar mechanism of state transition with M-Ras and
H-Ras.
In conclusion, our study has demonstrated the critical roles

of the two novel intramolecular interactions in the state 1 to
state 2 transition; one around the pre-switch I residues and the
other between switch II and the�3-helix, which appear to facil-
itate the formation of hydrogen bonds of Thr-35/45 (H-Ras/M-
Ras) in switch I andGly-60/70 in switch II with the�-phosphate
of GTP, respectively. Although it is evident that the four inter-
actions are intimately related with one another, the sequence of
these various events cannot be determined from the present
study, which deals with static structures. This mechanism of

FIGURE 7. Comparison of the structures of the pre-switch I and switch I regions among M-Ras, H-Ras, RalA, and their mutants. Shown are superimpo-
sitions of the structures of the residues 29 –35/39 – 45/40 – 46 (H-Ras/M-Ras/RalA) of the state 2 conformers, M-RasD41E-GppNHp type 2, M-RasP40D/D41E/
L51R-GppNHp, and H-Ras-GppNHp (A), and of the state 1 conformers, M-Ras-GppNHp, H-RasT35S-GppNHp form 2, and RalA-GppNHp (B). The structures of
GppNHp are excerpted from the models of H-Ras-GppNHp (A) and M-Ras-GppNHp (B). The side chains of residues 29/39/40, 31/41/42, and 35/45/46 (H-Ras/
M-Ras/RalA) are highlighted with the stick model (red, oxygen). The hydrogen bond between Thr-35 and the �-phosphate in H-Ras is shown by a red broken line.
The models were generated as described in the legend to Fig. 1. C, van der Waals distances for Val-29, Asp-30, and Glu-31 of H-Ras-GppNHp are highlighted. Red
dotted lines represent hydrogen bonds. The models were generated by the program PyMOL.
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state transition seems to be conserved among M-Ras, H-Ras,
andmore distantly relatedRalA. Thus, the amino acid sequence
diversity of the residues involved in the relevant interactions
seems to be responsible for determination of the intrinsic state
distribution of Ras family small GTPases. Our work also sug-
gests that the P-loop may have a role in the state transition via
interaction with the �3-helix. This is supported at least in part
by the observation that P-loop mutants of H-Ras, such as
H-RasG12V andH-RasG12D, showed an increase in the state 1
population in their GppNHp-bound forms (10, 30). The �3-he-
lix and P-loop were thought to be rather immobile from crys-
tallographic studies. However, the backbone amide 15N spin
relaxation rcCPMGmeasurements byO’Connor et al. (32) sug-
gested that they exhibit a significant mobility upon state tran-
sition, which is further supported by our latest study4 of 15N
relaxation times and heteronuclear nuclear Overhauser effects
of H-RasT35S-GppNHp. As already proposed (21), the various
events relevant to the state transition could be targeted for
development of Ras inhibitors, i.e. inhibition of the state 1 to
state 2 transition leads to inactivation of the Ras function.
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