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ABSTRACT: Ras GTPase cycles between its active GTP-bound form promoted by GEFs
and its inactive GDP-bound form promoted by GAPs to affect the control of various
cellular functions. It is becoming increasingly apparent that subtle regulation of the GTP-
bound active state may occur through promotion of substates mediated by an allosteric
switch mechanism that induces a disorder to order transition in switch II upon ligand
binding at an allosteric site. We show with high-resolution structures that calcium acetate
and either dithioerythritol (DTE) or dithiothreitol (DTT) soaked into H-Ras-GppNHp
crystals in the presence of a moderate amount of poly(ethylene glycol) (PEG) can
selectively shift the equilibrium to the “on” state, where the active site appears to be poised
for catalysis (calcium acetate), or to what we call the “ordered off” state, which is
associated with an anticatalytic conformation (DTE or DTT). We also show that the
equilibrium is reversible in our crystals and dependent on the nature of the small molecule
present. Calcium acetate binding in the allosteric site stabilizes the conformation observed
in the H-Ras-GppNHp/NOR1A complex, and PEG, DTE, and DTT stabilize the anticatalytic conformation observed in the
complex between the Ras homologue Ran and Importin-β. The small molecules are therefore selecting biologically relevant
conformations in the crystal that are sampled by the disordered switch II in the uncomplexed GTP-bound form of H-Ras. In the
presence of a large amount of PEG, the ordered off conformation predominates, whereas in solution, in the absence of PEG,
switch regions appear to remain disordered in what we call the off state, unable to bind DTE.

Ras is a small monomeric GTPase that functions as a
molecular switch in signal transduction.1,2 It is involved in

cell proliferation, apoptosis, and multiple cellular functions that
play critical roles in the tumorigenesis of a variety of human
cancers.3,4 It is therefore not surprising that Ras and its mutants
have been the focus of numerous biochemical and cell biology
studies5−10 as well as structural biology experiments primarily
using the GTP analogue GppNHp to produce the activated
state.11−17 Ras is anchored to the membrane via an isoprenyl
group as well as other posttranslational modifications at the C-
terminus18,19 and is normally activated through cell surface
receptors.20 When bound to GTP, Ras propagates its signal by
interacting with effector proteins such as Raf,21 phosphoinosi-
tide-3-kinase (PI3K),22 Ral guanine nucleotide dissociation
stimulator (RalGDS),23 NOR1A,24 and others.19 Once GTP is
hydrolyzed to GDP on Ras, interaction with effectors is no
longer favored and signaling is turned off. The levels of Ras-
GTP are kept in check by the opposing actions of guanine
nucleotide exchange factors (GEFs) that catalyze the loading of
GTP25 and of GTPase-activating proteins (GAPs) that increase
the intrinsically slow GTPase activity of Ras for timely
depletion of Ras-GTP.26 The active site residues are situated
primarily in so-called switch I, switch II, and the phosphate
binding loop (P-loop) comprised of residues 30−40, 60−76,

and 10−17, respectively.27 Oncogenic mutations interfere with
the ability of Ras to hydrolyze GTP, resulting in a prolonged
signal that promotes uncontrolled cell growth.4 RasG12V and
RasQ61L have received the most attention for being two of the
most frequent point mutants commonly found in human
cancers.28−30

The accepted view of the Ras cycle implies the absolute
necessity of GAPs in increasing hydrolysis rates in vivo, as the
intrinsic hydrolysis rates measured in vitro are too slow to be
biologically relevant.8 However, it has been known for many
years that the RasG12P mutant is insensitive to GAPs yet has a
normal intrinsic hydrolysis rate and a nontransforming
phenotype.14 Furthermore, the effector protein Raf binds to
Ras with an affinity that is ∼1000-fold greater than the affinities
of GAPs for Ras, and GAP would have to displace Raf for
binding.31−33 This is not the case for effectors such as PI3K and
RalGDS that have affinities comparable to that of GAP.22,34 We
have recently discovered an allosteric switch in Ras where
binding of calcium acetate in crystals with R32 symmetry
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promotes a shift of helix 3 and loop 7 (residues 87−104 and
105−109, respectively) toward helix 4 (residues 126−137) and
an extensive H-bonding network that results in a disorder to
order transition in the active site with placement of catalytic
residue Q61 for catalysis (“on” state of the allosteric switch).13

This is in contrast to the structure from similar crystals grown
in calcium chloride where switch II is disordered, resulting in an
incomplete active site (“off” state of the allosteric switch).6 In
our model, intrinsic hydrolysis is activated by ligand binding at
the allosteric site in the presence of Raf and plays a role in the
control of signaling through the Ras/Raf/MEK/ERK pathway,
alleviating the need for GAPs to compete with Raf for
attenuation of the signal. In this context, RasG12P is expected
to function normally in the Ras/Raf/MEK/ERK pathway
despite its insensitivity to GAPs, consistent with its normal
phenotype.
Our model provides a new venue through which to

understand the complexities of the structural biology of Ras
and its associated function. It was developed using H-Ras as a
representative Ras protein, as this isoform was used in all of the
structural biology and biochemical experiments referenced
herein. In the canonical crystal form with P3221 symmetry,35

the highly conserved switch I residue Y32 is turned away from
the nucleotide as in the Ras/RasGAP complex, in what has
been determined by 31P NMR to be “state 1”.34,36 In the crystal
form with R32 symmetry, switch I is stabilized by crystal
contacts with Y32 near the nucleotide as observed in the
structure of the Raps/Raf-RBD complex37 and determined by
NMR to be “state 2” in the Ras/Raf-RBD complex in
solution.34 This is the switch I conformation associated with
intrinsic hydrolysis.36 We have therefore based our proposed
mechanism for the reaction on the Ras structure obtained from
crystals with R32 symmetry.13 In the context of this switch I
conformation, the allosteric switch may be either on or off to
modulate the conformation of switch II, and we capture either
one of these substates of Ras-GppNHp by growing the crystals
in calcium acetate (on) or calcium chloride (off).5 Because
switch II is unhindered by crystal contacts in the R32 crystal
form, we have an excellent mimic of the Ras active site in the
Ras/Raf complex, where switch II is not part of the binding
interface.21

Although calcium acetate is clearly not a physiological ligand,
we propose that the calcium acetate at the allosteric site in our
crystals mimics a functional group associated with the
headgroup of a membrane lipid, perhaps in the presence of
calcium, as this site on Ras has been shown to interact with the
membrane in the GTP-bound, but not GDP-bound, state.38,39

We have found that in the on state of the allosteric switch with
a fully ordered active site, Y32 is closed over the nucleotide
partially overlapping the position of the GAP arginine finger in
the Ras/RasGAP complex.26 In our crystals, as in the complex
with Raf-RBD, Y32 interacts with a water molecule (Wat189)
that forms a bridge to the γ-phosphate of GTP. Q61 is
positioned by the allosteric switch to interact with this same
water molecule that could receive a proton and develop a
partial positive charge near the β−γ bridging oxygen atom of
GTP to stabilize the dissociative transition state of the
reaction.40,41 We propose that Wat189, aided by Y32 and
Q61, is therefore a critical element in Ras catalysis in the
absence of GAP when the allosteric switch is on because of the
binding of Raf at switch I and a membrane-associated ligand at
the allosteric site. Although we have observed these structural
changes associated with ordering of the active site in our

crystals, we have been unable to measure the expected increase
in the rate of hydrolysis for wild-type Ras in the presence of
calcium acetate either in the absence or in the presence of Raf-
RBD in solution.13 This is most likely due to the fact that a salt
bridge involving R135 on helix 4 and a symmetry-related
molecule in the crystal may be mimicking in vivo stabilization
of the allosteric binding site by a salt bridge between R135 and
a membrane phospholipid.38,39 A destabilized allosteric site in
solution would limit intrinsic hydrolysis rate measurements in
vitro to a state in which the allosteric switch is off for wild-type
Ras. The idea that without interaction at the allosteric site the
allosteric switch is normally off is consistent with the fact that
disorder of the switch regions, and thus an incomplete active
site, is seen in solution by NMR spectroscopy.42 Nevertheless,
vibrational spectroscopy studies in solution support the role of
Q61 in stabilizing water in the active site during GTP
hydrolysis, consistent with our proposed mechanism.43

Ras mutants commonly found in human cancers occur most
frequently at position 12, 13, or 61.29 Interestingly, rather than
having a disordered switch II in the off state, the highly
transforming Q61 mutants, including RasQ61L, have a well-
ordered switch II structure stabilized in an anticatalytic
conformation by a hydrophobic cluster of switch I and switch
II residues that isolate the nucleotide from bulk solvent.6 We
call this the ordered off state. In contrast to the off state where
catalysis is slow, the ordered off state has no measurable
catalytic activity.5,6 Interestingly, the G12V mutant does not
adopt this conformation, and switch II is disordered in the off
state, just as it is in the wild-type structure.5 This structural
difference between RasG12V and RasQ61L corresponds both
to differences in intrinsic hydrolysis rates in the presence of Raf
kinase and to differences in MEK and ERK phosphorylation
levels in NIH-3T3 cells, particularly in the presence of a PI3K
inhibitor that eliminates crosstalk effects to ERK due to Akt
phosphorylation.5 Taken together, these results suggest that
modulation of the switch II conformation affects signaling
through the Ras/Raf/MEK/ERK pathway. It is therefore of
great interest to be able to affect this modulation with small
molecules.
Here we use the H-Ras isoform to show that either

dithioerythritol (DTE) or dithiothreitol (DTT) binds between
helix 3 and switch II in crystals of the GTP-bound form,
stabilizing the ordered off anticatalytic conformation of switch
II in the wild-type protein. We show that the allosteric switch
can be predictably modulated by soaking crystals of H-Ras-
GppNHp in solutions containing either calcium acetate, which
stabilizes the on state, or DTE or DTT, which stabilizes the
ordered off state. Having previously found a binding site where
ligands stabilize the on state,13 we identify one here where DTE
or DTT stabilizes the off state and show that when both sites
are “empty” we can capture a mix of the on and off states of the
allosteric switch in our crystals. Furthermore, the equilibrium
between the two states is reversible, depending on the presence
of molecules with opposing effects in the soaking solutions.
This equilibrium, however, is significantly affected by the
presence of PEG in the bulk solvent surrounding the crystals,
with a clear correlation between the increase in the
concentration of PEG and promotion of the ordered off
conformation associated with the DTE/DTT binding pocket.

■ EXPERIMENTAL PROCEDURES
Protein Expression, Purification, and Crystallization.

H-Ras 1−166 was expressed and purified as previously
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described12 and is termed Ras hereafter. GDP was exchanged
with GTP analogue GppNHp using the previously published
procedure.13 The final protein solution used for crystallization
contained 20 mM HEPES (pH 7.5), 50 mM NaCl, 20 mM
MgCl2, and 10 mM DTE with a protein concentration of 10−
15 mg/mL. Sitting drop crystallization trays were set with a
protein concentration of 10−15 mg/mL. Crystals were grown
at 18 °C for at least 1 week in sitting drops containing 5 μL of a
protein solution and 5 μL of a reservoir solution. The reservoir
solution was made in the following way. A 0.05% n-octyl β-D-
glucopyranoside solution was made by adding n-octyl β-D-
glucopyranoside to either 0.2 M CaCl2 and 20% (w/v) PEG
3350 (PEG Ion Screen 7 from Hampton Research) (used for
set 1 in Tables 1 and 3) or 0.2 M Ca(OAc)2 hydrate and 20%
(w/v) PEG 3350 (PEG Ion Screen 28 from Hampton
Research) (used for set 2 in Tables 2 and 3). The reservoir
solution was comprised of 500 μL of one of the solutions
described above diluted with 100−200 μL of the protein buffer
solution above (without the protein) and 0−150 μL of 50%
(w/v) PEG 3350.
Soaks. Ras-GppNHp crystals grown in the presence of

calcium chloride were originally transferred to a stabilization
solution containing 10 mM HEPES (pH 7.5), 20 mM NaCl2,
10 mM MgCl2, 100 mM CaCl2, 30% PEG 3350, and 30% PEG
400. This resulted in the first two structures in Table 1.
For the experiments showing modulation of the equilibrium

between the substates, Ras-GppNHp crystals grown in the
presence of calcium chloride (set 1) were transferred to a
calcium chloride stabilization solution containing 10 mM
HEPES (pH 7.5), 20 mM NaCl2, 10 mM MgCl2, 100 mM
CaCl2, and 30% PEG 3350. The crystals were allowed to soak
for 60 min. Crystals grown in the presence of calcium acetate
(set 2) were transferred to a calcium acetate stabilization
solution consisting of 10 mM HEPES (pH 7.5), 20 mM NaCl,
10 mM MgCl2, 100 mM Ca(OAc)2, and 30% PEG 3350. These
crystals were also allowed to soak for 60 min. These two initial
soaking conditions were used to equilibrate crystals grown in
different wells to the same starting condition before subsequent
soaks with the various experimental conditions as described in
Results. In summary, all of the soaks for this set of experiments
included 10 mM HEPES (pH 7.5), 20 mM NaCl, 10 mM
MgCl2, and 30% PEG 3350. They differed in the presence or
absence of 100 mM CaCl2, 100 mM Ca(OAc)2, 100 mM DTT,
and 100 mM DTE. After soaking in the initial stabilization
solutions for 60 min as described above, crystals were
transferred to their final soaking conditions for 1−2 h. Single
crystals were then placed in cryo-loops, dunked quickly in a
solution containing 30% (v/v) glycerol under the soaking
condition, and flash-frozen in liquid nitrogen for X-ray data
collection.
Data Collection, Processing, and Structure Refine-

ment. Data were collected at 100 K at the SER-CAT ID-22
and BM-22 beamlines at Advanced Photon Source (Argonne,
IL). The X-ray wavelength was 1.0 Å with a crystal to detector
distance of 150 mm. The exposure time varied from 1 to 10 s
with an oscillation of 1° per frame. Data processing was
performed using HKL2000. The coordinates with Protein Data
Bank (PDB) entry 3K8Y13 were used for phasing all of the
structures in which the allosteric switch is on. The model used
for phasing the structures soaked under the high-PEG
conditions with a bound DTE is PDB entry 2RGE.6 All other
structures with the allosteric switch in the off state were phased
with the high-resolution structure of DTE-bound Ras resulting

from the high-PEG conditions. Rigid-body refinement was
performed using PHENIX44 with data cut at 2.5 Å. This was
followed by refinement with simulated annealing starting at
2000 K with the high-resolution reflections included. Model
building was performed using COOT.45 PHENIX was used for
refinement and generation of electron density maps.

Hydrolysis Experiments. The Raf-RBD (residues 52−
131) plasmid was transformed into BL21 cells for protein
expression. Cells were grown in LB medium containing
ampicillin and induced with 1.0 mM IPTG. Cell pellets were
stored at −80 °C. When needed for the hydrolysis experiments,
pellets were resuspended in 20 mM HEPES (pH 7.0) and
lysed, and Raf-RBD was purified using cation exchange
chromatography in a HiLoad 26/10 SP Sepharose column
(GE Healthcare). The Raf-RBD-containing fractions were
pooled and concentrated to a volume of ∼10 mL before
further purification with gel filtration on a HiPrep 26/60 S200
gel filtration column. Raf-RBD was concentrated to ∼5 mg/mL
and used for the hydrolysis experiments, and the remainder of
the protein was stored at −80 °C.
Ras protein was purified bound to GDP as previously

described.12 Ras-GDP was exchanged for γ-32P-labeled GTP by
the following procedure. Ras-GDP (5 μg) was incubated at 30
°C for 15 min in exchange buffer [50 mM Tris-HCl (pH 7.5),
50 mM NaCl, and 10 mM EDTA] with 2 μCi of γ-32P-labeled
GTP in a total volume of 100 μL. Immediately after the
incubation, the exchange reaction mixture was passed over a
prechilled P-6 nucleotide-binding column pre-equilibrated in
hydrolysis buffer (50 mM Tris-HCl and 50 mM NaCl). The
labeled Ras-GTP was then used immediately in hydrolysis
experiments.
For the hydrolysis experiments, 3 μg of 32P-labeled Ras-GTP

was incubated at 30 °C with excess Raf-RBD (36 μg) with or
without 300 mM DTE in hydrolysis buffer supplemented with
1 mM MgCl2 to start the hydrolysis reaction, in a total volume
of 300 μL. Immediately after the addition of MgCl2, a 30 μL
aliquot was added to 400 μL of prechilled stop buffer that
consisted of 5% activated charcoal, 0.2 M HCl, 1 mM
NaH2PO4, and 20% ethanol. The rest of the reaction mixture
was then incubated at 30 °C, and at multiple time points, 30 μL
aliquots were quenched in 400 μL of prechilled stop buffer and
kept on ice. After the final time point, the samples were
centrifuged at 10000g for 10 min in a tabletop centrifuge. Next,
200 μL of the supernatant solutions was added to scintillation
vials containing 1.2 mL of scintillation cocktail (ScintiVerse II
from Fisher Scientific), and the 32Pi was quantified by
scintillation counting. The counts were converted to percent
hydrolysis in Excel by the formula (count − initial count)/(final
count − initial count) × 100. The results were plotted in
Kaleidograph and fit to the equation y = A × exp[−(x − x0)/t0]
+ C, following a method described by Shutes and Der.46 Results
of two independent experiments were averaged to obtain the
reported turnover rates.

■ RESULTS
All of the experiments in this work were conducted with a C-
terminally truncated construct of H-Ras that includes residues
1−166 (the catalytic domain). To establish the reversibility of
the on and off states, we present a systematic series of soaking
experiments, clearly demonstrating that whether we start with
the on state or off state of the allosteric switch we are able to
induce the full transition in both directions in our crystals, given
a moderate amount of PEG in the bulk solvent.
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DTE and DTT Bind in a Pocket between Switch II and
Helix 3. When initially working out stabilization conditions for
the soaks, we hit upon conditions under which the crystals were
very stable and diffracted to a resolution of ∼1.4 Å, higher than
the resolution of 1.6−1.8 Å we usually get when we take
crystals directly from the mother liquor. The condition
contained 30% PEG 400 in addition to 30% PEG 3350 (vs
25% PEG 3350 in the mother liquor), as well as buffer and
either calcium chloride or calcium acetate. As expected, we
found that crystals originally grown in the presence of calcium
chloride and 5 mM DTE and then soaked under the
stabilization conditions containing 100 mM calcium chloride
and no DTE had the allosteric switch in the off state (PEG
400/CaCl2 ordered off in Table 1). Surprisingly, however,
rather than a disordered switch II, we observed the ordered off
conformation previously seen for the RasQ61L mutant.6

Furthermore, this structure showed clear positive difference
electron density in an Fo − Fc electron density map contoured
at 3σ, consistent with binding of DTE in a cleft that forms
between helix 3 and the ordered off conformation of switch II
in a position where we previously had located a hot spot for
protein−ligand interaction using multiple-solvent crystal
structure (MSCS) experiments.11 Soaking of crystals in the
high-PEG stabilization condition that included 100 mM
Ca(OAc)2 also gave an unexpected result. Rather than the on
state of the allosteric switch, this structure showed the allosteric
switch in the off state with switch II in the ordered off
conformation [PEG 400/Ca(OAc)2 ordered off in Table 1].
This structure too contained a bound DTE at the helix 3−
switch II interface. It is clear that under the high-PEG
conditions with bound DTE near the active site, the presence
of 100 mM calcium acetate is not sufficient to promote the
transition of the allosteric switch to the on state.
The DTE molecule in both structures binds in a pocket lined

by Y96 from helix 3, with one of its two hydroxyl groups
making a good H-bonding interaction with Wat365, which in
turn H-bonds to the hydroxyl group of the tyrosine residue and
to the side chain of D92 in helix 3 (Figure 1). Wat365 is part of
a network involving Wat308 and the carbonyl group of G60,
the residue immediately preceding the catalytic switch II

residue Q61. Wat308 is highly conserved in the Ras structures
and also makes H-bonding interactions to the main chain amide
group of G12 in the P-loop and another water molecule,
Wat416, that forms a bridge to the main chain amide of E62.
This network of H-bonding interactions linking G60 to the
DTE molecule results in a shift of the N-terminal portion of
switch II in this structure relative to the off state in which
switch II is disordered (PDB entry 2RGE). The DTE molecule
is linked to the middle of switch II through one of its sulfur
atoms that receives an H-bond from R68, which in turn
interacts with Wat345 (Figure 1). Thus, through its interaction
with R68, the DTE molecule is connected to both the hydroxyl
group of Y96 in helix 3 and the carbonyl group of G60 in
switch II. In essence, the DTE molecule interacts with elements
of switch II, the P-loop, and helix 3 in the context of the
ordered off conformation of switch II. Interestingly, R68 in the
on state is central to the H-bonding interactions of the
allosteric switch, leading to an ordered conformation of switch
II.13 The presence of DTE does not allow the positioning of
R68 critical for the on state and at the same time optimizes
interactions found in the ordered off state, favoring the
anticatalytic conformation of the active site. The binding of
DTT in this pocket has a very similar effect with only minor
differences. There is a loss of H-bonding interaction between
one of the DTT hydroxyl groups and Wat365 while its other
hydroxyl group gains an H-bond with R68 (Figure S1 of the
Supporting Information). The sulfur atom retains its interaction
with R68 as in DTE.

The Active and Allosteric Sites Have Unique Con-
formations in the Ordered Off State. The binding of DTE
or DTT with stabilization of switch II in the ordered off state
results in an active site where residue Q61 participates in a
hydrophobic pocket with switch I residues Y32, P34, and I36, as
well as with switch II residue Y64, similar to that we observed
previously for the Q61L, -I, -V, and -K mutants.6 However,
unlike the mutant residues that made van der Waals
interactions within the active site, the polar portion of Q61
makes an excellent H-bonding interaction with the hydroxyl
group of Y32, which also H-bonds directly to the γ-phosphate
of the nucleotide (Figure 2). The γ-phosphate is, as usual, in

Figure 1. Binding pocket formed near the active site of Ras-GppNHp between helix 3 and switch II in the ordered off conformation, with a bound
DTE molecule. Carbon atoms are colored cyan, nitrogen atoms blue, oxygen atoms red, and sulfur atoms yellow. The 2Fo − Fc electron density map
contoured at the 1σ level is colored gray. Water molecules are represented by red spheres, and hydrogen-bonded atoms are connected by black
dashed lines. This and all other stereoviews were made with a defocused representation.

Biochemistry Article

dx.doi.org/10.1021/bi300509j | Biochemistry 2012, 51, 6114−61266118



the proximity of the nucleophilic water molecule. This
conformation leaves no room for the bridging water molecule,
Wat189, observed in the on state between Y32 and the γ-
phosphate.13

The allosteric site has fewer water molecules in crystals
soaked in the high-PEG solution with calcium chloride
compared to the structure in a lower-PEG solution with a
disordered switch II (PDB entry 2RGE). In the structure
soaked in the high-PEG stabilization solution in the presence of
100 mM calcium acetate, crystallographic water molecules
become more prominent in the allosteric site, with no visible
binding of calcium acetate. In this structure, two water
molecules (Wat1461 and Wat1464) interact with the carbonyl
group of Y137 (Figure 3). These water molecules are too close
to each other (1.9 Å) to be present simultaneously and are

therefore not at full occupancy. Y137 interacts with Wat1464 in
a manner reminiscent of its interaction with calcium ion in the
on state. Wat1461 represents an alternate location for a similar
interaction with Y137. Loop 7 is shifted toward switch II along
with helix 3 in a way that is typical for the off state. This makes
room for an additional water molecule, Wat417, to bridge
between Wat1464 and the carbonyl group of D107 in a
position that overlays well with the location of the acetate
molecule present in the on state. Residue R97 is found in a
conformation that would sterically clash with a bound acetate
molecule, and it makes an H-bond to Wat1464. In this
structure, R97 is in the same conformation found in the
structures in the off state. However, there is weak positive
electron density to support an alternate conformation of R97
similar to that found in the on state. In summary, an overall

Figure 2. Active site of Ras-GppNHp in the ordered off conformation, including P-loop residues 10−14, switch I residues 32−35, and switch II
residues 59−61. Carbon atoms are colored cyan, nitrogen atoms blue, and oxygen atoms, including the nucleophilic water molecule, red. Black
dashed lines indicate hydrogen bonds. Note the direct interaction between Q61 and Y32.

Figure 3. Allosteric site of Ras-GppNHp soaked in a high-PEG solution containing 100 mM calcium acetate. The labeling of protein residues and
water molecules is pertinent to the structure in the ordered off state shown in color. For this structure, carbon atoms are colored cyan, nitrogen
atoms blue, and oxygen atoms red. Water molecules are represented by red spheres, and hydrogen-bonded atoms are connected by black dashed
lines. The associated 2Fo − Fc electron density map contoured at the 1σ level is colored light gray. Note the lack of electron density for calcium and
acetate in the allosteric site, unlabeled in the figure, but colored green with the associated protein structure and water molecules colored gray (PDB
entry 3K8Y).
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comparison between the on state in the presence of 30% PEG
3350 and that of the ordered off state in the high-PEG solution
in the presence of calcium acetate shows that the calcium ion

and its three coordinating water molecules are replaced by two
alternate positions for the interaction of water with the carbonyl
of Y137 and a water molecule that connects it to the carbonyl

Table 2. Data Collection and Refinement Statistics for Ras-GppNHp Structures of Crystals Grown with Ca(OAc)2
a

set 2, Ca(OAc)2 on set 2, CaCl2/DTT ordered off set 2, Ca(OAc)2/DTT on set 2, Ca(OAc)2/DTE ordered off

Data Collection
space group R32 R32 R32 R32
temperature (K) 100 100 100 100
cell dimensions

a, b, c (Å) 88.70, 88.70, 134.36 88.82, 88.82, 134.05 88.40, 88.40, 133.92 88.26, 88.26, 134.40
α, β, γ (deg) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

resolution (Å) 50−1.70 (1.76−1.70) 30−1.57 (1.63−1.57) 50−1.72 (1.75−1.72) 50−1.66 (1.69−1.66)
Rsym or Rmerge 0.065 (0.865) 0.067 (0.827) 0.054 (0.666) 0.082 (0.654)
I/σ 21.0 (1.5) 37.3 (1.2) 49.3 (3.0) 39.4 (3.0)
completeness (%) 99.5 (95.0) 97.4 (79.8) 100 (100) 100 (100)
redundancy 7.9 (4.5) 9.6 (3.7) 10.4 (8.9) 11 (9.3)

Refinement
resolution (Å) 1.70 1.63 1.72 1.66
no. of reflections 20843 23884 20777 23146
Rwork/Rfree 17.77/20.05 19.48/21.74 17.41/20.24 16.17/18.42
no. of atoms 1502 1540 1529 1547

protein 1316 1320 1318 1378
GppNHp 1 1 1 1
aetate 1 0 1 0
DTT/DTE 0 1 0 2
Ca2+/Mg2+ 2/2 3/1 2/2 2/3
water 146 176 171 161

B factor
protein 29.9 23.2 26.8 19.4
GppNHp 22.4 16.2 19.8 13.4
acetate 37.28 35.56
DTE/DTT 38.5 46.4
water 38.7 31.8 34.9 32.3

rmsd 3.31 3.23 2.83 3.56
bond lengths (Å) 0.008 0.008 0.007 0.007
bond angles (deg) 1.12 1.18 1.11 1.15

PDB entry 4DLT 4DLV 4DLW 4DLZ
aCrystals were originally grown in the presence of calcium acetate. All soaking solutions contained 30% PEG 3350. The presence of calcium chloride,
calcium acetate, DTE, or DTT and a designation for the state of switch II are indicated. Values in parentheses are associated with the highest-
resolution shell.

Table 3. Soak Conditions and Associated Structural Features of the Allosteric Switch in Ras-GppNHp

structure
growth

conditiona
presoak

conditionb final soak conditionb status of switch IIc
bound small molecule or

ion

set 1 CaCl2 mixed CaCl2 with DTE 100 mM CaCl2 same as presoak mixed ordered on and
disordered

none

CaCl2/DTE ordered
off

CaCl2 with DTE 100 mM CaCl2 100 mM CaCl2 with 100 mM
DTE

ordered off DTE in helix 3/switch II
pocket

CaCl2/DTT ordered
off

CaCl2 with DTE 100 mM CaCl2 100 mM CaCl2 with 100 mM
DTT

ordered off DTT in helix 3/switch II
pocket

Ca(OAc)2 ordered on CaCl2 with DTE 100 mM CaCl2 100 mM Ca(OAc)2 ordered on calcium acetate in
allosteric site

set 2 Ca(OAc)2 ordered on Ca(OAc)2 with
DTE

100 mM
Ca(OAc)2

same as presoak ordered on calcium acetate in
allosteric site

CaCl2/DTT ordered
off

Ca(OAc)2 with
DTE

100 mM
Ca(OAc)2

100 mM CaCl2 with 100 mM
DTT

ordered off DTT in helix 3/switch II
pocket

Ca(OAc)2/DTT
ordered on

Ca(OAc)2 with
DTE

100 mM
Ca(OAc)2

100 mM Ca(OAc)2 with 100
mM DTT

ordered on calcium acetate in
allosteric site

Ca(OAc)2/DTT
ordered off

Ca(OAc)2 with
DTE

100 mM
Ca(OAc)2

100 mM Ca(OAc)2 with 100
mM DTE

ordered off DTE in helix 3/switch II
pocket

aSee Experimental Procedures for details of the crystal growth conditions for sets 1 and 2. bComponents common to all soaks: 10 mM HEPES (pH
7.5), 20 mM NaCl, 10 mM MgCl2, and 30% PEG 3350. cSwitch I is always ordered in our crystals, stabilized by crystal contacts in the conformation
found in the Ras/Raf complex.
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group D107, which is positioned toward switch II, increasing
the size of the allosteric site.
Equilibrium between On and Off States Modulated by

Small Molecules in the Crystal. Given the prominence of
the ordered off state in soaking solutions containing a high level
of PEG (i.e., 30% PEG 3350 and 30% PEG 400) with the
accompanying insensitivity to calcium acetate, the remaining
experiments were conducted under the lower-PEG conditions
(30% PEG 3350). We performed two sets of soaking
experiments, one starting from the off state (set 1) and the
other from the on state (set 2), to study the countering effects
of calcium acetate and DTE or DTT in the transition between
these two allosteric states in Ras-GppNHp crystals. The
resulting structures are termed in the text as they are in Tables
1 and 2 containing the respective data collection and
refinement statistics. In addition, Table 3 summarizes
information regarding crystal growth, presoaking conditions
[CaCl2 or Ca(OAc)2], soaking conditions (components that
change in each soak), status of switch II (disordered, ordered
on, or ordered off), and bound small molecule or ion. The first
two structures in Table 1 correspond to those presented above
(under the high-PEG conditions) and are not part of the
present set of experiments. In the first set, set 1 in Tables 1 and
3, soaks were started from crystals containing Ras-GppNHp in
the off state grown in the presence of calcium chloride and 1−5
mM DTE, which has a disordered switch II as previously
observed (PDB entry 2RGE).6 These crystals were transferred
to a presoak stabilization solution containing 100 mM calcium
chloride and no DTE, DTT, or calcium acetate, before a second
transfer to solutions containing 100 mM calcium chloride and
either 100 mM DTE or DTT, or 100 mM Ca(OAc)2 without
the reducing agents (Table 3). This set of soaks resulted in four
structures with the data collection and refinement statistics
listed in Table 1 (set 1). The structure from crystals transferred
to a presoaking solution with calcium chloride but no DTE or
DTT (set 1, CaCl2 “mixed”) shows electron density for both
the on and off states of the allosteric switch, which were
therefore both included in the refinement (Figure S2 of the
Supporting Information). This is evidence that in the absence
of calcium acetate and DTE or DTT, Ras is in equilibrium
between the two states, sampled at detectable levels in our
crystals. There is electron density for the entire switch II in the
on state conformation as in our previously published structure
bound to calcium acetate (PDB entry 3K8Y),13 but no electron
density for the N-terminal half of switch II in the off state,
indicating that it is disordered as we previously observed in our
structure in the presence of calcium chloride (PDB entry
2RGE).6 Starting from switch II residue M67, there is electron
density to support both the on and off states of the allosteric
switch. The three other soaks belonging to set 1 were started
from crystals of Ras that were presoaked in calcium chloride to
attain this mixed structure. Addition of either 100 mM DTE
(set 1, CaCl2/DTE ordered off) or 100 mM DTT (set 1,
CaCl2/DTT ordered off) shifted the equilibrium toward the
ordered off structure with clear electron density for a DTE/
DTT in the switch II/helix 3 pocket. There is no visible
electron density for the on state in these structures. Conversely,
soaking in the presence of 100 mM Ca(OAc)2 resulted in a
structure with an equilibrium shift to the on state with no
electron density to support the off state of the allosteric switch
[set 1, Ca(OAc)2 ordered on]. As expected, this structure has
bound calcium and acetate at the allosteric site.

A second set of soaks, set 2 in Tables 2 and 3, was performed
starting with crystals containing Ras-GppNHp in the on state
grown in the presence of calcium acetate. These crystals were
first transferred to a presoak solution containing 100 mM
calcium acetate and no DTE or DTT [set 2, Ca(OAc)2 ordered
on]. Not surprisingly, this structure shows Ras with the
allosteric switch in the on state and calcium acetate bound in
the allosteric site. Transfer to a solution containing 100 mM
calcium chloride and 100 mM DTT resulted in a structure that
underwent a transition to the ordered off state with bound
DTT near the active site (set 2, CaCl2/DTT ordered off). Two
additional soaks in this set were designed to explore the
competition between binding of calcium acetate to promote the
on state and DTE/DTT to promote the ordered off state. Ras-
GppNHp crystals grown in the presence of calcium acetate and
presoaked in a stabilization solution containing 100 mM
Ca(OAc)2 were then transferred to solutions containing either
100 mM Ca(OAc)2 and 100 mM DTT [set 2, Ca(OAc)2/DTT
ordered on] or 100 mM calcium acetate and 100 mM DTE [set
2, Ca(OAc)2/DTE ordered off]. Surprisingly, while the
combination of calcium acetate and DTE resulted in a shift
to the ordered off state with no bound calcium acetate in the
allosteric site and DTE bound in the pocket between switch II
and helix 3, the structure soaked in calcium acetate and DTT
remained in the on state, with calcium acetate clearly bound in
the allosteric site, the active site conformation ordered as
previously observed (PDB entry 3K8Y),13 and no electron
density for DTT.

DTE Has No Effect on the Intrinsic Hydrolysis Rate of
Ras in the Presence of Raf-RBD in Solution. Given that in
the crystal the binding of DTE leads to the active site
conformation observed for the RasQ61L mutant (PDB entry
2RGD) shown to be anticatalytic in the presence, but not in the
absence, of Raf in solution,6 we performed hydrolysis
experiments to determine whether DTE results in a similar
impairment of the rate of hydrolysis of GTP to GDP catalyzed
by Ras in the presence of Raf-RBD (residues 51−131). The
binding of Raf-RBD stabilizes switch I in the conformation seen
in the crystal critical for stabilization of both the ordered off6

and ordered on13 conformations of switch II. Furthermore, it is
not expected to hinder binding of DTE because the pocket
between switch II and helix 3 is not part of the Raf-binding
interface on Ras.21 Conversely, the binding of DTE as well as
the state of the allosteric switch should not affect Raf-RBD
binding, because the relevant conformation of switch I is
independent of the state of switch II, helix 3, and loop 7, the
essential elements of the allosteric switch in the GTP-bound
form of Ras.5 A first set of hydrolysis experiments in the
absence of Raf-RBD showed no effect of DTE (not shown).
This is not surprising, because an effect, if any, would only be
expected in the presence of Raf-RBD with a stable switch I. Ras
was therefore loaded with [γ-32P]GTP and the reaction allowed
to proceed in the presence of Raf-RBD with and without 300
mM DTE. Aliquots were removed at multiple time points, and
the extent of hydrolysis measured as described in Experimental
Procedures. Single-turnover experiments in the absence of DTE
resulted in the hydrolysis rate for wild-type Ras in the presence
of Raf-RBD of 0.022 ± 0.001 min−1, equivalent to a kcat of
0.00037 ± 0.00002 s−1, consistent with the previously
published rate for this reaction36 (Figure S3 of the Supporting
Information). The turnover rate in the presence of 300 mM
DTE is unchanged at 0.023 ± 0.003 min−1, equivalent to a kcat
of 0.00038 ± 0.00005 s−1, clearly establishing that DTE in
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solution does not affect the rate of intrinsic hydrolysis catalyzed
by Ras, even in the presence of Raf and at a relatively high DTE
concentration compared to that present in the crystal soaks
(300 mM DTE in solution vs 100 mM DTE in the crystal).

■ DISCUSSION
Allosteric mechanisms were originally described for oligomeric
or multidomain proteins where allosteric changes induced by
ligand binding involve changes in quaternary structure or
interdomain interactions.47 More recently, the definition of
allostery has been expanded to include ligand-induced changes
in tertiary structure and the distribution of conformational
ensembles within a monomeric protein.48,49 It has become
increasingly clear with our work and that of others that Ras-
GTP (as modeled by Ras-GppNHp) is a monomeric protein
regulated by shifts in conformational ensembles,5,13,36,50

dynamically sampled in solution as shown for H-Ras-
GppNHp36,51,52 and K-Ras-GppNHp.11,53 Here we have
explored the shifts in equilibrium between conformational
states modulated by the binding of small molecules in Ras-
GppNHp crystals. We showed that calcium acetate and DTE/
DTT can effectively promote conformational shifts to the on
and off states of the allosteric switch, respectively, and we
discovered that PEG in the bulk solvent has a dramatic effect on
this process. Although these molecules are not physiologically
relevant, they illustrate the possible modulation of conforma-
tional changes in Ras by competing elements in the cell, i.e.,
protein, membrane components, or small ligands binding at key
sites on the protein surface. Furthermore, the effect of PEG
serves as a reminder that the behavior of Ras isolated in dilute
solutions may be different from that found in the crowded
environment of the cell.54

We had previously identified the binding of calcium and
acetate at the allosteric site as promoting a network of H-
bonding interactions associated with the on state that culminate
in the ordering of switch II with placement of Q61 in the
catalytic center.13 This structure has switch I and two active site
water molecules as seen in the Raps/Raf complex.37 Here we
have identified DTE/DTT as binding near the active site in the
ordered off state where switch II in wild-type Ras-GppNHp
adopts the anticatalytic conformation we previously observed
for the RasQ61L-GppNHp mutant. This site coincides with the
most prominent binding site hot spot identified through our
MSCS experiments and predicted by FT-Map calculations to be
a druggable site.11 This is an indication that the site could be a
binding pocket for a natural ligand of Ras, although such a
ligand has not yet been identified. Significantly, it is a site of
interaction between the GTPase Ran in the GTP-bound form
and Importin-β, where switch II is also found in the ordered off
conformation with the physiological consequence of preventing
GTP hydrolysis on Ran while cargo is being transported across
the nuclear membrane.55 In this structure, as in our structure of
wild-type Ras-GppNHp in the ordered off conformation, both
the γ-phosphate and switch II residue Q69 (Q61 in Ras) make
direct hydrogen bonds with the hydroxyl group of Y32 and the
two proteins have identical active site features.
PEG Affects Hydration of the Allosteric and Active

Sites and Promotes Binding of DTE/DTT to Ras-GppNHp
Crystals in the Off State. It is clear from the experiments
presented here that the presence of PEG under the conditions
in which Ras-GppNHp crystals are soaked has an effect on the
structure and hydration of the two binding sites discussed in
this work. There is a decrease in the number of water molecules

in the allosteric site in crystals soaked in the high-PEG solution
containing calcium chloride (PEG 400/CaCl2 ordered off in
Table 1) compared to the analogous structure in the lower-
PEG solution (PDB entry 2RGE). This is due to a decrease in
the level of protein hydration associated with the presence of
60% total PEG. This allosteric site dehydration effect is
somewhat relieved in the structure soaked in high-PEG
stabilization solution in the presence of calcium acetate [PEG
400/Ca(OAc)2 ordered off in Table 1], although there is
neither calcium nor acetate bound in this structure as shown in
Figure 3. This could be due to preferential interaction of the
acetate molecules with PEG in the bulk solvent, relieving the
protein dehydration effect and at the same time making fewer
acetate molecules available for interaction at the allosteric site.
The active site is also affected by the presence of PEG in the

crystal soaking solutions. It is immediately apparent that the
concentration at which either DTE or DTT is bound in the
resulting structure is very sensitive to the bulk solvent
composition. Whereas in the high-PEG soaks DTE/DTT is
bound under all of our experimental conditions, the lower-PEG
soaks require a higher concentration of DTE/DTT for it to
bind in the crystal. Furthermore, under the lower-PEG
conditions, calcium acetate binding at the allosteric site can
compete with DTE/DTT between switch II and helix 3 near
the active site, as our soaking experiments demonstrate. In
solution where PEG is not present, we do not observe the
expected reduced hydrolysis rate due to binding of DTE with
stabilization of the ordered off anticatalytic conformation, even
at a relatively high DTE concentration of 300 mM. This is
consistent with the idea that DTE by itself is not able to select
the ordered off conformation but instead binds at a binding
pocket that is stabilized in the presence of PEG.
Our results show a correlation between stabilization of the

ordered off conformation and an increasing concentration of
PEG in the bulk solvent, which in turn facilitates binding of
DTE/DTT. The effect is due to dehydration of the protein as
the PEG concentration increases, resulting in a low water
content at which the available water molecules preferentially
interact with PEG. The switch regions contain several polar and
charged groups that are normally well hydrated and either
disordered in the off state of the allosteric switch or highly
ordered in the on state with polar groups in extensive H-
bonding interactions involving a large number of water
molecules in the active site.13 The ordered off conformation
is characterized primarily by van der Waals and H-bonding
interactions between protein atoms and between the protein
and the nucleotide, with very few water molecules involved.
The high-PEG condition promotes optimization of these H-
bonding interactions, stabilizing the ordered off conformation
of switch II, which in turn favors the binding of DTE/DTT to
Ras even at very low concentrations. This is exemplified by our
structure soaked in the high-PEG solution with 100 mM
calcium acetate and no DTE/DTT. The original mother liquor
in which Ras-GppNHp crystals were grown had only 1−5 mM
DTE or DTT, but when transferred to the high-PEG solution
with calcium acetate and no DTE/DTT, the allosteric site is
“empty” and the DTE or DTT is bound with switch II in the
ordered off conformation. The conditions under which the
hydrolysis experiments were conducted in the absence of PEG
represent the other extreme with a highly hydrated active site
where switch II presumably remains disordered even at 300
mM DTE. The soaks in the solutions containing 30% PEG
3350 represent an intermediate state where DTE/DTT does
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not bind in the low concentration range (1−10 mM), as
exemplified by our previously published structure of Ras-
GppNHp in the presence of calcium chloride,6 but does bind at
the higher DTE/DTT concentration of 100 mM. In summary,
there is an effect of the PEG present in the bulk solvent
surrounding the crystal that facilitates binding of DTE/DTT,
which is absent under the solution conditions in which the
hydrolysis experiments were performed. Interestingly, in a
previously published attempt to correlate the ordered on
conformation with enhanced catalysis, the expected increase in
hydrolysis rate associated with binding of calcium acetate was
not detected in solution,13 in analogy to our current attempt to
measure a decrease in hydrolysis rate with DTE in solution. As
nonphysiological molecules, DTE, DTT, and acetate most
likely interact with a low affinity at their respective binding sites
on Ras-GppNHp and are unable to bind in dilute aqueous
solutions. They do bind, however, aided by the more crowded
environment of the crystal or by the effects of PEG on the bulk
solvent, resulting in stabilization of conformations observed in
biologically relevant complexes (see Discussion below).
Physiological ligands would bind with higher affinities to
these and other sites on Ras, stabilizing the relevant
conformations, perhaps aided by the crowded environment of
the cell.54

It is important to note that high-PEG solutions are not
unique in stabilizing the ordered off conformation in Ras-
GppNHp. In our MSCS experiments, soaks in four organic
solvents at high concentrations were seen to have the same
effect with a bound organic solvent molecule in place of the
DTE/DTT: neat hexane, 60% 1,6-hexanediol, 55% dimethyl-
formamide, and 50% 2,2,2-trifluoroethanol.11 These solvents
were previously observed to increase the level of order in switch
II of Ras-GppNHp in the P3221 crystal form by optimizing H-
bonding interactions within protein atoms.12 Within that crystal
form, the N-terminal portion of switch II is disordered, but the
C-terminal half is stabilized by crystal contacts to a
conformation similar to that found in the Ras/RasGAP
complex. The organic solvents order the N-terminal portion
of switch II such that the entire switch superimposes well on
switch II found in the complex with RasGAP.12 In the R32
crystal form, where switch II is entirely away from crystal

contacts, the ordered off conformation is stabilized with even
more optimized protein interactions compared to that observed
for the P3221 crystal form, resulting in a pocket that can
accommodate a variety of small molecules.11

The Active Site Conformation in the On State Is
Associated with Tight Binding Effectors Raf and NOR1A.
Our discovery of the allosteric switch in Ras-GppNHp crystals
with R32 symmetry suggested a relevance to the interaction
with Raf because this crystal form stabilizes a conformation of
switch I identical to that seen in the Raps/Raf complex.13

Furthermore, as in our crystals where switch II is free of crystal
contacts, it is not part of the Ras−Raf interface. We
subsequently established a connection between the allosteric
switch and activation of the Ras/Raf/MEK/ERK signaling
pathway in NIH-3T3 cells.5 The major consequence of binding
of calcium acetate at the allosteric site in our crystals is that it
promotes an active site conformation in which the entire switch
II, including catalytic residue Q61, becomes highly ordered.
This structure is consistent with an intrinsic hydrolysis
mechanism that stabilizes developing charges in the transition
state through a bridging water molecule that interacts
simultaneously with Q61, Y32, and the γ-phosphate of the
nucleotide.13 A slight increase in the intrinsic hydrolysis rate in
the presence of Raf compared to uncomplexed Ras has been
previously reported.36 This is presumably due to ordering of
switch I. We propose that this effect could be greatly enhanced
by binding of membrane components at the allosteric site that
promote the order of switch II through the allosteric switch
mechanism in Raf-bound Ras.11,13 Raf has a much higher
affinity for Ras than do the effectors PI3K and RalGDS, with
the Ras−Raf interaction having a Kd of 3.5 nM.32 This would be
tough competition for RasGAP, which has an affinity for Ras in
the micromolar range31 similar to those of PI3K22 and
RalGDS,23 given that RasGAP would have to displace Raf to
enhance the hydrolysis reaction. Intriguingly, a more recently
discovered effector, NOR1A, also has an affinity for Ras in the
nanomolar range, and the crystal structure of its complex with
Ras-GppNHp is available in the literature.24 Remarkably, the
structure of the Ras-GppNHp/NOR1A complex (PDB entry
3DDC) has an active site identical to that observed in the on
state of the allosteric switch in our crystals bound to calcium

Figure 4. Active site superposition of Ras-GppNHp bound to calcium acetate in the on state of the allosteric switch (green) (PDB entry 3K8Y) and
the Ras-GppNHp/NOR1A complex (yellow) (PDB entry 3DDC). The structures were superimposed solely on the basis of the nucleotide. In both
cases, the bridging water molecule H-bonds with Y32, Q61, and the GppNHp and the nucleophilic water molecule H-bonds to the backbone amine
and carbonyl groups of Q61 and T35, respectively, as well as to one of the γ-phosphate atoms of GppNHp. The hydrogen bonding interactions are
shown as black dashed lines.
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acetate (PDB entry 3K8Y and structures bound to calcium
acetate presented here) (Figure 4). The switch I conformation
is as in the Raps/Raf-RBD complex, and switch II makes
interactions with an N-terminal extension of the NOR1A-RBD,
through residues Y64 and M67, that stabilize the entire switch
II in what we propose is the catalytic conformation for intrinsic
hydrolysis in Ras. This supports the notion that the calcium
acetate soaks presented here stabilize a biologically relevant
conformation. NOR1A is a tumor suppressor protein that also
interacts with the pro-apoptotic kinases MST1 and -256,57 and
has been shown to colocalize with microtubules.58,59 Not all of
the functional consequences of its interaction with Ras are
currently understood, but it has been shown that Ras binding is
required for NOR1A’s growth suppressor activities and that it
leads to the inhibition of the ERK pathway.60 Given the
similarity of the Ras active site in the NOR1A complex with
that in our structures with the allosteric switch in the on state,
we propose that one mechanism through which NOR1A may
exert its tumor suppressor properties is through enhancing
hydrolysis of GTP on Ras, thus turning off Ras-mediated
signaling through various pathways known to promote growth.
The fact that both Raf and NOR1A, unlike other known Ras
effectos such as PI3K and RalGDS, bind with affinities that are
3 orders of magnitude higher than the Ras/RasGAP affinity is
consistent with the idea that these effectors may promote
intrinsic hydrolysis under unique and tightly regulated
conditions that do not involve RasGAP.
Relevance of the Ras-GppNHp Conformational Sub-

states Associated with the Allosteric Switch. We have
identified small molecules that have opposing effects with
respect to the stabilization of substates in Ras-GppNHp found
in functionally relevant protein complexes and have demon-
strated the sensitivity of these substates to the bulk solvent
conditions. Furthermore, we have shown that in the presence of
a moderate amount of PEG it is possible to deliberately
modulate the equilibrium between the two states in Ras-
GppNHp crystals using calcium acetate bound at the allosteric
site to stabilize the on state and either DTE or DTT bound
near the active site between switch II and helix 3 to stabilize the
off state. Both DTE/DTT and calcium acetate are associated
with substates that have been previously observed either in Ras
or in a homologous protein in complex with a biologically
relevant binding partner. The DTE/DTT-bound ordered off
conformation is identical to the conformation of Ran in
complex with Importin-β, and it has been associated with a lack
of catalysis both in the Ran complex55 and in RasQ61L in the
presence, but not in the absence, of Raf.6 Binding of a protein
or ligand at the site between switch II and helix 3 could render
Ras incapable of hydrolyzing GTP with the consequence of
prolonging active signaling in the cell. This would provide
additional fine-tuning in the regulatory mechanisms that affect
Ras signaling. The ordered on conformation associated with
binding of calcium acetate in our crystals is the same as that
observed in the Ras-GppNHp/NOR1A complex, with respect
to both the on state of the allosteric switch and the
conformational details of the active site formed by switch I
and switch II residues. In addition, H-bonding networks,
including the position of water molecules, are the same in the
two structures. While NOR1A directly stabilizes this con-
formation, there appears to be an additional level of regulation
in the complex with Raf, which stabilizes switch I leaving switch
II to be modulated by ligand binding at the allosteric site near
the membrane.11,13,38,39 We propose that the off state structure

obtained for crystals grown in calcium chloride with a
disordered switch II is representative of the Ras-GTP/Raf
complex in the absence of modulators, because in our crystals
switch I is ordered as seen in the complex. This off state would
be expected to be catalytically slow because of a disordered
active site with only occasional access to the catalytic
conformation. Binding at the allosteric site would activate the
allosteric switch, promoting a shift in equilibrium to the on
state, hydrolysis of GTP to GDP, and termination of signaling
through the Ras−Raf interaction. Given that substates of Ras-
GppNHp could be associated with levels of regulation more
subtle than those provided by GAPs and GEFs, it is important
to take them into account when targeting the activated state of
Ras in the design of small ligands in the search for anticancer
drugs.
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