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The small GTPases K-Ras, N-Ras, and H-Ras have distinct
biochemical properties determined by allosteric effects
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H-Ras, K-Ras, and N-Ras are small GTPases that are impor-
tant in the control of cell proliferation, differentiation, and sur-
vival, and their mutants occur frequently in human cancers. The
G-domain, which catalyzes GTP hydrolysis and mediates down-
stream signaling, is 95% conserved between the Ras isoforms.
Because of their very high sequence identity, biochemical stud-
ies done on H-Ras have been considered representative of all
three Ras proteins. We show here that this is not a valid assump-
tion. Using enzyme kinetic assays under identical conditions, we
observed clear differences between the three isoforms in intrin-
sic catalysis of GTP by Ras in the absence and presence of the
Ras-binding domain (RBD) of the c-Raf kinase protein (Raf-
RBD). Given their identical active sites, isoform G-domain dif-
ferences must be allosteric in origin, due to remote isoform-
specific residues that affect conformational states. We present
the crystal structure of N-Ras bound to a GTP analogue and
interpret the kinetic data in terms of structural features specific
for H-, K-, and N-Ras.

The Ras isoforms, K-Ras4B (referred to here as K-Ras),
N-Ras, and H-Ras are GTPases that play key roles as regulators
of signal transduction pathways involved in cell growth, differ-
entiation, migration, and apoptosis (1). All Ras proteins are
anchored to the membrane via post-translational modifications
at their C-terminal hypervariable regions (HVR)? that guide
localization into distinct membrane compartments (2, 3). The
catalytic domain, consisting of residues 1-166, actively propa-
gates signaling when bound to GTP and is inactive when bound
to GDP, with the P-loop (residues 10-17), switch I (residues
30-40), and switch II (residues 60 —76) forming the active site
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for GTP hydrolysis, as well as an interaction surface for differ-
ent effectors and regulators (4). The catalytic domain com-
prises two lobes (Fig. 1). The active site structural elements are
found within the first half of the catalytic domain (residues
1-86), referred to as the effector lobe, which is 100% identical
in sequence between the Ras isoforms (5, 6). The effector lobe
contains three of the five highly conserved motifs found in
small GTPases (7, 8). The backbone amides of the P-loop
(GXXXXGK(S/T)) interact with the a- and B-phosphates of the
nucleotide, whereas Thr-35 and residues 57— 60 of the DXXG
motif are important for Mg>" coordination (9, 10).

On the opposite side of the G-domain is the allosteric lobe,
comprising the second half of the catalytic domain (residues
87-166). The allosteric lobe contains the NKXD (residues 116 —
119) motif responsible for the specificity of the guanine nucle-
otide (11), and the EXSAK (residues 143—147) motif, aided by
effector lobe residue Phe-28, helps to stabilize nucleotide bind-
ing. The allosteric lobe contains hot spots of protein—ligand
interactions (5) that bind membrane components (12) and har-
bors all of the residue differences between the Ras G-domains,
with sequence identity of 90% between allosteric lobes of the
three Ras proteins.

The isoforms of Ras exist in a diverse ensemble of conforma-
tions, regulated by the nucleotide-bound state (13). In the GTP-
bound state, switch I in the active site interconverts between
open (state 1) and closed (states 2) conformations (Fig. 1), as
assessed by NMR (14, 15). States 1 and 2 are associated with
different biochemical activities, and the equilibrium between
these states differs among small GTPases (15, 16). State 1 favors
nucleotide exchange but inhibits interaction with effector pro-
teins (16). In contrast, state 2 is associated with effector binding
and GTP hydrolysis (15).

In the Ras—Raf-RBD complex, with switch I stabilized in state
2, switch II can attain two states corresponding to catalytically
incompetent (T state) and catalytically active (R state) confor-
mations (Fig. 1) (17). The allosteric lobe contains an allosteric
site that binds Ca®" and a negatively charged ligand to promote
adisorder to order transition in switch II through a shift in helix
3/loop 7 toward helix 4, placing GIn-61 at the catalytic center
(18). We associate this ordered state with an increase in intrin-
sic hydrolysis in the presence of Raf (17, 19-21).

Regulation of the signaling state of Ras is a result of activation
by guanine nucleotide exchange factors that catalyze the load-
ing of GTP (22) and deactivation by GTPase-activating proteins
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Figure 1. Catalytic G-domain of Ras showing the two lobes and confor-
mational states. Three models are superimposed: H-Ras with switch | in state
1 and the allosteric switch (helix 3/loop 7) in the R state (magenta, PDB code
4EFL); H-Ras with switch | in state 2 and the allosteric switch in the T state
(gray, PDB code 2RGE); and H-Ras with switch | in state 2 and the allosteric
switch in the R state (orange, PDB code 3K8Y). The effector lobe is shaded in
gray, and the allosteric lobe is shaded in green. Tyr-32, which is close to the
v-phosphate of the nucleotide, and Thr-35, which interacts with the Mg? ™" ion
when switch lis in state 2, are both turned away from the active site in state 1.
The conformational change in going from T state to R state is indicated by an
arrow. In the T state, helix 3 clashes with switch Il, promoting a disordered
conformation, whereas in the R state there is room for the switch Il helix to
form.

(GAPs) that increase the GTPase activity of Ras (23). Although
GAP is effective in complex with the wild-type Ras proteins,
oncogenic mutants are insensitive to regulation by GAPs (24).
Raf is a unique effector protein in that it interacts with Ras at
switch I, but not switch II, and binds with nanomolar affinity
(21, 25). In this context, switch II is free for allosteric modula-
tion by Ca®" binding in the allosteric site, and we hypothesize
that this leads to specific regulation of intrinsic hydrolysis in the
context of Raf signaling, a mechanism that is independent from
regulation by GAPs (17-21, 26, 27). This scenario is consistent
with the observation that binding of Raf-RBD to Ras fully inhib-
its GAP activity (28) and that GAP is generally a poor compet-
itor of Ras— effector interactions (28, 29). We have experimen-
tally linked allosteric modulation with signaling through the
Ras/Raf/MEK/ERK pathway in NIH-3T3 cells and shown that
GTP hydrolysis is completely abrogated in the Q61L oncogenic
mutant in complex with Raf (19). It is clear that both GAP-
catalyzed and intrinsic hydrolysis of GTP on Ras play important
and unique roles in signal attenuation.

Little effort has been made to place the biochemical activities
of the Ras isoforms in their individual contexts, and nearly all of
the structural biology and biochemistry work has used H-Ras as
a model for all three isoforms. In fact, there are no published
crystal structures of wild-type K-Ras or N-Ras in the GTP-
bound form, although there are structures of a few K-Ras onco-

12982 J Biol Chem. (2017) 292(31) 12981-12993

genic mutants bound to GTP analogues, a structure of N-Ras-
GDP, and several structures of K-Ras and its mutants in the
GDP-bound form, often bound to inhibitors of nucleotide
exchange (30). This lack of structural information for wild-type
K-Ras and N-Ras in the GTP-bound active state leaves H-Ras as
the representative of all three isoforms for discerning mecha-
nisms at the molecular level.

Early work on full-length H-Ras and N-Ras hinted at differ-
ences in intrinsic hydrolytic activity (31, 32). These results have
received little attention, as the experimental studies were per-
formed under diverse reaction conditions. More recently,
molecular dynamics simulations of Ras in its nucleotide-free (6)
and nucleotide-bound (33, 34) forms show that H-, K-, and
N-Ras differ in their overall dynamics. However, the assump-
tion that the identical active sites in the Ras isoforms leads to
identical kinetics has prevailed, with an exclusive reliance on
H-Ras for linking biochemical and structural properties.

Here, we present a systematic study of intrinsic hydrolytic
reactivity of H-, K-, and N-Ras based on single-turnover exper-
iments performed under the same conditions for the three
wild-type isoforms alone and in the presence Raf-RBD. Deter-
mination of the hydrolysis rate constants for Ras loaded with
radioactive GTP shows that there are significant differences in
the biochemical activities between the isoforms. The rate con-
stants for hydrolysis catalyzed by K-Ras and N-Ras are about
one-third of that observed for H-Ras. Raf-RBD has little or no
effect on hydrolysis for H-Ras and N-Ras, but it increases the
rate constant for K-Ras to the value obtained for H-Ras. In
addition to hydrolysis rate constants, we present the crystal
structure of N-Ras in its GTP-bound state for a detailed
comparison with H-Ras and K-Ras and test the effects on
hydrolysis of specific mutants in the allosteric lobe that dif-
fer among the isoforms. Although we find that these point
mutants do not significantly affect the GTP hydrolysis rate
constant on H-Ras, we suggest key structural features that
together may drive differences in allosteric modulation
between the isoforms.

Results

Kinetics of GTP hydrolysis on H-, K-, and N-Ras in the absence
and presence of Raf-RBD

Single-turnover experiments were performed to obtain rate
constants for hydrolysis of GTP catalyzed by Ras, using a dis-
continuous assay based on the production of **P,, as described
previously (27, 35). Briefly, Ras is loaded with [y-**P]GTP
(PerkinElmer Life Sciences); samples are removed from the
reaction mixture at specific time points; the **P, product is iso-
lated using an organic extraction method (36, 37), and the
radioactivity is measured with a scintillation counter (300SL,
LabLogic). All hydrolysis experiments were performed in trip-
licates. Combined experimental data, i.e. **P; product concen-
trations versus reaction time, were subjected to global nonlin-
ear regression analysis (38) by using the software package
DynaFit (39, 40). The data were fit to a single-step, first-order
kinetic model represented by Equation 1, where P, is the exper-
imentally observed radioactive inorganic phosphate.
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Figure 2. Single-turnover GTP hydrolysis experiments for H-Ras, K-Ras,
and N-Ras conducted in the absence or in the presence of Raf-RBD. The
vertical axis represents the single-turnover rate constant k: the dark gray
and light gray bars correspond to the best-fit values from global fit of com-
bined triplicate experiments in the absence of Raf-RBD and presence of Raf-
RBD, respectively. The error bars are calculated as the “low” and “high” limits
of nonsymmetrical confidence intervals at 68% confidence level. See supple-
mental data for the raw data and individual progress curves.

khyd

E.GTP——E.GDP + P; (Eq.1)

The underlying system of first-order ordinary differential
equations was automatically derived by the DynaFit software.
See the supplemental data document for the raw data, details of
the model, the DynaFit script, and the individual progress
curves. Non-symmetrical confidence intervals for rate con-
stants were determined by using the profile-t method of Bates
and Watts at 68% confidence level, formally corresponding to 1
S.D. (41, 42).

The results are summarized graphically in Fig. 2. The numer-
ical values of the rate constant, ki, 4, for each isoform in the
absence and presence of Raf-RBD are given in Table 1. The k;, 4
for H-Ras of 0.016 min ! is very similar to previously published
values (31, 32, 43), whereas k;, 4 values for K-Ras and N-Ras are
both 0.006 min~', lower than expected. As observed previously,
Raf-RBD does not affect the rate constant for H-Ras. This is also
the case for N-Ras, with kj, 4 remaining small. Surprisingly, Raf-
RBD has a significant effect on the rate constant for K-Ras, with
Kiya increasing from 0.006 to 0.011 min ', approaching the
value obtained for H-Ras.

To check the binding capacity of Raf-RBD to each Ras iso-
form, we used isothermal titration calorimetry (ITC) to mea-
sure the affinity and thermodynamic parameters of the interac-
tion between H-Ras, K-Ras, and N-Ras with Raf-RBD (Table 2).
The AG° value of —9.59 =+ 0.03 kJ/mol obtained for complex
formation between H-Ras and Raf-RBD agrees very well with
the previously published value of —9.6 * 0.2 kcal/mol (44), and
the stoichiometry of the interaction was 1.02 * 0.02, as
expected. The K, of 94 * 4 nm agrees well with the previously
published values of 88 nm (44) and 80 nm (45). The differences
observed in both AH® and TAS® values across the literature can
be attributed most likely to differences in Tris versus HEPES
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Table 1
Results of single-turnover experiments

The low and high values are limits of nonsymmetrical confidence intervals (profile-¢
method of Bates and Watts (42)) at 68% confidence level.

Isoform 1000 X ki, q Low High ty,
min~ ! min
H-Ras 16 £3 13 19 40
K-Ras 6*+1 4 7 120
N-Ras 6+2 4 8 120
H-Ras + Raf 14 *2 12 15 50
K-Ras + Raf 11*1 10 13 60
N-Ras + Raf 6+1 5 7 120
H-RasQ95L 19+3 17 22 40
H-RasH166Y 19+1 18 20 40
H-RasY141F 15*1 14 16 50
Table 2

Thermodynamic quantities measured by isothermal titration calorim-
etry for binding of H-, K-, and N-Ras to Raf-RBD

Errors are from triplicate experiments.

H-Ras K-Ras N-Ras
K,(10°M™ 1) 10.7 £ 0.5 10.2 £ 0.2 4.7+0.2
K, (nm) 94 * 4 98 =2 206 * 8
n 1.02 £ 0.02 0.97 = 0.08 0.91 = 0.01
AS (J mol/K) 102 = 4 99 + 4 914 *+1.9
AH (kcal/mol) —2.3+0.3 —2.6 £ 0.3 —-2.6 +0.1
AG (kcal/mol) —9.59 = 0.03 —9.56 = 0.01 —9.12 = 0.03

buffer protonation enthalpies, and this issue has been exten-
sively discussed elsewhere (44, 45). For the K-Ras and Raf-RBD
interaction, the K, is 98 = 2 nm. This and all other thermody-
namic parameters obtained for the interaction between K-Ras
and Raf-RBD are similar to those obtained for H-Ras, with a
nearly identical AG® of —9.56 kJ/mol. The N-Ras—Raf-RBD
interaction has a lower affinity, with K, of 205 = 8 nwm, very
similar AH® values, but lower AS°, implying that binding
between N-Ras and Raf-RBD is less entropically favorable than
for the other two isoforms.

Crystal structure of wild-type N-Ras bound to the GTP
analogue GppNHp

To correlate our kinetic data with Ras structural features, we
first identified specific locations of isoform variation in H-, K-,
and N-Ras. A direct comparison of G-domain sequences shows
that there are 17 residue positions in the allosteric lobe that
differs in at least one of the three isoforms and that they cluster
near the highly conserved nucleotide-binding NKXD and
EXSAK motifs characteristic of small GTPases (46), as well as
on helix 3 (Fig. 3a). Of these 17 residues in the allosteric lobe, 9
of them (53%) are unique to N-Ras, 7 (41%) are unique to H-Ras,
and only 5 (29%) are unique to K-Ras.

In H-Ras, residue differences cluster at residues 121-122
(loop 8) and 126 —128 (helix 4). In N-Ras the differences cluster
at residues 94-95 (helix 3) and 131-132 (helix 4). In contrast,
K-Ras lacks two or more consecutive sequence variations, with
its five unique residues dispersed throughout the allosteric lobe
(residues 95, 107, 122, 153, and 165). Interestingly, there are
only two positions that differ in all three isoforms: residue 95 in
helix 3 and residue 122 in loop 8. By mapping these sequence
variations onto the respective isoforms in Fig. 35, it becomes
clear that the isoform differences cluster architecturally around
the conserved allosteric site that we propose modulates hydro-
lysis in the presence of Raf (helix 3, loop 7, and helix 4) (19, 21)
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Figure 3. Amino acid sequence differences between H-, K-, and N-Ras. g, sequences of the three Ras isoforms are shown, numbered every 10 residues.
Amino acid residues common to H-, K-, and N-Ras are in black. Residues that are different in any isoform are shown in green in the H-Ras sequence (top row).
Residues in K-Ras that are the same as in H-Ras are shown in green in the K-Ras sequence, and those that are different from H-Ras are shown in yellow (middle
row). Residues in N-Ras that are the same as in H-Ras are shown in green, and those that are the same as in K-Ras are shown in yellow, and those that are unique
to N-Ras are in cyan (bottom row). The G elements found in all GTPases are shown in red with boxes above the Ras sequences labeled G1-G5. In the effector lobe,
G1 is the P-loop; G2 is switch |; and G3 is switch Il. In the allosteric lobe, G4 and G5 are the NKXD and EXSAK motifs, respectively, important for binding the
guanine base of the nucleotide. b, amino acid differences mapped onto the three-dimensional structure of Ras. Left, K-Ras structure (PDB code 3GFT) with color
scheme as shown for the sequence of K-Ras in a. Right, N-Ras structure (PDB code 5UHV, presented here) with color scheme as shown for the sequence of N-Ras

ina.

and the NKXD and EXSAK motifs that directly affect nucleo-
tide binding (loop 8, helix 4 and helix 5) (10). The locations of
these residues in relation to the allosteric site and active-site
motifs implicate these regions as differentiating the kinetics we
observed for H-, K-, and N-Ras isoforms.

A significant number of crystal structures of Ras and its
mutants have been deposited in the PDB (13, 47). However, to
correlate the kinetic differences with structural features it is
desirable to compare crystal structures of each of the isoforms
in their active GTP, or GTP-analogue, states. Although we
could find such structures of H-Ras and K-Ras in the PDB, the
only available crystal structure of N-Ras is bound to GDP. We
therefore solved the crystal structure of the G-domain of N-
Ras bound to the GTP analogue GppNHp (Table 3). N-Ras-
GppNHp crystallized with symmetry of the P3,21 space group,
with similar packing as H-Ras-GppNHp in the same crystal
form (PDB code 1CTQ) (48). We use our N-Ras structure as the
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basis for comparison with the structures of H- and K-Ras in the
GTP-bound form.

The crystal structure of N-Ras-GppNHp has switch I ordered
in the active site, with Tyr-32 interacting with the y-phosphate
of a neighboring symmetry-related molecule of N-Ras. The
conformation of switch I is nearly identical to that in H-Ras
(PDB code 1CTQ), as is the P-loop and N terminus of switch 11
(Fig. 4a). Interestingly, the nucleophilic water molecule (i.e.
Wat-175 in H-Ras) (48) is not present in our structure, and the
side chains of GIn-61, Glu-62, and Glu-63 are disordered. The
N termini of switch II in N-Ras and H-Ras are very similar in
the two structures, up to residue Tyr-64. Starting at residue 65,
the backbone of switch I in N-Ras begins to adopt a more open
conformation that is farther from helix 3 and different from
H-Ras (Fig. 4b). Although Arg-68 is well ordered in the H-Ras
structure and makes van der Waals interactions with Tyr-71, it
is partially disordered in N-Ras where Tyr-71 is disordered and

SASBMB



turned out toward the solvent. The side chains for residues
69 —74 at the end of helix 2 in switch II are also disordered. The
main chain atoms in the two structures converge again starting
at residue 75. In agreement with a poorly ordered N-Ras switch
11, helix 3 is shifted away from the allosteric site to favor the T
state (Fig. 4). The shift to the T state in helix 3 toward switch II
is also seen for K-Ras (data not shown). These observations are
consistent with the drop in k4 for K- and N-Ras in our hydro-
lysis experiments, i.e. both N- and K-Ras appear to favor the T
state more so than H-Ras.

Table 3

Data collection and refinement statistics for wild type N-Ras bound to
GppNHp

Wavelength (A) 1.54
Resolution range A) 28.5-1.67 (1.73-1.67)"
Space group P3,21
Unit cell
a, b, c(A) 30.01, 39.01, 159.2
By () 90, 90, 120
Total reflections 17,229 (1459)*
Unique reflections 195,722
Multiplicity 11.4
Completeness (%) 98.7 (87.7)*
Mean I/o 24.0 (1.31)*
Wilson B factor 26.4
merge 0.079
Ryon. (%) 18.8 (26.8)
R,.. (%) 22.8 (30.6)"
No. of non-hydrogen atoms 1434
Macromolecules 1281
Ligands 33
Water 120
Protein residues 166
Root mean square (bonds) 0.007
Root mean square (°) 1.11
Ramachandran favored (%) 97
Ramachandran outliers (%) 0
Clash score 4.3
B-factor (average) 28.5
Macromolecules 27.7
Ligands 25.4
Solvent 36.7

“ Parentheses refer to data in highest resolution shell.
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Isoform-specific residues near the allosteric site

The allosteric switch centers on interactions between helix 3
and switch II (18) and appears to be modulated by isoform-
specific residues. N-Ras residue Asn-94 forms an H-bond with
Tyr-137 (2.8 A), which is not seen with His-94 in the H-Ras
structure with PDB code 1CTQ (48). This interaction in N-Ras
creates a water network that is also seen in some structures of
H-Ras (i.e. PDB code 3K8Y) (18), connecting Arg-97, Lys-101,
and Glu-98 together in the allosteric site (Fig. 5a). The two
conformations that have been observed for His-94 in H-Ras
allow either interaction with Tyr-137, whereas Glu-98 makes a
salt bridge to Lys-101 as observed for Asn-94 in the N-Ras
structure, or with Glu-98, in which case His-94 sequesters
Glu-98 from making the salt bridge with Lys-101 (Fig. 5a). Res-
idue 94 is also a histidine in K-Ras, and in the structure with
PDB code 3GFT (Structural Genomics Consortium) it is in an
intermediate position between those described for H-Ras and
N-Ras. It is likely the case that the two conformations are acces-
sible but populated differently in the three isoforms.

Both helix 3 and loop 7 are shifted toward switch II in N-Ras,
and residue Tyr-166, a residue unique to this isoform, appears
to play arole in stabilizing this T state conformation (Fig. 5b). In
wild-type H-Ras, His-166 forms peripheral H-bonds with the
side chain and backbone of Asp-108, and it is often disordered
in other crystal forms of H-Ras. The same situation is seen for
K-Ras in the structures with PDB code 3GFT, in which residue
166 is also a histidine. Although Tyr-166 in N-Ras and His-166
in H- and K-Ras both have planar aromatic rings, the tyrosyl
moiety reaches out closer to loop 7. Here, Tyr-166 forms a
direct H-bond with Ser-106 instead of Asp-108. This new
H-bond changes the interactions between helix 5 and loop 7,
pushing loop 7, and by extension helix 3, toward switch II, a
conformation characteristic of the T state.

Figure 4. Comparison between N-Ras and H-Ras bound to GppNHp, both solved from crystals with symmetry P3,21. g, active site shown with 2F, — F_
electron density map for the N-Ras structure, contoured at the 1o level. The model for N-Ras (PDB code 5UHV, presented here) is shown in cyan and that for
H-Ras (PDB code 1CTQ) is in green. The three phosphorus atoms of GppNHp are shown in orange, and the nitrogen atom that bridges the 8- and y-phosphates
is in blue. The nucleotide-binding residues are shown, including the P-loop, switch |, switch I, and NKXD and EXSAK motifs. The magnesium ion is shown as a
green sphere, and the nucleophilic water molecule found in the H-Ras structure (Wat-175) is shown as a black sphere. b, T state to R state conformational
differences are indicated with an arrow at the C-terminal end of helix 3. Differences are also found in loop 7 and switch II. Disordered side chains were omitted
from the model. For example, the N-Ras Tyr-71 side chain is represented up to the C3 atom. The superposition of N-Ras and H-Ras was based on the nucleotide.
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Figure 5. Superposition of N-Ras with H-Ras and K-Ras showing areas associated with the allosteric site and switch II. The color scheme in the lower right
panelis shown for H-Ras (PDB code 1CTQ, green), K-Ras (PDB code 3GFT, yellow), and N-Ras (PDB code 5UHV, presented here) for clarity. Water molecules are shown in
the color of their respective structures. Selected H-bonding interactions are shown as red dashed lines. g, allosteric site with contributing residues from helix 3, loop 7,
helix 4, and helix 5 shown as sticks. b, interactions between residue 166 (His in H-Ras and K-Ras and Tyr in N-Ras) and loop 7. ¢, residue 95 (Gln in H-Ras, His in K-Ras, and
Leu in N-Ras) at the kink of helix 3 impacts the allosteric site through residue 94 (His in H-Ras and K-Ras and Asn in N-Ras) and switch Il through Tyr-96.

Residue 95, which is a glutamine in H-Ras, a histidine in
K-Ras, and a leucine in N-Ras, is uniquely positioned to influ-
ence the conformational states of residue 94 (Fig. 5¢). For exam-
ple, the Leu-95 residue in its most favored rotamer as found in
the N-Ras structure sterically impedes the second conforma-
tion of Asn-94 due to its side-chain branch at Cvy. His-95 in
K-Ras may do the same, although its polar side chain could be in
a conformation where it H-bonds with polar or charged switch
II residues. In contrast, the branch at Cé for Gln-95 in H-Ras
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allows the dual conformation of His-94. Residue 95 also faces
the N terminus of switch II, thereby providing an isoform-spe-
cific interaction surface between helix 3 and switch II, near the
active site.

Impact on conserved nucleotide-binding motifs

A second area of isoform-specific residues is between the
evolutionarily conserved NKXD (residues 116-119) and
EXSAK (residues 143—147) motifs (8), located near the gua-
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Figure 6. Superposition of H-Ras (green), K-Ras (yellow), and N-Ras (cyan) showing areas associated with the nucleotide-binding pocket with an
impact on switch I. Water molecules are shown in the color of their respective structures. Selected H-bonding interactions are shown as red dashed lines. The
NKXD and EXSAK motifs are highlighted in red, maintaining the ribbon diagram over the associated residues shown as sticks in the color of the particular
isoforms. g, residue 87 (Thr in H-Ras and K-Ras and Ser in N-Ras) interaction with Thr-124 in loop 8 and the conserved guanine-binding residues. b, interaction
between Arg-123 (loop 8) and Glu-143 (EXSAK motif), showing the effect of residues 141 (Tyr in H-Ras and Phe in K-Ras and N-Ras) on the salt bridge.

nine moiety of GTP near the N termini of helix 3 and helix 4
(Fig. 3).

Toward the N terminus of helix 3, N-Ras has distinct residues
at positions Ser-87 and Ala-91 compared with H-Ras and
K-Ras, in which these residues are Thr-87 and Glu-91. In
N-Ras, Ser-87 is found in a dual conformation that mimics the
threonine conformer found in H- and K-Ras. In all three iso-
forms, residue 87 H-bonds with the backbone carbonyl and
side-chain hydroxyl group of Thr-124 in loop 8 (Fig. 6a). This
loop contains residues 116-125, including the conserved
NKXD motif (116 -119) followed by a number of isoform-spe-
cific sequence variations. Loop 8 leads to helix 4, whose first few
residues (126 —128, 131-132, and 135) also show sequence var-
iation and are close to the EXSAK motif (Fig. 3). Loop 8 residues
121-122 are distinct between the isoforms (Fig. 6, a and b).
Although proline at residue 121 in K- and N-Ras is likely to
decrease the dynamics of loop 8, the conformation of loop 8 is
overall similar to that seen for H-Ras with its alanine at residue
121. Loop 8 is exposed to solvent, and the hydroxyl-containing
side chains of Ser-122 and Thr-122 in K- and N-Ras are
expected to form more favorable solvent-related interactions as
compared with Ala-122 in H-Ras.

Loop 8 sequentially links 35 at the protein core to helix 4
(Figs. 3 and 6b). The side chain of Arg-123 extends between
these two elements to make a salt bridge with Glu-143, from the
EXSAK motif in 36, over loop 8 (Fig. 6b). This salt bridge links
the nucleotide-binding motifs NKXD in loop 8 and EXSAK,
thereby stabilizing the active site. Intriguingly, residue 141
appears to affect the geometry of interaction between Arg-123
and Glu-143. In H-Ras, the salt bridge is in ideal geometry with
both nitrogen atoms of the Arg-123 guanidinium group and
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both oxygen atoms of the Glu-143 carboxylate forming a head-
to-head interaction (Fig. 6b). Residue Tyr-141 hydroxyl group
in this structure makes an H-bond with the side chain of Glu-
143. In both K-Ras and N-Ras, residue 141 is a phenylalanine
that sterically interacts with the carboxylate of the Glu-143 side
chain. This interaction results in a shift of Glu-143 away from
Phe-141, replacing a highly conserved water molecule found in
H-Ras, such that only one of its side-chain oxygen atoms inter-
acts with one of the nitrogen atoms of the Arg-123 guanidinium
moiety (Fig. 60). The other nitrogen atom interacts with a
nearby water molecule that is H-bonded to the K-Ras- and
N-Ras-specific residue Thr-127. Glu-143 is in crystal contacts
in our N-Ras—GppNHp structure. However, it is unlikely that
the position of Glu-143 is an artifact of the crystal packing,
because the packing is the same in the H-Ras structure with
PDB code 1CTQ (48). Furthermore, the shift in Glu-143 is also
seen in K-Ras (PDB code 3GFT), which also contains Phe-141
and in which the crystal packing is different. The Glu-143 side
chain, in the position found in N-Ras and K-Ras, displaces one
of the highly conserved water molecules in the H-bonding net-
work that links the active site to membrane-sensing residues in
helix 5 (27). Importantly, all of the structures of H-Ras depos-
ited in the PDB regardless of crystal form maintain the opti-
mized salt bridge geometry, suggesting that this interaction is
stable in H-Ras.

H-Ras point mutants do not have altered hydrolysis rate
constants

Having identified areas of isoform-specific residues based on
structural comparisons, we mutated H-Ras at three key resi-
dues discussed above to residues found in N-Ras, and the
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Figure 7. Single-turnover GTP hydrolysis experiments for H-RasQ95L,
H-RasH166Y, and H-RasY141F conducted in the absence of Raf-RBD. The
vertical axis represents the single-turnover rate constant k4, with the bars
corresponding to the best-fit value from global fit of combined triplicate
experiments in the absence of Raf-RBD. The error bars are calculated as the
low and high limits of non-symmetrical confidence intervals at 68% confi-
dence level. See supplemental data for the raw data and individual progress
curves.

resulting rate constants were obtained by single-turnover
experiments. Residues 95 on helix 3, 166 near the allosteric site,
and 141 near the Arg-123-Glu-143 salt bridge were tested on
H-RasQ95L, H-RasH166Y, and H-RasY141F mutants, respec-
tively. The rate constants obtained from the single-turnover
experiments are shown graphically in Fig. 7 and numerically in
Table 1. The raw data with progress curves fitted to the first-
order kinetic model are shown in the supplemental data. The
rate constants of 0.019, 0.019, and 0.015 min ™~ * for H-RasQ95L,
H-RasH166Y, and H-RasY141F, respectively, show a minimal
effect, if any within the experimental error, compared with the
rate constant of 0.016 min~ ' obtained for wild-type H-Ras.
Thus, although collectively these residues may contribute to
the differences in rate constants observed for the isoforms, indi-
vidually they do not significantly alter the rate constant for
H-Ras. This supports the idea that isoform-specific residues
play a role in the context of the collective residue differences in
the allosteric lobe between the isoforms, rather than function-
ing in isolation to impact individual structural elements.

Discussion
H-, K-, and N-Ras are biochemically distinct

We performed single-turnover experiments on H-Ras,
K-Ras, and N-Ras using the natural substrate GTP, and we
found that the isoforms show biochemical differences that have
previously gone unappreciated.

Single-turnover experiments using Ras pre-loaded with
some form of labeled GTP has been the norm in Ras enzymol-
ogy for the past 2 decades (15, 19, 31, 32,43, 49 — 62). Early work
on the GTP hydrolysis catalyzed by H-Ras and to a lesser extent
by N-Ras was performed by using *°P-labeled GTP at the
y-phosphate position, until the fluorescent N-methylanthra-
niloyl (mant) nucleotide derivatives became available in the
early 1990s to measure the kinetics of hydrolysis and nucleotide
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exchange on Ras (63). These assays, dependent on the detection
of fluorescence changes due to the microscopic environment of
the mant probe, became the dominant strategy through which
biochemical studies are performed to this day. However, the
mant nucleotides have recently been shown by NMR to alter
the active site environment in unpredictable ways (57). There-
fore, the rate constants obtained using this method may not
reflect the enzyme activity with GTP, as conformational states
may be altered in subtle ways that affect hydrolysis. One could
envision, for example, the mant moiety having a dominant
effect, masking isoform differences and resulting in similar rate
constants for the three Ras proteins. The progress of GAP-
catalyzed hydrolysis of GTP bound to H-, K-, and N-Ras can be
fitted to a single exponential, with higher rate constants, which
were found to be similar between the three isoforms (49). The
experiments used mant-GTP, which also affects GAP-cata-
lyzed hydrolysis reactions (57), and it would be interesting to
see if the results hold when using [y-**P]GTP. Enzyme-coupled
reactions provide an alternative (59, 60, 63, 64), but this method
reports on GTPase product release rather than on cleavage of
the phosphodiester bond (64, 65). In general, previously pub-
lished studies on Ras hydrolysis are variable with respect to
nucleotide pre-loading time, nucleotide identity, reaction tem-
perature, and whether or not free nucleotide was removed prior
to the reaction. Most importantly, they focus on one of the
isoforms at a time, primarily H-Ras, with the assumption that
results obtained for one of the isoforms are valid for the other
two.

To determine first-order (exponential) rate constants with
sufficient precision, it is important for the reaction progress
curves associated with GTP hydrolysis to progress sufficiently
past the initial quasi-linear region, such that the (exponential)
curvature of the kinetic trace is clearly defined. In general, first-
order exponential rate constants are determined with confi-
dence when experimental kinetic traces progress to ~2-fold
past the half-life #1, = In(2)/ky, 4 (66). The original hydrolysis
experiments published for H-Ras in the late 1980s used a
[y-**P]GTP discontinuous assay, referencing a 1983 paper on
determination of GTP hydrolysis rate constants for EF-Tu, in
which hydrolysis was carried out for 60 min with time points
collected every minute (67). The rate constant for N-Ras was
measured by a different group at the time using *H instead of
32P to follow the reaction in a discontinuous assay for 250 min,
with one time point measured at 360 min to determine that
there was no longer any GTP, i.e. that the reaction had essen-
tially gone to completion (32). This corresponds to about two
half-lives for N-Ras at 37 °C. In our previous experiments with
H-Ras, we collected hydrolysis data points for 100 min (18, 27),
i.e. approximately two half-lives for this isoform. Here, we
extended the experiments to 240 min, taking into account the
lower hydrolytic rate constant for N-Ras. Given the rate con-
stants with associated half-lives shown in Table 1, this repre-
sents 2 half-lives for N-Ras and K-Ras and 6 half-lives for H-Ras.
In the presence of Raf-RBD, we collected data for 5, 4, and 2
half-lives for H-, K-, and N-Ras, respectively. Thus, we have
confidence in our rate constants.

In this study, we used a radiometric assay adapted from ear-
lier Ras literature (36, 37), where the substrate is GTP itself. We
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focus our analysis on single-turnover experiments, as this
approach has been the standard for determination of intrinsic
hydrolysis rate constants in the literature (15, 19, 31, 32, 43,
49 —62). Our results show that H-Ras, K-Ras, and N-Ras are not
biochemically identical. In addition to uncomplexed K-Ras and
N-Ras being slower enzymes than H-Ras, Raf-RBD affects the
catalytic reactivity of K-Ras but not of H-Ras or N-Ras. This
highlights the fact that H-Ras cannot serve as a good model for
the other two isoforms. Our kinetics results are in line with MD
simulations of H-Ras, K-Ras, and N-Ras, which found K-Ras to
be the most flexible of the isoforms, particularly at switch I (6),
although more recent MD simulations by the same group found
K-Ras to be less flexible (68). A greater flexibility of switch I in
K-Ras is consistent with our results showing the effect of Raf-
RBD stabilization of switch I on the hydrolysis rate constant.

Given the flexibility of the switch regions found for Ras-GTP
in solution (69, 70), conformational changes preceding hydro-
lysis are likely to take place. Because the amino acid composi-
tion of the active site is identical for the three isoforms, protein
dynamics and conformational rearrangements affected allos-
terically by isoform-specific residues is the most likely origin of
the differences in rate constants we detect. If a Ras conforma-
tion with switch I in state 2 and switch II in the R state is nec-
essary for hydrolysis to occur, then it is helpful to think of the
rate constants as dependent on the frequency of this conforma-
tion in the ensemble of states. Our structural analysis suggests
how isoform-specific residues in the allosteric lobe may con-
tribute to the shift in the population of K-Ras and N-Ras away
from its catalytic conformation relative to H-Ras, providing a
rationale for their significantly lower rate constants.

Nature of the conformational change

By comparing the single-turnover reaction rate constants of
the Ras isoforms alone and in the presence of Raf-RBD, we are
able to obtain useful information about the nature of the con-
formational change that occurs for each isoform, because Raf-
RBD binds switch I, bringing associated residues into a confor-
mation that is optimal for catalysis. Thus, it is possible to
determine the extent to which the state 1 to state 2 shift con-
tributes to the overall reaction rate. State 1 is an open and non-
catalytic conformation of switch I, whereas state 2 is a closed
conformation necessary for hydrolysis (Fig. 1) (15, 16).
Although state 2 is the dominant switch I conformation at equi-
librium in the GTP-bound state of H-Ras (15), the equilibrium
between the two states in K- and N-Ras has not yet been pub-
lished. Because Raf-RBD does not affect the reaction rate con-
stants for H-Ras or N-Ras, we conclude that the transition from
state 1 to state 2 is not a limiting step for hydrolysis in these two
isoforms. For K-Ras, however, state 2 stabilization through the
interaction with Raf-RBD increases the rate constant to nearly
the value obtained for H-Ras, supporting a rate-determining
role for the state 1 to state 2 transition in K-Ras. Interestingly,
K-Ras and H-Ras have very similar affinities for Raf-RBD, sug-
gesting a low energy barrier for the transition between the two
switch I conformational states in the presence of Raf. The affin-
ity of N-Ras for Raf-RBD is about half of that observed for the
other two isoforms. This implies that in N-Ras, the conforma-
tional transition necessary to attain a state 2 Raf-RBD-binding
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conformation is energetically costlier than in either H-Ras or
K-Ras. Our ITC experiments determined that this is an
entropic cost (Table 2).

There are several isoform-specific residues near the nucle-
otide-binding pocket that may play a role in the conformational
transitions associated with the active site. One is Tyr-141 in
H-Ras, and in K-Ras and N-Ras this residue is Phe-141. This
combined with the presence of Pro-121 in these two isoforms
may affect the configuration of the salt bridge between Arg-123
and Glu-143, which link the NKXD and EXSAK conserved
active-site motifs. In N-Ras, the lower affinity for Raf-RBD may
also have a contribution from Leu-95 in helix 3, which affects
the conformation of switch II (18). Although the Raf-RBD binds
only at switch I, the two switches are conformationally linked,
with helix 3 and switch II driving the conformation of switch
1(71).

Our single-turnover data are consistent with a state 1 to state
2 transition responsible for the lower rate constant in K-Ras
compared with H-Ras. In N-Ras, this transition is not rate-lim-
iting, because Raf-RBD stabilizes the state 2 conformation
without any effect on the rate constant, which remains low.
Therefore, unlike the situation for K-Ras, its lower rate con-
stant must be due to conformational transitions elsewhere on
the protein, perhaps including the above-suggested effect of
Leu-95 on helix 3 and switch II. Interestingly, based on our
crystal structures, the helix 3 conformation also appears to be
influenced by residue 166, which is the bulkier Tyr-166 in
N-Ras but is His-166 in H-Ras and K-Ras. N-Ras Tyr-166
pushes into loop 7, which could help stabilize the kink of helix 3
toward switch II that is essential to the T state conformation
(Figs. 4b and 5b). This is not observed in the H-Ras—GppNHp
structure in the same crystal form (PDB code 1CTQ) (48),
which is found in the R state. A population shift toward the T
state would mean that the catalytic conformation is accessed
more rarely in N-Ras than in H-Ras and K-Ras, consistent with
a smaller N-Ras rate constant in the presence of Raf-RBD. The
interactions between His-94/Asn-94 and Glu-98 (which is
sequestered from forming a salt bridge with Lys-101) or
between His-94/Asn-94 and Tyr-137 (in which case Glu-98
interacts with Lys-101) (Fig. 54) provide a mechanism for link-
ing the allosteric site, helix 3, switch II, and switch I in different
ways and may also contribute to the differences in rate con-
stants observed for H-, K-, and N-Ras. It is important to stress
that these proposed residue contributions to the differences in
rate constants between the isoforms occur within the context of
multiple isoform-specific residues, as our H-Ras point mutant
experiments show no significant effects on the rate constant.

Overall, the fact that binding of Raf-RBD does not affect the
hydrolysis rate constants for H-Ras and N-Ras suggests that
conformational transitions other than state 1 to state 2 must be
rate-limiting for these isoforms. These conformational transi-
tions are much slower for N-Ras than for H-Ras as reflected in
their relative rate constants. For K-Ras, once switch I is in state
2, the other conformational transitions occur at similar rates to
those in H-Ras, as indicated by their similar rate constants in
the presence of Raf-RBD.
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H-bonding networks linking effector and allosteric lobes
modulate isoform-specific behavior

Ras in its GTP-bound form is a flexible molecule capable of
accessing a range of conformational states, particularly with
respect to switch I and switch II regions that form the active site
(70). These, in turn, are linked to the isoform-specific allosteric
lobe through networks of communication that lead to function-
ally significant areas associated with the membrane and with
dimerization to activate Raf (18, 27, 30, 72). Critical elements of
the networks involving the switch regions are conserved, imply-
ing that these mechanisms are common to the three isoforms.
However, they are modulated differently by surrounding resi-
dues in H-, K-, and N-Ras, leading to differences in dynamics (6,
34) and kinetics of GTP hydrolysis as observed in this study.
These differences are also likely to impact dimerization and the
way in which the G-domain interacts with the membrane, mod-
ulating interactions specific to each isoform (12). They could
impact isoform-specific biological functions in ways that have
not yet been determined (73).

Switch I connects to nucleotide-sensing residues in helix 5
through Cys-118, the X residue in the NKXD motif conserved
across small GTPases, where Asp-119 makes nucleotide-spe-
cific interactions with the guanine base and is critical for nucle-
otide binding (Fig. 6a) (34). Cys-118 is linked to Glu-143 in the
EXSAK motif through a water molecule that is highly conserved
in Ras structures bound to GTP analogues (27), and from Glu-
143, the water-mediated network continues on to the helix 5
residues. Thus, Cys-118 and Glu-143 are critical elements
in the water-mediated network of communication between
switch I and nucleotide-sensing residues in helix 5, and they are
adjacent to residues that directly interact with the nucleotide.
These two highly conserved elements are linked through loop 8
and helix 4, two of the most variable regions between the Ras
isoforms (Fig. 3A), opening possibilities for isoform-specific
variations in active-site conformations. The fact that Glu-143
links switch I to helix 5 residues, coupled with its interaction
with Arg-123 in loop 8 as part of stabilizing the SAK residues at
the nucleotide-binding site, explains the strictly conserved
nature of Glu-143 across all GTPases. We have shown that per-
turbing the Arg-123—Glu-143 salt bridge in H-Ras by mutation
of Tyr-141 to Phe does not by itself affect the hydrolysis rate
constant for H-Ras. However, we propose that the isoform-
specific variations found in loop 8 and helix 4, as well as at
residue 141, collectively impact the nucleotide exchange reac-
tion and the population of conformational states associated
with switch I.

The switch II conformation is modulated by an allosteric
mechanism through which it is linked to a Ca*>* -binding site in
the allosteric lobe, promoting the shift in helix 3 and loop 7
toward helix 4, characteristic of the T to R transition necessary
for ordering switch II residues for GTP hydrolysis (Fig. 1) (17).
The shift to the R state involves straightening the kink in helix 3
that is present in the T state around residues 90 -95, where the
H-bond between the carbonyl group of residue 90 and the
amide of residue 94 is disrupted. This is precisely at another hot
spot of Ras isoform-specific differences (Fig. 3), poised to affect
the network of communication between switch II and the allos-
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teric site. We have identified residue differences at positions 94
and 95 and propose that their local interactions affect the con-
formational equilibrium between T and R states associated with
enzyme catalysis (Fig. 5¢). In N-Ras, further stabilization of the
non-catalytic T state appears to be aided by Tyr-166 as dis-
cussed above. It is intriguing, but not surprising, that residue 95,
adjacent to the helix 3 kink, and residue 122, adjacent to the
Arg-123 salt bridge, are the two positions in Ras where residues
are different in all three isoforms.

The Ras allosteric networks are joined at the active site,
where they affect each other through the interdependence pre-
viously established between switch I and switch II (71). Thus,
although described here through local interactions, the effects
of isoform-specific differences are global, and at least in terms
of affecting hydrolysis rate constants, they likely occur in the
context of multiple sites.

We have shown here that the isoform-specific sequences in
the allosteric lobe have an impact on GTP hydrolysis and inter-
action with an effector protein, which must be due to allosteric
effects on dynamics and conformational states, given the iden-
tical active sites. Although it is not currently possible to directly
link the unique hydrolysis rate constants to biological function
in the cell, these differences are likely to contribute to the
higher level of complexity emerging from current studies in the
Ras field. A significant population of state 1 on K-Ras, for exam-
ple, could facilitate regulation by the positively charged C-ter-
minal HVR as proposed previously (74), whereas the low hydro-
lysis rate constants observed for N-Ras in the presence of
Raf-RBD might contribute to sustained signaling through the
MAPK pathway in skin legions (75).

As a corollary to the differences we have observed between
the three isoforms of Ras, it is likely that oncogenic mutants
affect the H-, K-, and N-Ras functions in significantly different
ways within the contexts of their isoform-specific sequences,
structures, and dynamics. It is not sufficient to study each
mutant within its local context in the active site. We have
already shown that the Q61L mutant profoundly affects the
dynamics of the entire H-Ras—Raf-RBD complex (21). It is likely
that localization and other large-scale biological contexts play a
significant role in the selection of particular mutations in the
Ras isoforms associated with specific cancers (76), but it is now
clear that conformational states at the active site are affected by
sequence at the molecular level in a global scale, with great
sensitivity to any changes that perturb the finely tuned equilib-
rium of conformational states inherent in each of the Ras iso-
forms.

Experimental procedures
Protein expression and purification

Hydrolysis and crystallization experiments were performed
using the catalytic G-domain (residues 1-166) of human H-, K-,
and N-Ras (EC 3.6.5.2). Protein expression and purification of
wild-type Ras isoforms was performed as described for H-Ras
(27, 77), with no modifications for K-Ras or N-Ras. The Ras
proteins were stored at —80 °C for hydrolysis experiments in
their GDP-bound state (78). For crystallization of N-Ras, GDP
was exchanged for the GTP analogue GppNHp, using methods
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previously described (26, 77), and concentrated to 3.5 mg/ml
before storage at —80 °C. In all cases, the purified proteins were
flash-frozen in 25-55-ul aliquots. Protein concentrations for
biochemical experiments were determined using the Bradford
assay just prior to use (79).

For purification of the RBD (residues 51-131) of the c-Raf
kinase (EC 2.7.11.1), Escherichia coli BL21 cells transfected
with DNA coding for Raf-RBD in the pET21 vector system were
grown in Luria Broth (LB) containing ampicillin (50 mg/lite) at
37 °C, and protein was expressed using 0.5 mm isopropyl 1-thio-
B-D-galactopyranoside at 37 °C for 4 h. Pellets were thawed and
solubilized in buffer A (20 mm HEPES, pH 7.0, 20 mm NaCl, 1
mM DTT) with standard protease inhibitors. Solubilized cells
were sonicated and subjected to a 0.02% v/v polyethyleneimine
bulk cut on ice. After polyethyleneimine precipitation, the pro-
tein sample was clarified again using centrifugation and syringe
filtered with a 0.45-um membrane before use in chromatogra-
phy. The protein was purified by cation-exchange and size-
exclusion chromatography, in that order, usingan AKTA FPLC
system (GE Healthcare). Cation exchange was done using a
HiPrep™ SPFF column pre-equilibrated with buffer A, and
elution was performed using a 0—70% buffer B (same as buffer
A but with 1 M NaCl). Size-exclusion chromatography was run
in 20 mm HEPES, pH 7.5, 50 mm NaCl, and 20 mm MgCl,. Pure
Raf-RBD was pooled and concentrated to 8 —11 mg/ml, flash-
frozen in 55-ul aliquots, and stored at —80 °C. Protein purity
was assessed using 15% SDS-polyacrylamide gel.

Intrinsic hydrolysis experiments

Single-turnover experiments were performed for the trun-
cated H-, K-, N-Ras, alone and in the presence of 5-fold molar
excess Raf-RBD (27, 36, 37). Given the high affinities shown in
Table 2, this should result in all of the Ras proteins bound to
Raf-RBD. Briefly, 5 um Ras-GDP was incubated with 50 nm
[y->*P]GTP (PerkinElmer Life Sciences) in the presence of 1
mM EDTA for 5 min. The reaction was started by addition of 4
wl of this protein solution to 16 ul of hydrolysis buffer contain-
ing 20 mm Tris, pH 8.0, 100 mm NaCl, 5 mm MgCl,, 2 mm DTT,
at 37 °C, with Ras and [y-**P]GTP at final concentrations of 1
uM and 10 nwm, respectively.

To allow sufficient reaction time, such that the exponential
shape of reaction progress curves became sufficiently devel-
oped, single-turnover hydrolysis experiments were performed
by collecting experimental data up to ¢, = 300 min, at the
following time points: 0, 5, 10, 15, 20, 25, 30, 35, 40, 60, 75, 90,
120, 150, 180, 210, 240, and 300 min. However, the £ = 300-min
data points were excluded from analysis, because of excessive
experimental noise. The **P; product was isolated using an
organic extraction method (36, 37), and the radioactivity was
measured with a scintillation counter (300SL, LabLogic). The
kiya values correspond to best-fit values from global fit (38) of
combined triplicate experiments. Details are found in the sup-
plemental data.

The single-turnover experiments were performed both in the
absence and in the presence of Raf-RBD for the wild-type iso-
forms, but only in the absence of Raf-RBD for the H-Ras
mutants. Each set of experiments was performed on 3 different
days, with each day focused on one of the triplicates for H-, K-,
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and N-Ras (for the wild-type isoforms) or H-RasQ95L,
H-RasH166Y, and H-RasY141F (for the mutants) performed
side by side.

Isothermal titration calorimetry measurements of Ras
isoforms in the presence of Raf-RBD

Thermodynamic properties of the Ras—Raf-RBD interaction
were measured using a low volume isothermal titration calo-
rimeter (Nano ITC, TA Instruments). H-, K-, and N-Ras and
Raf-RBD were extensively dialyzed into filtered and degassed
buffer containing 50 mm HEPES, pH 7.5, 150 mm NaCl, 5 mm
MgCl,, 0.5 mM tris(2-carboxyethyl)phosphine, and 0.05% #-oc-
tyl B-p-glucopyranoside. Protein concentrations were calcu-
lated using an average of absorbance at 280 nm (A4, for accu-
racy. In all measurements, 300 ul of 30—-80 um of the
appropriate Ras isoform was placed in the cell and titrated with
Raf-RBD at an ~10-fold higher concentration to achieve satu-
ration. Because Ras and Raf-RBD interact with a 1:1 stoichiom-
etry, the reverse experiment of 30—80 um Raf-RBD titrated
with ~10-fold Ras was also conducted for each isoform to
ensure data accuracy in the determined thermodynamic values.
The background heat produced by ligand titration into buffer
alone was subtracted from each titration experiment. All bind-
ing experiments were performed in triplicate.

Data analysis was conducted via manufacturer software
(NanoAnalyze, TA Instruments) to give the stoichiometry (),
association constant (K,), and enthalpy change (AH®) for the
Ras—Raf-RBD interaction. The dissociation constant (K,) was
determined as the inverse of K,,. Total free energy change (AG°)
upon complex formation can be calculated from the thermody-
namic relationship AG® = —RT InK,, whereas the entropy
change upon binding is dependent on the relationship AG® =
AH® — TAS®. These values allow for complete thermodynamic
characterization of the interaction between each Ras isoform
G-domain and Raf-RBD in solution.

Crystallization, data collection, and structure refinement for
wild-type N-Ras-GppNHp

Purified N-Ras—GppNHp stored at —80 °C in 20 mm HEPES,
pH 7.5, 50 mm NaCl, 20 mm MgCl,, and 1 mm DTT at a con-
centration of 3.5 mg/ml was thawed in ice. Crystals were grown
using the hanging drop vapor diffusion method in 24-well
plates with drops of 1.5 ul of protein and 1.5 ul of reservoir
solution. The reservoir contained 200 ul of 0.2 M magnesium
acetate tetrahydrate, 0.1 M sodium cacodylate trihydrate, pH
6.5, 20% w/v PEG 8000 (Hampton Research Crystal Screen
number 18). Crystals were grown for 1 week at 18 °C and cryo-
protected in a solution containing 70% mother liquor and 30%
glycerol. Crystals were immediately flash-frozen in liquid nitro-
gen for data collection on a MicroMax-007 Rigaku X-ray gen-
erator mounted on an R-Axis IV* " detector. X-ray diffraction
data were merged and scaled using HKL3000 (80). Molecular
replacement and structure refinement were performed using
the PHENIX suite of programs (81) with the H-Ras-GppNHp
coordinates with PDB code 1CTQ used as the initial phasing
model. The structure of N-Ras-GppNHp was solved at a reso-
lution of 1.67A, with data collection and refinement statistics
shown in Table 3.
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