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ABSTRACT: The use of the dominant negative mutant of Ras has been crucial in elucidating the cellular
signaling of Ras in response to the activation of various membrane-bound receptors. Although several point
mutants of Ras exhibit a dominant negative effect, the asparagine to serine mutation at position 17 (S17N)
remains the most popular and the most effective at inhibiting the activation of endogenous Ras. It is now
widely accepted that the dominant negative effect is due to the ability of the mutant to sequester upstream
activators and its inability to activate downstream effectors. Here, we present the crystal structure of RasS17N
in the GDP-bound form. In the three molecules that populate the asymmetric unit, the Mg*" ion that
normally coordinates the S-phosphate is absent because of steric hindrance from the Asnl7 side chain.
Instead, a Ca”" ion is coordinating the a-phosphate. Also absent from one molecule is electron density for
Phe28, a conserved residue that normally stabilizes the nucleotide’s guanine base. Except for Phe28, the
nucleotide makes conserved interactions with Ras. Combined, the inability of Phe28§ to stabilize the guanine
base and the absence of a Mg”" ion to neutralize the negative charges on the phosphates explain the weaker
affinity of GDP for Ras. Our data suggest that the absence of the Mg*" should also dramatically affect GTP
binding to Ras and the proper positioning of Thr35 necessary for the activation of switch 1 and the binding to

downstream effectors, a prerequisite for the triggering of signaling pathways.

Ras is an essential component of signal transduction pathways
that regulate cell growth, proliferation, differentiation, and
apoptosis in response to the activation of membrane-bound
receptors (7, 2). The elucidation of the various Ras signaling
pathways was primarily made possible by the wide use of two
types of Ras mutants: dominant active and dominant negative.
Mutants of Glyl2 or GIn61 are typical dominant active mutants
while the asparagine for serine mutant at position 17, RasS17N,
is the most frequently used dominant negative form of Ras (3).
The success of these mutants popularized the use of dominant
active and dominant negative mutants to study the signaling of
other Ras-related GTP-binding proteins. While the biochemical
properties of dominant active Ras mutants are well character-
ized, namely, a slower rate of GTP hydrolysis combined with a
faster intrinsic ability to exchange GTP for GDP resulting in a
longer signaling state (4), the exact molecular details by which
dominant negative Ras exerts its inhibitory function are a matter
of debate in the literature. It is widely accepted that RasS17N
blocks the ability of endogenous Ras to signal by sequestering
and depleting the intracellular pool of available Ras activators or
guanine nucleotide exchange factors (GEFs),' thereby blocking
the activation of endogenous Ras (5—7). The finding that the
overexpression of a dominant active form of Ras (e.g., RasG12V)
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or an activator domain usually abolishes the inhibitory effect of
dominant negative Ras supports the latter explanation (3, §8).
However, other arguments have been also proposed (9, 10)
including low affinity of RasS17N for GTP and the inability of
GTP to induce an active RasS17N conformation necessary for
the binding and activation of downstream effectors (5, /7). To
complicate matters, the S17N mutant of RaplA, a Ras-related
protein, which a priori should behave like RasS17N, does not
exhibit potent dominant negative properties since it is unable to
inhibit the activation of RaplA by its exchange factor, C3G, in
vitro (12) and in cells (/3) while various substitutions of Ser17
interact differently with the various Rap exchange factors (14).

In addition to its role as a tool to manipulate cellular signaling,
the use of dominant negative Ras mutants showed promise in
cancer gene therapy. For example, expression of RasS17N
inhibited the growth of pancreatic cancer cells in a mouse
model (75). Similarly, injection of adenovirus carrying the
RasSI7N mutation ameliorated the inflammatory reactions
and suppressed bone destruction in arthritic joints of rats (16).
Similarly, expression of another dominant negative mutant,
RasN116Y, suppressed growth of metastatic human pancreatic
cancer cells in the liver of nude mice (/7).

Understanding the structure/function relationship of
RasS17N at the molecular level should shed light on its cellular
role and help to design new tools to dissect Ras and other small
G-protein signaling. Ultimately, these new tools can be used in
cancer gene therapy. In the present work, we describe the crystal
structure of RasS17N bound to GDP and discuss the functional
consequences of the mutation.

EXPERIMENTAL PROCEDURES

Protein  Preparation and Crystallization. RasS17TN
(residues 1—166) was cloned as a His-tagged protein in the
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pProEX-HTb vector and expressed in the Escherichia coli
CodonPlus BL21(DE3) strain as described previously (/8). Pro-
teins were purified on Ni-NTA beads (Qiagen) followed by
removal of the His tag by the action of TEV protease and a gel
filtration column (Superdex 200; GE Healthcare). The protein
yield was high (> 50 mg/L of bacterial culture), and the protein
was stable, showing little or no precipitation during the purifica-
tion process. Initial crystals were grown at 20 °C using the vapor
diffusion, hanging drop method by mixing 3 uL of 20 mg/mL
RasSI7N (in 20 mM HEPES, 150 mM NaCl, 2 mM MgCl,,
pH = 7.5) and 3 uL of a reservoir solution. The reservoir
consisted of 15% (v/v) polyethylene glycol 400 (PEG400), 13%
(w/v) PEG8000, 0.2 M calcium acetate, and 0.1 M Tris-HCI, pH
= 7.0. The crystals grew from heavy protein precipitates and
were not suitable for X-ray diffraction experiments. Systematic
search for amphiphilic molecules (Hampton Research Additives)
showed that the addition of 5% (v/v) DMSO or 0.7% butanol to
the reservoir resulted in single thin needle-like crystals, which
were further seeded to yield larger (0.05 x 0.05 x 0.2 mm?)
diffraction quality crystals. The GDP-bound form of RasS17N
crystallized in space group 1222 (¢ = 92.5A, b = 1022 A, ¢ =
117.8 A) with three molecules in the asymmetric unit correspond-
ing to a V,, value (19) of 2.57 A*/Da and an estimated solvent
content of 52.2%.

Data Collection, Structure Determinagion, and Model
Refinement. Diffraction intensities to 2.6 A resolution were
collected at 100 K at beamline X26C at the National Synchrotron
Light Source, Brookhaven National Laboratory, on a
2K x 2K CCD detector (ADSC), processed with the HKL.2000
package, and scaled with SCALEPACK (20).

The structure of the RasS17N mutant was solved by molecular
replacement in the program MOLREP (27) with the deposited
coordinates of wild-type Ras as search model (PDB ID
4Q21) (22). The structure was refined in the program PHE-
NIX (23) using TLS and tight noncrystallographic symmetry to
final crystallographic residuals R/Rpe. of 23.8%/29.6%. The
electron density of the GDP molecule was clear in all three
molecules during refinement, but no density was observed at the
expected Mg®" binding site in the final electron density maps.
Stereochemistry was checked with the program PRO-
CHECK (24). Data collection and refinement statistics are
summarized in Table 1.

RESULTS

RasS17N-GDP crystallized in space group /222 with three
molecules (hereafter A, C, and E) in the asymmetric unit. The
structure of RasS17N was refined to crystallographic residuals
R/Ryee of 23.8%/29.6% and good stereochemistry (Table 1).
Overall, the structure is characterized by high temperature factors
for each of the three copies and weak electron density for the side
chain of some surface-exposed residues. This result is consistent
with the high temperature factor (56.6 A%) deduced from Wilson
statistics (see Table 1). The electron density is clear for the main
chain of all three molecules outside the switch 1 (residues 24—40)
and switch 2 (residues 57—75) regions. The switch regions are the
solvent-exposed regions of Ras that change conformation fol-
lowing GTP hydrolysis and y-phosphate release. They also
constitute binding domains for effectors and regulators (25).
The switch 1 electron density is clear for chain E but not for chain
A or C. Interestingly, switch 1 is involved in crystal packing in
chain E, weakly in chain A, but not in chain C. The electron
density of Phe28 in chain A is weak and absent in chain C
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Table 1: Data Collection and Refinement Statistics

Data Collection

resolution range (A) 44.7-2.60
Ryym (%), overall (last resolution shell) 10.0 (57.9)
completeness (%), overall (last resolution shell) 99.8 (99.7)
multiplicity, overall (last resolution shell) 5.6 (5.6)
(Dfa(D)) 17.5(3.2)
no. of unique reflections 17942
Refinement Statistics
B factor (A?), overall (from Wilson statistics)” 37.3 (56.6)
Riree” (%), overall (last resolution shell) 29.6 (29.2)
Rcrysl" (%), overall (last resolution shell) 23.8 (32.1)
rms deviation in bond length (A) 0.012
rms deviation in bond angle (deg) 1.55
estimated coordinate error® (A) 0.37/0.29
Ramachandran plane”’ (%) 94.7/5.3

“Ryym =, Y imal (I(hkD)y — T(hkD)|[>; pucid (k). Last resolution shell is
2.69-2.60 A. ®The Wilson statistics were calculated for the data 3.9—2.6
A. (‘Rfree = Z(/xkl)T ‘Fo‘ - ‘FC‘ /Z(h/\'[}T‘FO" where T is the test set (37)
obtained by randomly selecting 5% of the data. ‘[Rcrys‘ =3l Fol — [Fell/
>kl Fol. “Estimated coordinate error based on Rpe./maximum like-
lihood. “Most favored/additionally allowed regions.

(Figure 1A), suggesting that in chain C and contrary to what one
would expect the phenyl ring is not stabilizing the guanine of the
GDP. As a result, the accessible surface area of GDP in chains A
and C has increased (Figure 1B). The electron density for switch 2
residues 57—71 is absent in chains A and E. In both chains, switch
2 is not involved in crystal packing. In chain C, the electron
density for residues 60—64 is absent, and only the density of the
main chain of this region’s remaining residues is clear. Combined
with previous Ras structures where at least the N-terminal
domain of switch 1 is involved in crystal packing, our data
suggest that crystal packing might have contributed to the
accepted conformation of Phe28 in stabilizing the guanine
nucleotide.

As for all known Ras structures, the overall fold outside the
switch regions is conserved in the RasSI7N structure. The
electron density of Asnl7 is clear in all three copies, and its side
chain is not making any contact with the rest of the protein. The
mutation has not disturbed the structure of the P-loop or
interfered with the interactions made by this loop and the guanine
nucleotide (Figure 2A). Comparison of the GDP-binding site in
WT-Ras and RasS17N shows that with the exception of Phe28
the interactions made by the GDP and Ras including those made
by the P-loop and the '"*NKXD'" and ""SAK'" motifs are
conserved in RasS17N.

Two features, however, distinguish the RasS17N model from
known GDP-bound structures of Ras (22, 26—30). First, there is
no density attributable to a Mg>" ion in the final electron density
map. In all GDP-bound structures of Ras, a Mg*" ion is found
coordinated to the f-phosphate, the hydroxyl group of Serl7,
and four water molecules. One of these water molecules is
stabilized by the carboxylic group of Asp57 of the conserved
3 7DTAGQ61 motif. In the RasS17N structure, the side chain of
Asnl7 deprives the metal ion from a well-positioned coordinating
oxygen atom and consequently eliminates the only direct inter-
action between the Mg®" ion and Ras (Figure 2A). Efforts to
model a water molecule that would substitute the Oy of Serl7 in
coordinating the Mg>" ion fail because of steric clashes with the
Cp of Asnl7. Consequently, the metal ion cannot be octahedrally
coordinated and therefore cannot bind to the GDP, consistent
with previous data showing an ~30-fold lower affinity of the
Mg”" ion upon mutating Ser17 (11). In the final electron density
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FiGURE 1: GDP environment in RasS17N. (A) Simulated annealing
(F, — F.) electron density omit map (blue mesh) shown at 3.00 cutoff
and calculated with phases deduced from the final model after
removal of the GDP and its coordinating Ca>" ion from chain C.
The final model is shown in pale green as a ribbon diagram. Asnl7
and GDP are shown in ball-and-stick representation. The switch 1
region of WT-Ras with Phe28 in ball-and-stick representation is
shown in transparent white for reference after superposition. Note
the lack of density for Phe28. (B) Comparison of the solvent
accessibility of the GDP (red) in WT-Ras and in chain C of RasS17N
shown in identical orientation and in yellow surface representation.
Switches 1 and 2 are represented as white transparent and magenta
surfaces, respectively. The Mg”" ion is shown as a cyan sphere.
Figures were prepared with POVScript (35), povray (www.povray.
org), and MSMS (36).

map, however, a strong electron density near the o-phosphate is
clear in each of the three Ras chains (Figure 1A and 2B). Effort to
model a Mg”" or Na™ ion or a water molecule gave unsatisfac-
tory results. For example, refining a Mg®" ion in chain E resulted
in a residual peak at 30 in a difference Fourier map and a
relatively low temperature factor for the Mg>" ion. The strong
electron density map can be explained by a Mg>" or Na™ ion in
chains A and C, but the distances to the a- and S-phosphates (2.7,
2.8, and 3.2 A) were inconsistent with a Mg>" ion. In addition, a
Na™ ion or a water molecule does not fully neutralize the GDP
negative charges. For these structural and chemical reasons, a
Ca”" ion was modeled and refined in each positive peak near the
a-phosphate. These Ca”" ions likely come from the crystal-
lization medium. One could also argue that the Ca®" ion has
displaced the Mg>" ion. However, Ras has been previously
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FIGURE 2: (A) The environment of the GDP phosphates in chain E is
represented with the corresponding Ca>* (gold sphere). For simpli-
city, only important residues are shown in ball-and-stick representa-
tion. Asnl7 is shown in surface and ball-and stick representations.
Serl7, Asp57, the Mg>" ion (green sphere), and its coordinating
water molecules (red spheres) of WT-Ras are overlaid for compar-
ison. Dotted lines represent electrostatic interactions. The P-loop of
both WT-Ras and RasS17N are superposed, showing that the GDP
makes conserved interaction with RasS17N. (B) Overlay of the GDP
environment between the three molecules in the asymmetric unit,
showing how the Ca>" ions differ in the way they coordinate the o-
and S-phosphates. For simplicity, only chain E is represented. Asp33
coordinates the Ca*" ion only in this chain.

crystallized in calcium acetate, yet the Mg*" was clearly visible
in the final electron density map (30). The Ca>" ions sit in
different sites in each chain. All three are positioned 2.6—2.8 A
from one P, oxygen. In chain C, the Ca*" ion is also 3.0 A from
one Pg oxygen. In chain E, the side chain carboxylate group of
Asp33 and one water molecule are also coordinating the Ca®"
ion. These ions are 3.6—3.9 A away from the expected Mg*" ion
binding site toward the oa-phosphate. Their positive charges
neutralize the negative charges of the phosphates. We thus
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conclude that in solution the absence of the Mg*" ion due to the
SI7N mutation prevents the shielding of the negative charges
of the phosphates. Combined with the increase in flexibility of
Phe28, this electrostatic effect explains the lower affinity of
guanine nucleotides to RasS17N (/). Such an electrical shield
should play an even more important role when the more negative
GTP is bound to Ras rather than GDP, consistent with experi-
mental data showing that GTP has weaker affinity for the Serl7
mutant of Ras than GDP (10, 11).

Second, in WT-Ras, the side chain of Asp57 of the conserved
S’DTAGQ®!" motif makes a hydrogen bond with the hydroxyl
group of Serl7 and coordinates the Mg®" ion through a water
molecule (Figure 2A). The absence of the Mg®* ion and of the
hydroxyl group of Serl7 in RasSI7N destabilizes Asp57 and
increases its flexibility. Thus, the SI7N mutation increases the
flexibility of an already mobile switch 2 region.

DISCUSSION

The S17N mutant of Ras was initially isolated by screening
Ras for mutants with preferential GDP over GTP binding using
random mutagenesis (3) and was subsequently shown to inhibit
the proliferation of NIH 3T3 cells when expressed alone or in the
background of dominant active mutations such as AS9T or
QO1L. Coexpression of a transforming Ras mutant or of a Ras
activator homology domain reverses the inhibitory effect of the
S17N mutation, suggesting that the dominant negative effect is
due to the inhibition of the signaling of endogenous Ras by
sequestering the available GEFs (3, §8). This in vivo property of
RasS17N combined with the conservation of Serl7 in all GTP-
binding proteins popularized the use of this mutant to study the
signaling pathways of Ras and of other GTPases. At the
biochemical level, the SI7N mutation decreased the affinity for
the GDP and GTP by a factor of 27 and 1000, respectively, while
the affinity for the GEF is increased by a factor of 5.4 when
compared to WT-Ras; as for the downstream effectors, their
binding to RasS17N is severely compromised (10).

Our structural data explain and confirm many of the pre-
viously described properties of Serl7 mutants (5, /0). The
replacement of the conserved Serl7 by an Asn, an Ala, or a
Cys disrupts the only interaction the Mg>" ion makes with Ras;
at the same time the hydrophobic or longer side chains prevent a
water molecule from substituting the hydroxyl group of Serl7.
This combined effect destabilizes the octahedral coordination of
the metal ion and disables it from binding the GDP, consistent
with previous data showing a lower affinity of the Mg® " ion when
Ser17 is mutated (11). Although the affinity of the Mg*" ion was
measured using the SI7A mutant, we believe that the Asn, Ala,
and Cys mutants of Ser17 destabilize the Mg>" ion for the same
reasons, resulting in the same biological outcome (5). Therefore,
the affinity for the Mg>" ion for these mutants should be similar.
On the other hand, the absence of a side chain at position 17 in the
S17G mutant should allow a water molecule to replace the
hydroxyl group of Ser17 and to coordinate the Mg>" ion so that
it is present in both the GDP- and GTP-bound forms of this
mutant. This would allow a tight binding of the GTP, the
adoption of an active conformation by Thr35 and switch 1,
and therefore binding of this mutant to downstream effectors.
This assumption is consistent with the finding that RasS17G has
no inhibitory effect when transfected in cells (9).

The loss of the Mg®" ion results in an increase in the flexibility
of the switch regions of Ras. In part this is due to the increase in
the flexibility of the conserved Phe28 and Asp57 of switches 1 and
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2, respectively, which we were unable to model in the final
electron density map unless they were involved in crystal packing.
How the loss of the Mg*" ion is transmitted to Phe28 is unclear
especially since Phe28 and its immediate surrounding are not
coordinating the metal ion in WT-Ras. One likely explanation is
that the increase in the OFF-rate of the nucleotide in RasS17N
destabilizes Phe28. How does the destabilization of Phe28 affect
the OFF-rate of the nucleotide? Recently characterized mutants
of Ras where Phe28 is not stabilizing the guanine base showed
that the OFF-rate of the GDP is weakly affected by the removal
of this residue (29, 31). Consequently, our data support the
hypothesis that Mg®" binding is essential for high nucleotide
affinity. In regard to Asp57, whether the destabilization of this
residue is a direct effect of the removal of the Mg*" ion or,
conversely, that the elimination of the hydroxyl group of Serl7
destabilizes Asp57, which in turn weakens binding of the Mg*"
ion, or both is a possibility. We favor the former hypothesis since
the S17G mutant is not inhibitory.

We do not have the structure of the GTP-bound form of
RasS17N, but it is likely that this structure also lacks the Mg*"
ion for the same reasons discussed in this work. The absence of a
Mg*" ion makes it even harder for Ras to neutralize the negative
charges of the triphosphates consistent with the high dissociation
of the GTP for this mutant (10). The absence of the Mg>" ion
should also prevent Thr35 of the switch 1 region from adopting
the conformation it has in active Ras (32). Since the Thr35/Mg>"
ion interaction is essential for the switch 1 region to adopt an
effector binding conformation necessary for proper signaling, it is
therefore likely that this mutant does not bind to effectors even
when GTP-bound, consistent with its inability to signal (3, 10).

The Mg*"-free structure presented here contrasts with the
structure of the homologous RhoA solved in the absence of
magnesium (33). In the latter structure, the switch regions are
well-defined and pull away from the GDP, which is loosely
bound to the protein. In addition, Lys18 interacts with Glu64
(Lys16 and Glu62 in Ras), and Ala61 (Ala59 in Ras) is near the
Mg*" binding site. Although these residues are conserved
between Ras and Rho, in RasS17N they do not adopt the same
conformation asin Mg*"-free RhoA. Modeling Ala39 and switch
2 in all three copies as in the latter structure, which also mimics
the conformation of switch 2 in nucleotide-free Ras in complex
with Sos (34), does not lead to steric clashes. Why the switch
regions of RasS17N did not adopt the conformation they have in
Mg**-free RhoA is not clear.
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