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Directly targeting oncogenic V-Ki-ras2 Kirsten rat sarcoma viral

oncogene homolog (K-Ras) with small-molecule inhibitors has his-

torically been considered prohibitively challenging. Recent reports

of compounds that bind directly to the K-Ras G12C mutant suggest

avenues to overcome key obstacles that stand in the way of de-

veloping such compounds. We aim to target the guanine nucleo-

tide (GN)-binding pocket because the natural contents of this

pocket dictate the signaling state of K-Ras. Here, we characterize

the irreversible inhibitor SML-8-73-1 (SML), which targets the GN-

binding pocket of K-Ras G12C. We report a high-resolution X-ray

crystal structure of G12C K-Ras bound to SML, revealing that the

compound binds in a manner similar to GDP, forming a covalent

linkage with Cys-12. The resulting conformation renders K-Ras in

the open, inactive conformation, which is not predicted to asso-

ciate productively with or activate downstream effectors. Con-

servation analysis of the Ras family GN-binding pocket reveals

variability in the side chains surrounding the active site and adja-

cent regions, especially in the switch I region. This variability may

enable building specificity into new iterations of Ras and other

GTPase inhibitors. High-resolution in situ chemical proteomic pro-

filing of SML confirms that SML effectively discriminates between

K-Ras G12C and other cellular GTP-binding proteins. A biochemical

assay provides additional evidence that SML is able to compete with

millimolar concentrations of GTP and GDP for the GN-binding site.

CPM assay | ActivX

Multiple lines of evidence suggest that if achievable, inhib-
iting V-Ki-ras2 Kirsten rat sarcoma viral oncogene ho-

molog (K-Ras) signaling may have therapeutic advantages in
cancer. Approximately 30% of all human cancers contain acti-
vating Ras mutations, making them one of the most common
identifiable molecular drivers of cancer (1, 2). K-Ras mutation–
positive tumors tend to be less responsive to current therapy than
other biological subtypes, and patients with these tumors have
worse cancer outcomes (3, 4). We aim to develop and evaluate
direct-acting inhibitors of K-Ras as a therapeutic strategy.
Ras proteins are GTPase enzymes that transduce extracel-

lular signals when growth factors bind to extracellular receptors,
resulting in cellular responses such as proliferation, apoptosis,
and differentiation (5). Activating signals are transmitted when
Ras is bound to GTP and cease once the bound GTP is hydro-
lyzed to GDP. Two structurally dynamic loops, so-called “switch
I” (residues 25–40 in K-Ras) and “switch II” (residues 57–75 in
K-Ras) form a key portion of the binding interface between
K-Ras and a number of regulators and downstream effectors,
including Raf kinases, PI3 kinases, and RalGDS (6–8). We hy-
pothesize that to be successful, direct-acting K-Ras inhibitors
must alter the conformation of switch I and/or switch II such that
it becomes incapable of transmitting activating signals. Because
the guanine nucleotide (GN)-binding pocket dictates the switch

conformation, we postulate that developing compounds binding
to this region will have a high likelihood of modulating K-Ras
signaling.
Development of GN competitive inhibitors of K-Ras is chal-

lenging because GTP and GDP bind with subnanomolar affinity
and intracellular concentrations of GTP and GDP are high. Re-
cently, our group (9) and Shokat and coworkers (10) indepen-
dently developed and reported two classes of compounds that
have a direct impact on productive nucleotide binding to the
GN-binding site. Both target a common activating mutation, G12C,
to achieve irreversible binding. K-Ras G12C is present in an esti-
mated 10–20% of Ras-driven cancers and in roughly 50% of Ras-
mutated lung adenocarcinomas (11–13). For lung cancer alone,
this means that therapeutics targeting the G12C mutation could
treat roughly 25,000 people per year in the United States (14).
Mutations at codon 12, along with the other most common cancer-
causing Ras mutations at codons 13 and 61, decrease intrinsic
GTPase activity to some extent and impair interactions with
GTPase-activating proteins that modulate (GTP) hydrolysis. Codon
12 is adjacent to the active site, such that the mutation places a
solvent-accessible cysteine near the GN terminal phosphate.

Significance

SML-8-73-1 (SML) is the first example, to our knowledge, of a

GTP-competitive inhibitor of V-Ki-ras2 Kirsten rat sarcoma viral

oncogene homolog (K-Ras). A high-resolution structure of K-Ras

G12C bound to SML shows K-Ras in an inactive conformation. In

situ proteomic-based chemical profiling of SML demonstrates

that SML is highly selective for K-Ras G12C over other small

GTPases. A novel chemosensor-based assay allows measure-

ment of covalent reaction rates between K-Ras G12C and SML

and enables characterization of this reaction in the context of

millimolar concentrations of GTP and GDP, well in exccss of

what is found in living cells. These results demonstrate that

even in the presence of high concentrations of GTP and GDP,

SML is able to exchange into the GN site.
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We previously reported development of SML-8-73-1 (SML),
a GDP analog containing an electrophilic warhead extending
from the beta-phosphate that undergoes a Michael reaction
addition to Cys-12, forming a stable thioether linkage (9). Even
in the presence of large excesses of GDP and GTP, quantitative
complete irreversible binding was observed by MS. In bio-
chemical assays, SML prevents K-Ras association with the Ras-
binding domain of the downstream effector BRaf. Prelimi-
nary cellular tests using a cell-permeable caged prodrug version,
SML-10-70-1, demonstrated that treatment of a G12C mutant
K-Ras cancer cell line with the SML class of compounds, albeit at
a high concentration (100 μM), leads to inactivation of K-Ras
and down-regulation of Akt and Erk signaling pathways, dem-
onstrating as a proof of concept that the GN-binding pocket is
a viable target for inhibitors of Ras signaling.
Here, we provide three lines of evidence to support further the

concept of targeting the GN-binding pocket of K-Ras. First, we
report high-resolution X-ray crystal structures of K-Ras, in-
cluding a structure containing the irreversible inhibitor, SML,
bound to K-Ras G12C. The models are analyzed with the aim of
understanding implications for K-Ras interactions with down-
stream effectors. Second, we address compound selectivity with
MS-based in situ profiling demonstrating that SML preferen-
tially interacts with K-Ras G12C over most other cellular GTP-
binding proteins. Finally, we provide additional evidence that
in a purified system, SML is able to compete for the GN-binding
site of K-Ras G12C in the presence of millimolar concentrations
of GTP and GDP, similar to those found in a living cell. The
prospects for developing GTPase inhibitors are also broadly
considered.

Results

X-Ray Structures of K-Ras. Three high-resolution X-ray crystal
structures of K-Ras in two different crystal forms were solved: (i)
WT K-Ras bound to GDP (1.2 Å, C2 space group), (ii) G12C
K-Ras bound to GDP (1.1 Å, P212121 space group), and (iii) G12C
K-Ras bound to SML (1.9 Å, P212121 space group) using mo-
lecular replacement with Protein Data Bank (PDB) ID code
4EPV (15) as the search model (Table S1). The structure of
GDP-bound G12C K-Ras is highly similar to the WT structure
(rmsd of ∼0.33 Å) and to previously reported K-Ras structures,
including PDB ID codes 4EPV, 4EPR (15), 4L9S, 4LPK (10),
and 4DSU (16). Unlike prior G12C structures, the switch I and
switch II regions are well ordered and oriented in an open con-
formation consistent with structures of GDP-bound WT K-Ras
and H-Ras. The G12C structure is nearly identical to the WT
K-Ras with respect to the protein main chain but reveals clear
electron density for the Cys-12 side chain extending down
from the P-loop toward the terminal phosphate from bound
GDP. This orientation is geometrically compatible with a Michael
reaction between the sulfur of the cysteine and the chloroacet-
amide group of our covalent inhibitor SML (Fig. 1).
To obtain crystals of SML-bound K-Ras, we incubated the

protein with a 10-fold molar excess of compound at 37 °C for
2 h to achieve ∼95% labeled protein as determined by MS (Fig.
S1). The crystals grew in the same space group and unit cell
dimensions as GDP-bound G12C and diffracted to 1.89 Å.
Following molecular replacement with a ligand-free model, we
observed density in the GN-binding pocket consistent with the
presence of SML (Fig. 1C). We also noted additional Fo-Fc
density around Cys-12, indicating that the side chain of Cys-12
adopts an alternate conformation, rotated ∼100° away from the
GN pocket, an orientation not observed in our GDP-bound
G12C structure. The density around the GN-binding site was
similar to that of GDP but showed continuous positive density
connecting the beta-phosphate to the rotated conformation of
Cys-12, consistent with the presence of SML in the GN pocket
and a covalent linkage between Cys-12 and SML. Therefore we

modeled 50% of the Cys-12 side chain in the rotated alternative
conformation, forming a covalent linkage with the terminal carbon
atom of SML, and 50% in the previously observed conformation
to fit the Fo-Fc density (Fig. 1A).
A comparison of the SML-bound structure with the GDP-

bound structure confirms that both switch I and switch II are in
the inactive, open conformation (Fig. 1 D–F). Both Tyr-32 and
Thr-35, which rotate toward the active site in the presence of
GTP upon Ras activation (PDB ID code 3GFT), are rotated
away, whereas the other switch I residues assume a conformation
nearly identical to that of the GDP-bound form. SML is in an
orientation similar to that of GDP with extensive contacts to
multiple residues in the GN pocket (Fig. 1 B and C). Addition-
ally, the carbonyl oxygen and amide nitrogen of SML are within
hydrogen bonding distance of Lys-16 and the main-chain carbonyl
oxygen of Pro-34, respectively (Fig. 1C).

Comparison with Switch II Pocket-Binding Compounds. Recently,
another class of Cys-12–modifying K-Ras inhibitors was reported,
which access Cys-12 not from the nucleotide pocket, as is ob-
served for SML, but instead bind to an inhibitor-induced pocket
adjacent to switch II and Cys-12, which has been named the switch
II pocket (SII-P) (10). Functionally, these compounds cause an
∼100-fold decrease in the affinity of the enzyme for GTP relative
to GDP, leading to a decrease in the total level of activated mu-
tant K-Ras. Conceptually, these compounds are similar to non
ATP-competitive, “type III” kinase inhibitors (17). As opposed
to type I and II kinase inhibitors, which compete with ATP for
binding, type III inhibitors do not compete with ATP and have

Fig. 1. Structures of K-Ras G12C. (A) Chemical structure of SML. (B) Struc-
ture of K-Ras G12C bound to GDP. A 2Fo-Fc map contoured at 1.1 sigma is
displayed for GDP and the Cys-12 side chain, and it shows a separation be-
tween the ligand and side chain. (C) Structure of K-Ras G12C bound to SML.
An Fo-Fc omit map contoured at 2.5 sigma shows the inhibitor in the GN-
binding site and density extending to Cys-12. Interactions between the
ligand and protein are shown by yellow dashed lines. (D–I) Cys-12–binding
compounds alter the conformation of switches I and II. X-ray crystal struc-
tures of GDP-bound (inactive) G12C K-Ras (D) and guanosine 5′-[β,γ-imido]
triphosphate (GMPPNP, a nonhydrolyzable GTP analog)-bound G12C Ras (F,
4L9W) are shown for comparison, with switch I colored yellow and switch II
colored green. (E) When bound to SML, G12C K-Ras assumes a conformation
nearly identical to GDP-bound G12C K-Ras, with both switch regions in the
inactive conformation (rmsd of ∼0.17 Å). (G–I) Structures of G12C K-Ras bound
to type III covalent inhibitors reported by Shokat and coworkers (10) dem-
onstrate alternative conformations of both switch regions apparently induced
by interactions between residues 58 and 62 and the type III inhibitors causing
a change in switch I, which is observed in H but is disordered in G and I.
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been observed to bind simultaneously with ATP (18). In the
same spirit, we will refer to the non-GN competitive inhibitors
as type III Ras inhibitors and to the nucleoside-competitive
inhibitors as type I Ras inhibitors.
Previously reported crystal structures of type III inhibitors

bound to K-Ras demonstrate that binding of these compounds
results in a rearrangement of both the switch I and switch II
regions into an orientation that was never previously observed
(10) (Fig. 1 G–I). This appears to be caused by interactions be-
tween the switch II residues Thr-58 and Asp-62 with the type III
inhibitors, which reorder the switch II region and lead to de-
stabilization of switch I so that it moves away from the GN
pocket. In addition, the magnesium is absent in a number of the
inhibitor-bound structures, consistent with rearrangement of
switch I and significant reordering or destabilization of the GN-
binding site.
Predicted impact of SML on Ras signaling. K-Ras transduces signals
when bound to GTP by directly binding to downstream effector
proteins. Therefore, we anticipate that an effective inhibitor of
K-Ras signaling must efficiently disrupt this interaction. We super-
imposed the structure of SML-bound K-Ras with previously solved
structures of Ras-effector (Raf1 and PI3K) complexes to predict
whether SML-bound K-Ras exhibits a conformation that would be
predicted to have productive interactions with these effectors.
Based on prior structures, switch I is the main interface

between Ras and PI3K and Raf1. The H-Ras/Raf1 complex
(PDB ID code 4G0N) demonstrates that Tyr-32 and Thr-35
rotate to coordinate with the gamma-phosphate of the non-
hydrolysable GTP-mimetic, GMPPNP, constraining the orienta-
tion of residues D33, I36, S39, and R41 to allow interactions with
residues 64–69, 84, and 88–89 on Raf. Similarly, the Ras/PI3K
structure (PDB ID code 1HE8) (7) shows that with GTP binding,
residues 36–41 of the switch I region rotate to interact with
residues 221–234 and residues 251–258 from PI3K and lead to
activation of PI3K (Fig. 2 A and B). The conformation of switch I

found in the SML structure is incompatible with either binding
mode observed in the Ras/effector complexes (Fig. 2 C and D).
Conservation of the GN-binding site and implications for development of

specific K-Ras inhibitors. Achieving specificity will be essential for
developing GN-binding inhibitors of K-Ras or other small GTPases
due to the large number of GDP/GTP-binding proteins within
the cell (Ras dendrogram in Fig. S2). To understand the pros-
pects for developing specific inhibitors of K-Ras family members
better, we studied the conservation of the GN-binding site and
SII-P residues with the hypothesis that variability in these resi-
dues would translate into different topologies in the GN and SII-
P sites, which could be used to make future compounds with
differential selectivity across the family. This hypothesis has been
previously tested directly through kinase inhibitor profiling
experiments, which indicate that sequence conservation can pre-
dict the feasibility of making selective inhibitors (19).
We performed a multiple sequence alignment on 160 Ras

superfamily members using the Clustal-Omega multiple sequence
alignment tool (20–22). We then processed these alignments using
a structural conservation analysis program, ConSurf, to generate
relative conservation scores for each residue in the K-Ras se-
quence (23–26). This algorithm calculates relative conservation
scores for each residue that are then normalized so that the
average score across all residues is zero. As a rough guide to
our data, the range of scores spanned from about −2.5 to 2.5, with
lowest score representing the most highly conserved residues
and the highest score representing the most variable residues.
Residues within 4 Å of the inhibitor were selected for initial

study, based on the assumption that residues within 4 Å would be
accessible to small-molecule inhibitors occupying either the GN-
binding site or the S-IIP site. We added to this segment any
residues that lay within one or two residues of interacting amino
acids to define block segments. Using this approximation, we
identified five sequence segments that interact with SML and
four segments that interact with the S-IIP site (Fig. 3). The mean
conservation score of each of these segments, based on the
normalized scores obtained from the ConSurf analysis, was cal-
culated. Of the SML segments, the switch I region (residues 28–
34) was the most variable, with a score of 0.003, whereas the
region behind switch II (residues 58–59) showed the highest de-
gree of conservation, with a score of −1.233. For the S-IIP, resi-
dues 60–63 were best conserved, with a score of −0.853, and the
region near the top of the S-IIP region (residues 96–100) showed
the most variability, with a score of −0.166. As an aggregate esti-
mate of the relative conservation of the SML vs. S-IIP sites, we
calculated the overall average conservation scores. The scores
of both regions were similar, with scores of −0.762 and −0.557
and with an average variability of 10.4 and 11.4 amino acids per
position for the GN and S-IIP sites, respectively.
Kinases serve as a relevant point of reference for this analysis

because a number of potent and highly selective protein kinase
inhibitors have been developed despite an ATP-binding site that
is generally well conserved (27). Incidentally, at the outset of ki-
nase inhibitor development, some assumed that this conservation
would prevent development of selective inhibitors (28, 29). Kinase
inhibitor selectivity has been achieved, first, because a range of
chemical scaffolds, most of which do not resemble ATP, have
been identified and, second, because many compounds occupy
a binding pocket adjacent to the ATP binding site that is less well
conserved. As a comparison, we performed the same conserva-
tion analysis on a subset of 210 kinases, which included three
arms of the kinome, including the cAMP-dependent, cGMP-
dependent, and protein kinase C (AGC) protein kinase family;
the cyclin-dependent kinases, mitogen-activated protein kinases,
glycogen synthase kinases, and CDK-like kinases (CMGC) pro-
tein kinase family; and the tyrosine kinase family in an effort to
anticipate the relative difficulty of achieving selective GTPase
inhibitors compared with selective kinase inhibitors. Using an

Fig. 2. SML-bound K-Ras G12C is unlikely to engage downstream effector
proteins. The interface for the Ras/Raf (A) and Ras/PI3K (B) complexes as
observed by X-ray crystallography (PDB ID codes 4G0N and 1HE8) are dis-
played with Ras shown in gray (with the switch I region colored yellow) and
Raf and PI3K shown in cyan. In both of these structures, residues 33, 36, and
38 from switch I swing out to form interactions with Raf and PI3K. (C and D)
SML-bound structure of G12C K-Ras was superimposed onto GMPPNP/Ras as
in A and B. When bound to the SML inhibitor, the previously mentioned side
chains from switch I have changed conformation. The SML-induced confor-
mation of switch I is not compatible with Raf or PI3K interactions, as pre-
viously observed, because of clashes.
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approach similar to that described above, we aligned and gener-
ated conservation scores for these serine/threonine and tyrosine
kinases. Again, amino acid positions within 4 Å of the ATP-
binding site were selected for study, and the average conservation
score was calculated for these regions.
A visual representation of the conservation scores projected

onto the structures K-Ras and a typical kinase fold show that the
ATP-binding pocket is highly conserved across these kinase fami-
lies, with the ATP-interacting residues exhibiting an overall relative
conservation score of −1.43, with an average variability of 8.3 amino
acids per position, which is slightly more conserved than the
relative level of conservation seen in the GN-binding pocket of
Ras family members, −0.762, with an average variability of 10.4
amino acids per position. If sequence conservation is a valid
predictor of the potential to achieve compound selectivity, this
analysis suggests that relative to kinase inhibitors, there should
be more options for achieving specificity with compounds target-
ing the GN-binding site and neighboring regions.

In situ MS-based GTPase profiling of SML. We wondered if targeting
Cys-12 with covalent chemistry, independent of other modifi-
cations to distinguish SML-class compounds from GDP, was
sufficient to confer selectivity for K-Ras G12C over other GN-
binding proteins. Our prior work demonstrated that SML se-
lectively interacts with the G12C mutant K-Ras over WT protein
(9), and we hypothesized that the covalent nature of SML would
provide a high degree of selectivity across a broad set of GN-
binding proteins. To test this empirically, the compound was pro-
filed at a concentration of 100 μM utilizing MIA PaCa-2 lysates (a
human pancreatic carcinoma cell line homozygous for the K-Ras
G12C mutation) using ActivX technology (ActivX Biosciences,
Inc.) (30, 31). This approach measures the ability of test com-
pounds, such as SML, to protect a subset of GTP-binding pro-
teins from labeling with a lysine-reactive GTP-biotin probe and
is similar to technology commonly used to profile kinase inhib-
itors. In our MIA PaCa cell lysates, over 100 different GTP-
binding proteins were detectable. SML was able to inhibit
probe labeling for K-Ras G12C significantly after 15 min of
incubation at a concentration of 100 μM in gel-filtered cell lysates.
Moderate inhibition of probe labeling was seen for three other
GTP-binding proteins, only one of which is a small GTPase (full
profiling data are available in Table 1 and Table S2). The profiling
data are also important because they confirm that the electrophilic
warhead of SML is sufficiently stable and selective to function in
a context similar to the intracellular milieu. However, because this
technique involves a gel filtration step that removes small mole-
cules from the protein fraction before compound incubation, this
experiment is unable to address the question of whether SML
can efficiently compete in the context of high concentrations of
GTP and GDP.
SML efficiently competes with GTP and GDP for binding to G12C-K-Ras.

Overcoming the millimolar intracellular concentration of GDP/
GTP is a significant challenge in the development of GN pocket-
targeted Ras inhibitors that bind efficiently to K-Ras. To assess
the potential of SML to compete with GNs, we developed a che-
mosensor assay to measure the rate of covalent bond formation.
For this assay, we used a cysteine-reactive compound, 7-dieth-
ylamino-3-(4-maleimidophenyl)-4-methylcoumarin, or CPM, which
exhibits negligible fluorescence until reaction with a thiol group.
This compound efficiently reacts with Cys-12 of GN-bound
mutant K-Ras to yield an ∼10-fold higher fluorescent signal than
seen with WT GN-bound K-Ras. Following covalent addition of
SML to Cys-12, however, the thiol is no longer available to react
with CPM, and the fluorescent signal drops to that of WT K-Ras.
We used this assay to measure the rate of reaction between

SML and G12C K-Ras in the presence and absence of 1.5 mM
GDP and 1.5 mM GTP (200-fold excess over SML) (Fig. 4). Of
note, even in the “absence” of GN, the inhibitor must displace
GDP, which remains bound to the K-Ras active site through
purification steps, as evidenced by the X-ray structure of K-Ras
G12C, which shows the active site occupied by GDP; protein
used for these crystals was never exposed to supplemental GDP
or GTP before crystallization. The results demonstrate that the
inhibitor is able to compete with a large excess of GDP for GN
site binding, albeit at a decreased rate compared with samples
without an excess of GN (t1/2 of 0.7 h vs. 12 h). However, despite

Fig. 3. Conservation analysis of amino acids surrounding the GN-bind-
ing site. (A) Amino acid level conservation. Protein sequences for each
small GTPase subfamily, including the Ras family, ADP ribosylation factor
(ARF) family, Ras-related proteins in brain (Rab) family, Rho/Rac family,
and the Ras-related nuclear protein (Ran) family, or for the entire Ras
superfamily, were aligned using the Clustal-Omega multiple sequence
alignment server, and relative conservation scores for each amino acid
were calculated using the ConSurf server. Residues within 4 Å of either
SML or switch II pocket (SIIP)-binding compound 9 (10) (PDB ID code
4LYJ) based on crystal structures were selected as residues with potential to
interact with compounds and highlighted in green or orange, respectively.
Relative conservation scores for these residues are represented in a blue (poorly
conserved) to red (well-conserved) gradient. The variability at each po-
sition is depicted using a red bar above each amino acid position; the
height is proportional to the number of different residues observed at
each position in the subfamily. Positions where cysteines are observed in
at least one Ras family member are marked with an asterisk. (B and C )
Topology of amino acid conservation. (B) Conservation scores for the
entire Ras family are plotted on the surface of the K-Ras G12C X-ray
structure (PDB ID code 4LDJ). Regions within 4 Å of the compound-binding
sites are highlighted as above. (C) Relative conservation of each amino acid
across 210 kinases is plotted on the 3D structure of spleen tyrosine kinase
(SYK) (52) (PDB ID code 4FL1). The regions surrounding the GN-binding site
and SIIP binding site of K-Ras are less well conserved (average conservation
scores of −0.762, −0.557, and 10.4: 11.4 amino acids per position, respectively)
than the regions surrounding the kinase ATP-binding site (average conserva-
tion score of −1.43 and 8.3 residues per position).

Table 1. Proteins showing inhibition of GTP-biotin labeling by

SML

Protein Family Inhibition, %

K-Ras G12C Small GTPase, Ras 82.9
EFTUD1 GTP-binding elongation factor 73.3
GUF1 GTP-binding elongation factor 72.6
ARL3 Small GTPase, Arf 65.1
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the slower rate, these data unambiguously demonstrate that
SML is able to compete irreversibly, preventing GN from ex-
changing back in. This suggests that a covalent inhibitor may be
able to overcome the endogenous pool of GDP/GTP within the
cell due to the relatively long 14- to 24-h t1/2 of Ras if appropriate
dosing regimens can be developed that maintain exposure of
G12C K-Ras to covalent inhibitors (32, 33). We note that this
assay method will be useful in developing inhibitors of K-Ras
G12C with more “drug-like” characteristics, and it also may be
applied to other protein targets for which cysteine-targeted ir-
reversible therapeutics are being developed.

Discussion

Although multiple attempts to generate Ras-targeted therapies
have been reported, most notably targeting farnesyl transferase,
none of these has yielded clinically useful drugs (34). A number
of strategies are under investigation, including further attempts
to inhibit the C-terminal processing of Ras by prenyltransferases,
the proteolytic enzyme Ras-converting enzyme, and the meth-
yltransferase isoprenylcysteine-carboxyl-methyltransferase (35,
36). Recently, small molecules that compete for the prenyl-
binding site of PDEδ, a protein that regulates the spatial distri-
bution of K-Ras in cells, were also reported as another potential
direct therapeutic strategy (37). Nevertheless, the difficulties
with direct Ras targeting have led many to focus on other factors
upstream and downstream in the Ras signaling pathways, in-
cluding EGF receptor, Raf, MEK, and PI3 kinases. These efforts
have seen mixed results, and combination therapies with inhib-
itors targeting multiple pathways may be necessary for optimal
benefit (38–40). The best therapeutic strategies for addressing
Ras dysregulation in cancer, be they direct or indirect, remain
unclear. We have focused our attention on developing GTP
competitive inhibitors because the GN-binding site is adjacent to
switches I and II, which mediate most interactions between Ras
and its effectors. We therefore anticipate that developing com-
pounds occupying this site will have the potential to modulate
Ras signaling pathways.
Ultimately, for this effort to succeed, compounds must have

(i) the capacity to perturb biological systems in a way that is
therapeutically advantageous, (ii) sufficient selectivity to target
cancer-related Ras proteins over other GTP-binding proteins
involved in normal cellular processes, and (iii) sufficient po-
tency to overcome high concentrations of cellular GTP and
GDP. In this study, we have provided additional evidence that SML,
in principle, meets these specifications. We have also provided
support for generalization of this approach to other GTPases.

Structural studies of Ras family members have largely focused
on H-Ras until recently. Over the past 2 y, 25 structures of K-Ras
have become available as renewed enthusiasm for targeting
K-Ras has grown, highlighted by a recently announced National
Cancer Institute initiative that will focus specifically on de-
velopment of methods to inhibit K-Ras directly for therapeutic
purposes. In total, seven different crystal forms have been ob-
served, and structures of a number of oncogenic mutations, in-
cluding G12D, G12V, G12C, and Q61H, have been reported.
With this report, we have added to this growing collection of
data by solving high-resolution structures of K-Ras in three rel-
evant forms, including a G12C oncogenic form bound to GDP in
which both switch regions are well ordered, as well as a structure
of our covalent K-Ras inhibitor, SML, bound to the G12C mu-
tant of K-Ras. The cocrystal structure demonstrates that SML-
bound K-Ras G12C is locked in an inactive conformation that
would not be predicted to interact productively with Ras ef-
fector proteins, consistent with our prior biochemical charac-
terization (9).
It should be noted that the switch regions are dynamic, as

evidenced by the many switch conformations observed in the
multitude of available Ras crystal structures. However, when
bound to GTP, switch I and II assume a distinct closed confor-
mation that favors interaction with Raf and other signal medi-
ators. Therefore, to disrupt this interaction, it is presumably only
necessary for the inhibitor to prevent Ras from assuming the
active conformation. In other words, there is no requirement to
achieve one specific inactive conformation; there may be many
inactive conformations that can be achieved with a range of dif-
ferent inhibitor scaffolds targeting the GN-binding pocket and
surrounding regions that will likely have the same inhibitory
effect on Ras signaling. We therefore speculate that although
binding of SML to K-Ras G12C places the protein in a confor-
mation that is known to be inactive, a number of other approaches
may also achieve the goal of impairing Ras signaling (41).
SML provides a proof of principle that a covalent compound

can both compete with GDP and GTP for the GN-binding site of
K-Ras and exhibit a high degree of specificity. We anticipate that
this concept may allow targeting of other small GTPases as well.
For example, with respect to cancer, it might be useful to develop
inhibitors against Rac and Rho family members, because Rac and
Rho are often overexpressed in cancer cells to support altered
tumor physiology (42–44). Indeed, it has been shown that mis-
regulation of Rac and Rho signaling leads to disruption of
junctions and actin cytoskeleton reorganization, allowing can-
cer cell migration and invasion (45). Non-Ras GTPases have
also been implicated in cell cycle progression, through regulation
of cyclin D3 and NF-κB signaling pathways (46, 47). Our se-
quence analysis of Ras family GTPases demonstrates that a
number of these contain cysteine residues near the GN-binding
site that may be amenable to cysteine-targeted irreversible in-
hibition (residues marked by asterisks in Fig. 3A and specific
GTPases listed in Table S3). Another general option for tar-
geting the active site of GTPases would be to aim for the con-
served lysine K16, which is a conserved residue that becomes
covalently bound to the ActivX probe.
The use of covalent inhibitors for therapeutic purposes has

many precedents. Nevertheless, despite the fact that there are
∼40 US Food and Drug Administration (FDA)-approved co-
valent drugs on the market, including widely used and effective
compounds such as 2-acetoxybenzoic acid (aspirin), penicillin,
proton pump inhibitors, and clopidogrel (Plavix), there has tra-
ditionally been reluctance by the industry to develop compounds
containing reactive moieties. Nonspecific interactions between
strongly electrophilic warheads and nontarget proteins in the
blood and in cells, leading to acute tissue damage, haptenization
of proteins, and activation of immune responses, have been cited
as reasons (48). It should be noted that compounds, such as

Fig. 4. SML efficiently competes with GTP and GDP for binding to G12C
KRas. A thiol-reactive compound, CPM, exhibits a dramatic increase in fluo-
rescence following reaction with Cys-12, leading to a significant increase
in signal for G12C (green) relative to WT (purple) K-Ras. This assay was
used to determine the rate of covalent reaction between K-Ras Cys-12
and SML in the absence (blue) or presence of 1.5 mM GTP and GDP (red).
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aspirin and penicillin, were not designed to be covalent but were
simply observed to act through a covalent mechanism. There-
fore, the prior reluctance to develop targeted covalent inhibitors
may relate less to the absolute potential usefulness of covalent
therapeutics and more to a general lack of expertise that would
be required to design safe and effective covalent drugs system-
atically. It is becoming clearer that toxicity concerns may
be manageable by careful compound design and optimization of
electrophile reactivity (49). The recent emergence of several
FDA-approved covalent kinase inhibitors, including Ibrutinib and
Afatinib, suggests that the methods and technology for rationally
designing covalent inhibitors have matured to the point that they
may be broadly applicable (50, 51). As a general method, the
chemosensor assay presented here may be of particular use in
optimizing the relative reactivity of electrophilic functional groups
and kinetics of covalent inhibition of various targets due to the
efficiency with which a large number of samples and time points
can be monitored inexpensively and in a high-throughput format.
The potential advantages often cited for covalent drugs in-

clude better potency, selectivity, and effective t1/2 compared with

noncovalent drugs (48). With respect to K-Ras inhibitors, the
advantages also appear to extend to overcoming high-affinity
interactions between K-Ras and its natural nucleotide ligands
and more effectively competing with the high concentration of
endogenous nucleotide in the cell.

Methods

SML was synthesized as reported previously (9). Protein expression and pu-
rification, and liquid chromatography-electrospray ionization-MS of intact
K-Ras G12C were also performed as reported previously (9). Detailed descrip-
tions of all other methods, including X-ray crystallography, the CPM assay,
sequence conservation analysis, and MS-based chemical profiling are provided
in SI Methods.
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