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Abstract

There is growing interest in reversible and irreversible covalent inhibitors that target noncatalytic
amino acids in target proteins. With a goal of targeting oncogenic K-Ras variants (e.g., G12D) by
expanding the types of amino acids that can be targeted by covalent inhibitors, we survey a set of
electrophiles for their ability to label carboxylates. We functionalized an optimized ligand for the
K-Ras switch 11 pocket with a set of electrophiles previously reported to react with carboxylates
and characterized the ability of these compounds to react with model nucleophiles and oncogenic
K-Ras proteins. Here, we report that aziridines and stabilized diazo groups preferentially react
with free carboxylates over thiols. Although we did not identify a warhead that potently labels K-
Ras G12D, we were able to study the interactions of many electrophiles with K-Ras, as most of
the electrophiles rapidly label K-Ras G12C. We characterized the resulting complexes by
crystallography, hydrogen/deuterium exchange, and differential scanning fluorimetry. Our results
both demonstrate the ability of a noncatalytic cysteine to react with a diverse set of electrophiles
and emphasize the importance of proper spatial arrangements between a covalent inhibitor and its
intended nucleophile. We hope that these results can expand the range of electrophiles and
nucleophiles of use in covalent protein modulation.
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Ras is a small GTPase that switches between an active, GTP-bound state and an inactive,
GDP-bound state.! Oncogenic mutations that decrease the level of GTP hydrolysis
contribute to >30% of cancers.2 Ras has been the subject of many drug discovery efforts,
leading to the identification of inhibitors that block the membrane localization of Ras or its
ability to bind effectors. Lacking deep hydrophobic pockets, direct inhibitors of Ras engage
one or more shallow pockets3~7 or bind covalently to an acquired cysteine 12.89 The
requirement for Cys12 limits the application of these compounds in cancers with other Ras
mutations. We wondered whether an electrophilic Ras ligand could covalently label K-Ras
G12D, a mutation found in >30% of Ras mutant cancers.2

Recently, there has been a dramatic increase in the level of interest in irreversible and
reversible covalent inhibitors that target catalytic or noncatalytic amino acids.1%-17 Because
of our interest in Ras mutant cancers and with a goal of expanding the range of amino acids
targeted by covalent inhibitors, we investigated the ability of several functional groups to
react with carboxylates. A strategy for proximity-dependent labeling of aspartate or
glutamate could find broad use in covalent probes.18 We wondered if the interaction between
an optimized Ras ligand and K-Ras could promote a reaction between G12D and a
functional group known to label catalytic carboxylates, such as an epoxide, aziridine, or
chloroacetamide.1719-21 We also considered functional groups that have been reported to
label noncatalytic aspartate and glutamate residues, such as chloroethylureas,?? stabilized
diazo groups,23-24 trichloroacetimidates,2® and acyl imidazoles.28 Here, we report the ability
of these electrophiles to react with model nucleophiles and to form covalent complexes with
K-Ras G12C. Structural characterization of two of these complexes reveals that even minor
changes in the electrophile can dramatically alter the compound’s binding mode.

RESULTS AND DISCUSSION

We first considered three reported K-Ras G12C switch 11 pocket scaffolds and compared the
rate at which each acrylamide could label K-Ras G12C (Figure S1A).8:27:28 The most potent
scaffold was synthesized as a mixture of atropisomers, with the indazole up (/) or down (S),
compared to the quinazoline. We elaborated this scaffold with several electrophiles (Figure
1A) and assessed the reactivity of compounds 1-10 toward a model thiol and model
carboxylates. Although some of these warheads could react promiscuously, we did not want
to exclude any potentially promising electrophiles. By liquid chromatography and mass
spectrometry (LC-MS), we found that compounds 1, 2, 6, and 10 readily form adducts with
Bmercaptoethanol (BME) in phosphate-buffered saline (Figure 1B). In contrast, compounds
3, 4, 7, and 8 form covalent adducts with A-Boc-aspartate and sodium benzoate ina 1:1
acetonitrile/0.1 M MES (pH 6) solution (Figure 1B). Encouragingly, we identified two
functional groups with the desired property of preferential reactivity toward carboxylates
over a thiol.

We next asked whether these molecules could covalently label K-Ras, using K-Ras G12C 1-
169 as a positive control and wild-type (WT) K-Ras 1-169 as a negative control. Each
compound (100 M) was incubated with Ras (4 M) for 24 h at room temperature and pH
7.5. By intact protein LC-MS, we found that most of the compounds could efficiently label
K-Ras G12C and that none of the compounds exhibited strong nonspecific labeling of WT
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K-Ras (Figure 1C). For compound 8, we found that 2.6% of the protein corresponded to a
mass consistent with double labeling. To study reactivity with Asp12, we made use of a
CysLight (CL) variant of K-Ras G12D (1-169; C51S/C80L/C118S), which is intended to
eliminate potential sources of nonspecific labeling and increase the level of confidence that
any labeling differences observed between variants are caused by the identity of amino acid
12. Covalent adducts between compounds 1-10 and K-Ras G12D CL were not observed.
The reactivity of 3, 4, 7, and 8 is expected to increase with a decrease in pH,23 and we
wondered whether a low pH could induce a reaction with G12D. Each compound was
incubated with G12C, G12D, G12S, or WT K-Ras CL in buffers with pH values from 7.5 to
5.5. At pH 5.5, we observed a modest increase in reactivity between 3 and the WT, G12S,
and G12D proteins (1.0, 2.7, and 4.3% labeled, respectively) (Figure 1D and Figure S1B).
We cannot entirely rule out the possibility that G12D covalent adducts are hydrolyzed in
solution or during mass spectrometry. Differential scanning fluorimetry (DSF)2° performed
on K-Ras G12D CL after treatment with 3, 4, 7, or 8 at pH 5.5 did not show evidence of
protein—small molecule interactions. Together, these results suggest that although the
reactivity of compounds 3, 4, 7, and 8 is appropriate for carboxylate residues, these
compounds cannot efficiently label K-Ras G12D, perhaps because of a poor spatial
arrangement between the electrophiles and Asp12.

Structural differences in the electrophiles that covalently label K-Ras G12C are expected to
alter their intrinsic reactivity and their pre- and postreaction binding conformations. We
analyzed each complex by DSF and found that 1 strongly stabilized K-Ras G12C CL (7 =
77.7 °C) when compared to the unlabeled form of K-Ras G12C CL (7 = 55.3 °C) (Figure
1E and Figure S6A). Interestingly, we found that 4 stabilized K-Ras strongly (7p = 74.0 °C)
while 3 only moderately stabilized Ras (7 = 61.1 °C). A racemic epoxide (2) produced two
distinct melting transitions (Figure S1C,D) that we suspect may correspond to separate
melting transitions associated with each isomer. To test this hypothesis, we treated K-Ras
G12C with 3 or 4, confirmed complete labeling by LC-MS, removed excess 3 or 4 with a
desalting column, and then combined the purified, labeled protein in several ratios. Indeed,
the melting transitions of these mixtures strongly resembled the melting transition of K-Ras
G12C CL labeled with 2 (Figure S1E,F). Together, these results suggest that there may be
significant differences in the way that 1 and 3 engage the SlI-P. Further, we wondered if
Cys12 attacks 3 at the a- or S-carbon of the aziridine.

To address these questions, we determined the high-resolution co-crystal structures of GDP-
bound K-Ras G12C CL in complex with 1 or 3 (Figures 2, S2, and S4). The overall protein
conformation of K-Ras G12C with 1 closely matches that of the complex of K-Ras G12C
and ARS-853 (Protein Data Bank entry 5F2E) [root-mean-square deviation (RMSD) of 0.31
A].27 The structure of switch | is similar to that in other structures of GDP-bound Ras.
Switch Il and helix a2 adopt a structured conformation that is rotated and farther from the
nucleotide binding site and core of the protein than in the first SII-P-bound Ras structures.®
Switch Il surrounds the ligand, with only a few inhibitor atoms exposed to the solvent
(Figure 2A). We observe a bond between common rotamers of Cys12 and the g-carbon of
the acrylamide. A hydrophobic pocket formed by Val9, Met72, Phe78, 11e100, and Val103 is
occupied by the phenyl and methyl portions of the indazole group. The indazole NH makes a
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hydrogen bond with Asp69, located on helix a2 (Figure 2B). The quinazoline N1 atom
contacts His95 on helix a3. The carbonyl of the acrylamide hydrogen bonds with Lys16 and
with one of the water molecules that coordinates Mg2*. The hydrogen bond with Lys16 may
serve to position the acrylamide for attack and could increase its electrophilicity.

In the structure with 3, we were surprised to find that Cys12 reacts with the more hindered
a-carbon of 3 rather than the g-carbon (Figure 2C). Comparing the structures with 1 and 3,
we find that the overall protein conformation is very consistent (RMSD of 0.37 A), but the
quinazoline binding poses differ substantially (Figures 2 and S2). In fact, compounds 1 and
3 bind Ras via opposite atropisomers (R and S, respectively). Although 3 binds to Cys12,
Asp69, and the hydrophobic pocket, its quinazoline N1 atom and carbonyl are oriented
opposite to those of 1 and hydrogen bond with Arg68 and the solvent, respectively. The
different compound binding poses result in a slightly different conformation in switch 1l and
helix a2 (Figure 2C) (residues 61-72, RMSD of 0.66 A). Although K-Ras G12C is reported
to preferentially react with one atropisomer,28 its ability to react with the other atropisomer
emphasizes the flexible nature of the switch Il pocket.

To verify that the structures we observed crystallographically reflect the solution state, we
next analyzed these complexes by hydrogen—deuterium exchange LC-MS (HDX-MS). This
technique has been widely applied to the analysis of protein—small molecule binding
interactions3 and has been used to characterize the dynamics of Ras in its GDP, GMPNP,
and guanosine mimicking inhibitor-bound states.?3 In this approach, protein dynamics are
analyzed by measuring the rate of exchange of amide protons with deuterium. The
involvement of amide hydrogens in the secondary structure leads to a decreased level of
exchange, and as such, this technique is well suited to probing protein conformational
changes. Flexible regions of the protein readily incorporate deuterium, while structured
regions are protected from deuterium exchange (Figure 2D). Compared to a previously
reported HDX study of guanosine mimic-bound Ras,® we observe a large global decrease in
the level of deuterium incorporation in the complexes with 1 and 3. When differences in the
HDX profiles of GDP-bound K-Ras and its complexes with 1 and 3 are mapped onto the
corresponding crystal structures, it is clear that 1 protects Ras more strongly than 3 does.
This observation confirms the DSF result that shows 1 causes a larger increase in Ras
melting temperature than 3 does (Figures 1, 2, and S5). The peptides that contact 1 or 3 are
highly protected (Figures 2, S2, and S5). Although compounds 1 and 3 bind the switch 11
pocket, they also cause protection of the guanosine binding loop (residues 114-125) that is
also protected by a covalent guanosine mimic.? In the complex with 1, peptides
corresponding to switch | (residues 33-40), switch Il and helix a2 (residues 65-72), and
helix a3 (residues 84-99) are all protected. In contrast, 3 promotes protection of helix a2,
but not switch | or helix a3. The ability of 1 but not 3 to protect helix a3 agrees with the
crystallographic observation that 1 but not 3 forms hydrogen bonds with His95.

We next asked whether the difference between 3 and 4 in DSF could be explained by the
ability of Cys12 to react with the corresponding /R or Satropisomer. When each aziridine
was modeled onto the structures of 1 and 3, we noticed that only the Satropisomer would
position Cys12 anti to the C—N bond of 3 while the R atropisomer appropriately positions 4
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for attack (Figure S3). These differences highlight potential challenges and/or selectivity
benefits associated with the use of chiral electrophiles in covalent inhibitors.

In the co-crystal structures, we also noticed that the electrophilic portion of the compound is
relatively flat and rigid, perhaps preventing a conformation appropriate for a reaction with
Aspl2. To allow greater rotation of the electrophilic warheads, we replaced the piperazine
moiety with 4-aminopiperidine or 3-aminopyrrolidine. We elaborated the resulting amines
with several electrophiles (Figure 3A) and asked whether these compounds could label K-
Ras mutant proteins. Although many of the compounds label K-Ras G12C at pH 7.5 with
only minor nonspecific labeling of WT K-Ras, we did not observe labeling of K-Ras G12D
CL in buffers ranging from pH 7.5 to 5.5 (Figure 3B). The aziridines did not efficiently label
K-Ras G12C despite having reactivities toward benzoate and A-Boc-aspartate similar to
those of 3 and 4.

We next used DSF to compare all of the complexes of K-Ras G12C CL fully labeled with
one of the compounds. Overall, complexes of compounds with longer linkers have higher
melting temperatures (Figure 3C). It is likely that compounds with shorter effective linkers
cause the loss of hydrogen bonding contacts after the reaction has occurred. For compounds
with the same electrophile, we wondered whether compounds with higher melting
temperatures would also have faster labeling rates. In contrast, compound 1 (7 = 77.7 °C)
labels Ras much more quickly than 11 does ( 7y = 78.7 °C), despite having a roughly
equivalent melting temperature (Figure 3D). Similarly, 6 (7yy = 65.4 °C) labels Ras more
quickly than 13 does ( 7y = 65.1 °C) (Figure 3E). More strikingly, 2 (7yy = 68.7 °C)
stabilizes Ras less strongly than 12 does ( 7y = 73.4 °C), but labels much more quickly
(Figure S6). Disagreement between the melting temperature and labeling rate emphasizes a
limitation of DSF as a tool for understanding the contribution of reversible binding to the
formation of a covalent complex. The labeling rates of these compounds are also influenced
by the spatial relationship between the electrophile and Cys12, the presence of a carbonyl-
Lys16 hydrogen bond, and the presence of stereo-isomers that do not support covalent bond
formation.

The ability of a covalent inhibitor to reversibly bind its target protein increases the effective
molarity of the electrophile and promotes covalent bond formation.32 We wondered whether
modest reversible binding might contribute to the low reactivity of these compounds toward
Aspl2. To improve our understanding of the reversible affinity of the quinazoline scaffold,
we synthesized two non-electrophilic analogues, 21 and 22. In DSF, addition of 21 and 22
(100 M) did not change the melting profile of K-Ras G12C CL (8 pM) (Figure 4A).
Similarly, addition of excess 21 or 22 (100 M) to a labeling reaction mixture did not
appreciably weaken the ability of compound 6 (10 M) to label K-Ras G12C CL (4 M)
(Figure 4B). Together, these results suggest that the reversible affinity of the quinazoline
scaffold is weaker than 8 M. It is possible that substantially stronger reversible binding
would allow covalent bond formation with a noncatalytic aspartate residue.
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CONCLUSIONS

With the goal of expanding the types of electrophiles that are useful for targeting oncogenic
K-Ras mutant proteins, we screened several electrophilic compounds for their ability to react
with carboxylates and characterized the ability of aziridine and stabilized diazo groups to
nonspecifically label Ras. We also characterized the ability of these electrophiles to
covalently label K-Ras G12C, suggesting their potential utility in probes for cysteines that
do not react with acrylamides. The complexes of these compounds with K-Ras G12C were
further characterized by X-ray crystallography, hydrogen/deuterium exchange mass
spectrometry, structural modeling, and DSF. The resulting data reveal that relatively minor
changes in the electrophilic warhead can result in dramatic changes in the ligand binding
mode and labeling rate, highlighting the need to optimize the spatial relationship between an
electrophile and its amino acid nucleophile. We hope that these findings can broaden the
array of electrophiles and nucleophiles of use in the covalent modulation of proteins.
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Figure 1.

(A) Optimized ligand of the Ras switch Il pocket elaborated with a set of electrophiles. (B)
Aziridine and stabilized diazo groups preferentially react with carboxylates at pH 6. (C)
Many of the electrophiles covalently label K-Ras G12C. (D) Compound 3 modestly labels
G12D and G12S at pH 5.5. (E) DSF suggests that 3 and 4 may bind Ras differently.
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Figure 2.
(A and B) Compound 1 is surrounded by switch 11 and makes many contacts with the switch

11 pocket. (C) Compound 3 binds via the opposite atropisomer as 1. (D) HDX measures the
effect of 1 and 3 on protein dynamics. (E and F) Peptides showing significant differences in
HDX at any time point (>0.6 Da and >6%) are mapped onto the corresponding structure
according to the legend in panel D.

Biochemistry. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

McGregor et al.

A |

o]
o} o¢
Ry = O/NH NH
1" 12

100
) H ||

2

JLL L
0

NI IR TS
Compound No.

% K-Ras Labeled @

Figure 3.

WG12c
mwT

Melting Temperature °C
o (=2 ~ © ©o

0. NH NH

o
NH
O/ NH NH @
ISANNS NS L
R
N N
13 14 15

acrylamide
aziridine
chloroacetamide
acylating

8 7 6
Number of atoms to
quinazoline C4

% K-Ras G12C CL

Page 11

0.
Cl NH NH
PSS o o
HN
/j o) r\/‘j o] NH NH
e R

W S

17 18 19 20
. E
acrylamides chloroacetamides
100
) H
8 80 .o e .
[ o . e 6
1 ) §60 . 13
§ g404 ° ° 18
X 204:
X
0
10 20 30 0 10 20 30

Time (h) Time (h)

(A) Piperazine linker that was replaced with an exocyclic amine and elaborated with several
electrophiles. (B) Compounds 11-13 and 16-19 label K-Ras G12C. (C) DSF shows a
relationship between stabilization and the position of the electrophilic atom. Compounds
with an ambiguous site of labeling are not shown. (D) Despite equivalent stabilization, 1
labels K-Ras G12C more quickly than 11 does. (E) For the chloroacetamides, 6 labels much

more rapidly than the equivalently stabilizing 13 does.
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Figure 4.
(A) Noncovalent compounds 21 and 22 (100 x#M) did not alter the DSF profile of K-Ras

G12C CL (8 uM). (B) Competition with excess 21 or 22 (100 xM) did not decrease the rate
of labeling of 6 (10 t/M).
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