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ABSTRACT: KRAS regulates many cellular processes including proliferation, survival, and differentiation. Point mutants of
KRAS have long been known to be molecular drivers of cancer. KRAS p.G12C, which occurs in approximately 14% of lung
adenocarcinomas, 3—5% of colorectal cancers, and low levels in other solid tumors, represents an attractive therapeutic target
for covalent inhibitors. Herein, we disclose the discovery of a class of novel, potent, and selective covalent inhibitors of
KRAS®"?¢ identified through a custom library synthesis and screening platform called Chemotype Evolution and structure-
based design. Identification of a hidden surface groove bordered by H95/Y96/Q99 side chains was key to the optimization of
this class of molecules. Best-in-series exemplars exhibit a rapid covalent reaction with cysteine 12 of GDP-KRAS*“ with
submicromolar inhibition of downstream signaling in a KRAS“*“-specific manner.
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RAS proteins are GTPases with essential roles in controlling to a lack of accessible pockets for small molecule binding,
the activity of several critical signaling pathways that regulate several features of KRAS'*“ suggest its tractability as a drug
cell differentiation, proliferation, and survival.'™> The three discovery target. These include the cysteine residue as a target
members of the RAS family of proteins, HRAS, NRAS, and for covalent binding, relatively rapid cycling between inactive
KRAS, function as binary switches with an active GTP-bound and active states, enhanced flexibility of the inactive state
state and an inactive GDP-bound state."”>* KRAS is the most leading to a shallow small molecule binding site adjacent to the
frequently mutated family member, with mutations observed in cysteine, and a favorable microenvironment for activation of
90% of pancreatic adenocarcinomas, 45% of colorectal cancers, acrylamides toward nucleophilic addition by cysteine 12.

and 35% of lung adenocarcinomas.”” The KRAS p.G12C While the KRASSC target is compelling, it has been
mutation results in a glycine-to-cysteine substitution at residue difficult to identify chemical starting points for covalent
12 and is found in approximately 14% of lung adenocarcino- inhibitor programs. Shokat and co-workers were the first to
mas, 3—5% of colorectal cancers, and low levels in other solid report the use of tethering’ to identify reversible covalent
tumor types.”® The presence of cysteine at position 12 in binders of the inactive GDP-bound form of KRAS®¢ and
KRASC"¢ protects bound GTP from the rapid regulated

hydrolysis catalyzed by GTPase activating protein (GAP) Received: June 10, 2019

family proteins, resulting in overall pathway activation. While Accepted: August 12, 2019

GTP-bound mutant KRAS has been termed “undruggable” due Published: August 20, 2019
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Figure 1. Chemotype Evolution leading to the discovery of 2. Yellow
circle in top right illustrates reactive site of the acrylamide, blue
illustrates the spacing element, and black indicates the reactive handle
that can be coupled to individual fragments, examples of which are
shown above. GSH half-life values shown are representative of bait-
fragment conjugates.

successfully advanced the hits to a series of irreversible
covalent inhibitors.” These molecules form an irreversible
covalent attachment to the mutant cysteine near the switch II
region of the protein, binding to an allosteric site referred to as
the P2 pocket.” Compound binding to the P2 pocket impairs
RAS function by trapping the protein in the inactive state.'’
Building on this foundational work, Wellspring Biosciences
reported optimized P2-pocket KRAS®' inhibitors ARS-853""
and ARS-1620."* ARS-1620 was the first molecule reported to
demonstrate in vivo efficacy in a mouse xenograft model."”

This Letter details a successful electrophile screen conducted
by Amgen and Carmot Therapeutics, which led to a series of
cell active, irreversible covalent small-molecule KRASS!%¢
inhibitors that are chemically unique from previously reported
structures.

Carmot Therapeutics has developed a technology called
Chemotype Evolution,"® which provides rapid access to novel
chemical diversity. The process begins with design of an
anchor molecule or “bait”. The bait can be derived from known
inhibitors, substrates, cofactors, peptides, hits from a fragment
screen, or covalent warheads. In addition to its target-
interacting components, the bait contains a reactive function-
ality that can be individually linked to molecules from
Carmot’s collection of fragments, which has grown from the
time this work was conducted to >20,000 members. The
linked, two-component molecules constitute a biased, custom
library that is screened against the target in a plate-based assay
with one compound per well. Importantly, the linked
molecules are made on a nanogram scale and screened without
purification, which greatly accelerates the process. Hit
compounds are resynthesized and purified on a milligram
scale for confirmation. The process can be repeated iteratively,
with new baits designed based on hits from prior screens, as
illustrated below.

Using Chemotype Evolution, multiple electrophilic baits
were derivatized and screened against GDP-KRAS®*C in a
series of assays including a thiol reactive probe assay,'* a RAF-
coupled nucleotide exchange assay, and intact protein mass
spectrometry. Aiming for diversity, we selected a number of
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Figure 2. X-ray cocrystal structure of 2 (orange, PDB code: 6P8W) in
complex with KRAS®2€ at 2.1 A resolution. (a) Surface rendering.
(b) Ribbon rendering.
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Figure 3. Design of second-generation baits.

structurally distinct bifunctional heterocycles for screening that
were derivatized with an acryloyl group as well as a fragment
library attachment site (Figure 1). The intrinsic reactivity of
representatives of each class was determined in a glutathione
(GSH) assay,ls’16 and all were within the range of clinical
covalent kinase inhibitors (t;,, from 30 to >512 min). The
relative reactivity of each heterocycle type follows an order that
agrees with previously published data.'” We did not observe
significant changes in intrinsic reactivity between hits and
model acrylamides, likely due to the distance between the
fragment and acrylamide in these systems. Azetidine bait A
produced hits that were the most attractive and amenable to
optimization and are the subject of this Letter. The success of
azetidine bait A relative to the other baits may be due to
relatively higher intrinsic reactivity or shape complementarity/
interactions with KRAS when modified with appropriate
fragments, or a combination of both.

A library was built from N-(1-acryloylazetidin-3-yl)-2-
bromoacetamide (Figure 1), and each of the 3300 members
was screened individually at 20 uM for 20 h against 2 yM
protein. Compound 2 was one of the eight molecules that had
confirmed binding by mass spectrometry (MS) (Figure 1).
The mass spectrometry-based assay'* directly and quantita-
tively measures covalent adduct formation at cysteine-12
(C12) of KRAS, and reports the extent of conversion at a given
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Figure 4. Chemotype Evolution to generate phenol hit § and indole hit 6. X-ray cocrystal structure of 5 (blue, PDB code: 6P8X) in complex with
KRASS*€ at 2.1 A resolution, (a) surface rendering and (b) ribbon rendering. (c—f) X-ray cocrystal structure of 6 (green, PDB code: 6P8Y) in
complex with KRASS2€ at 2.3 A resolution: (¢, d) surface and ribbon rendering of chain A, respectively and (e, f) surface and ribbon rendering of

chain B, respectively.

time point under pseudo-first order kinetics. For convenience
in comparing data collected at different time points and
inhibitor concentrations, we convert the MS data between 10%
and 90% conversion to an estimated rate constant k,/[I] with
units of M™' s}, using eq 1.

k.e/[I1 = — In((100 — %conversion)/100)
(1)

For 2, 2-h and 20-h incubations of 10 M inhibitor and 2
UM KRASSC exhibited 11% and 63% conversion, respec-
tively. The estimated average rate (k.,,/[I] M™' s7") for 2 by
eq 1 was therefore 2 M™' s7".

Figure 2 depicts the X-ray cocrystal structure of 2 bound in
the P2 pocket of KRASS'*C. As expected, the acrylamide is
covalently bound to C12. The acrylamide carbonyl forms a
hydrogen bond to the K16 side chain (2.7 A), while the
secondary amide linker hydrogen bonds with the AS9
backbone (2.9 A) and the Y96 side chain hydroxyl group
(3.1 A). Switch II is in a closed conformation. The
bromophenyl group projects deep into the pocket, with the
bromine atom surrounded by relatively hydrophobic side
chains. The pendant isoxazole-amide lies between the Q99 side
chain and switch II. One unusual feature of this structure at the
time it was obtained is the position of H9S. Most often, the
imidazole side chain is observed to pack closely between Y96
and Q99, yet in this structure H9S adopts an alternative
position, leaving a gap between residues Y96 and Q99. The gap
in this structure is occupied by resolved water molecules (not
shown).

/inhibitor concentration/incubation time
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Chemotype Evolution was used to improve the activity of
the initial hit molecule. Second-generation baits were designed
to provide substitution vectors that would further probe the
binding site (Figure 3). This involved simplification of the
initial hit followed by installation of a reactive moiety to enable
library construction.

The inactivation rate of the truncated phenol analog 3 was
0.3 M™' 57, while the truncated and cyclized indole analog 4
possessed a similar rate constant to 2 and was of considerably
reduced molecular weight. The “phenol bait” and “indole bait”
with activated esters at the indicated positions were prepared
and used in Chemotype Evolution to generate 2600 and 2900
amide-containing molecules, respectively. Screening as before
against GDP-KRAS®"*¢ vyielded a higher hit rate, with 71
compounds confirming in the MS-based assay. Compound $§
was the most active hit from the phenol bait, with a KRAS%2¢
modification rate of 26 M™' s, approximately 10-fold greater
than the initial hit 2. X-ray crystallography revealed that §
binds in a similar orientation to the hit 2, with the key
difference being that the phenyl dihydropyrrole substituent
occupies the space between Y96 and Q99 (Figure 4ab). In
addition, the phenyl group engages H9S in an edge to n-face
stacking interaction. We believe the successful occupancy of
the Y96/H95/Q99 groove by the phenyl dihydropyrrole is
responsible for the improved activity of the second-iteration hit
molecule 5.

In the screen with the indole bait, compound 6 was the most
active hit, with a KRASS2¢ modification rate of 230 M~! s7},
approximately 100-fold greater than the initial hit 2. An X-ray
cocrystal structure of 6 bound to KRAS®'*® was obtained, with
clear electron density for the ligand in two different
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Table 1. Impact of 3-Indole Substitution on Potency”
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Table 2. Lead Optimization by Substitution on the Indole
Scaffold”
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“Relative % bound at 10 M of compound at 0.02, 0.2, 2, and 20 h.
YObserved rate (ky,/[I] M~" s7!) derived from 0.02, 0.2, 2, and 20 h
of relative % bound at 10 uM compound. “Dose response GDP-
KRASCI2C/CIA (1_169) SOS1-catalyzed GTP exchange assay.
9Quantification of phospho-ERK1/2 following compound treatment
and EGF stimulation by MSD assay in MIA PaCa-2 cells. For number
of replicates, mean, and standard deviations, see the Supporting
Information.

conformations in chain A (Figure 4c,d) and chain B (Figure
4e,f) of the asymmetric unit cell. In chain A, 6 is covalently
bound to C12 and extends into the switch II region, with
switch II residing in an open conformation. The middle amide
carbonyl forms a hydrogen bond with a conserved water
between the G10 and T58 residues (3.0 A), in addition to the
Y96 side chain hydroxyl group (2.6 A). The indole core is
positioned over the R68 side chain and engages in van der
Waals interactions. The amide at the indole 3-position exhibits
a dihedral angle (CCCO dihedral = 155°) nearly coplanar with
the indole. The S-methoxy-tetrahydroisoquinoline (THIQ)
motif is positioned in the space between Y96 and Q99, where
it engages H9S in n—x stacking interactions. In chain B, the
middle amide and indole are rotated relative to chain A. The
amide at the indole 3-position exhibits a more twisted
conformation (CCCO dihedral = 69°), allowing the THIQ
to engage the space between Y96 and Q99 differently, with an
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Information.

edge to m-face stacking interaction with Y96 (3.8 A) in
addition to 7— stacking with H9S. Nine residues of switch II
are unresolved in chain B; therefore, it is difficult to understand
protein—ligand interactions in this region. Overall, the X-ray
cocrystal structure of 6 supports the hypothesis that, like §,
successful occupancy of the Y96/H95/Q99 groove is likely
responsible for the improved activity of this second-iteration
hit molecule 6.

Compounds $ and 6 were further characterized in additional
assays. A RAF-coupled nucleotide exchange assay was used to
assess functional inactivation as a result of covalent binding to
GDP-KRAS®"¢, Following preincubation of inhibitor and
GDP-KRASC!€, guanine exchange factor son of sevenless
(SOS) and GTP were added to exchange GTP into the
nucleotide binding site. The extent of GTP loading could be
read by determining the RAS-RAF Ras binding domain (RBD)
proximity, as the RBD of RAF binds with high affinity to only
the active state of KRAS. With a 2 h preincubation, § and 6
exhibited ICs, values of 2.78 and 0.638 uM, respectively, which
was qualitatively consistent with the improved reaction rate of
6 with KRAS®"?C, A cellular assay was employed to determine

DOI: 10.1021/acsmedchemlett.9b00258
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Figure S. X-ray cocrystal structure of advanced lead 1 (pink, PDB
code: 6P8Z) in complex with KRASS'*C at 1.65 A resolution. (a)
Surface rendering. (b) Ribbon rendering. (c) Overlay of indole hit 6
(green, chain A on left and chain B on right) and advanced lead 1
(pink).

inhibitory activity downstream of KRAS®'*® in the pancreatic

adenocarcinoma cell line MIA PaCa-2. Cells were incubated
with inhibitor for 4 h, and then the RAS pathway was
stimulated by EGF addition, and ERK phosphorylation was
determined. Compounds 5 and 6 exhibited IC, values in the
low double digit micromolar range in this assay.

Due to the improved activity of 6 relative to $ and a lower
number of rotatable bonds, the indole series was investigated
further. A number of analogs were made to better understand
the effect of the THIQ_ substituent in the indole hit 6, as
summarized in Table 1. Aliphatic ring-opened variants (N-
benzyl-carboxamide (7), N-(2-phenylethyl)-carboxamide (8),
and N-benzyl-N-methyl-carboxamide (9)) improved activity
relative to the unsubstituted indole 4. However, all three
compounds demonstrated weaker activity than the THIQ.
Substitution around the THIQ moiety itself was generally
tolerated, with unsubstituted 10 showing a high rate of
modification (308 M™' s7'). This translated into improved
biochemical potency (ICs, = 1.27 uM), but the cellular activity
remained weak (ICg, = 36.5 uM). Overall, further modification
of the THIQ portion of the molecule was not productive.

To further improve the activity of 6, the substitution pattern
on the indole scaffold was explored (Table 2). Methyl group
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scanning was employed to quickly identify fruitful positions of
substitution. Addition of a methyl group to the 2-position of
the indole improved biochemical potency of 15 in the GDP-
KRASC12C/CI8A OS] catalyzed GTP 2 h exchange assay 2-
fold (ICg, = 0.299 uM), while the cellular potency improved 7-
fold (ICg, = 1.68 uM) compared to 6. Introduction of a 2-
cyclopropyl motif further improved the cellular potency of 16
(ICsy = 0.604 uM, 19-fold improvement) over 6. 7-
Methylindole 17 did not show any improvement in cellular
potency (ICs, = 12.8 uM); however, 2,7-dimethyl substitution
on the indole improved the cellular potency (ICs, = 0.299
uM) of 18 38-fold over 6. The corresponding S-chloro analogs
also showed similar improvements in activity. S-Chloro-2-
cyclopropyl-7-methylindole analog 1 showed the best overall
activity profile, with p-ERK inhibition ICs, of 0.219 uM, and
was therefore selected for further profiling.

An X-ray cocrystal structure of 1 covalently bound to
KRAS®"€ is shown in Figure 5. The binding mode of 1 is very
similar to that observed for 6 in chain B (Figure 4e,f and Figure
Sc, overlay). From comparison of these cocrystal structures, we
identify two possible sources for improved activity of
compound 1 relative to compound 6. First, the cyclopropyl
group at the 2-position of the indole likely reduces the
energetic cost of the twisted CCCO dihedral (64 degrees)
between indole and C3-carbonyl through steric destabilization
of the coplanar conformation, as well as through intra-
molecular van der Waals interactions of the cyclopropane and
THIQ ring. Second, the methyl group at the 7-position of the
indole is within van der Waals distance of a bound water
molecule, TS8, Y71, and G60. It may also be that switch II
plays a role in the differences between 1 and 6, but the
unresolved residues for this loop near the ligand binding site
preclude further analysis. Finally, we note that throughout this
optimization program, we have observed a large variety of
switch II positions, including closed, open, and unresolved, in a
manner that does not appear to be correlated to the activity of
the covalent ligand.

Further in vitro and in vivo profiling of 1 was conducted
(Table 3). As previously noted, 1 reacted rapidly with
KRAS®*¢ and was capable of inhibiting SOS-catalyzed
nucleotide exchange. The noncovalent binding of 1 to
KRAS®" (containing wild-type glycine at amino acid 12)
could be measured by proton direct deconvolution NMR ('H-
ddNMR), and the K, was estimated to be 20 + 5 uM (Figure
S1). With respect to cellular activity, 1 exhibited ICy, = 0.219
uM for inhibition of MAPK signaling (p-ERK) in MIA PaCa-2,
and this translated to a 0.067 M ICj, for inhibition of cellular
viability in a 72 h CellTiter-Glo experiment. Importantly, 1
exhibited only marginal activity when tested against the
nontarget (KRAS p.G12S) cell line AS49. Compound 1
exhibited reasonable stability to S mM glutathione (GSH)
and showed acceptable solubility in fasted-state simulated
intestinal fluid (FaSIF), but high turnover in both rodent
microsomes and hepatocytes was correlated with rapid
clearance in both mouse and rat. Oral bioavailability was low
likely due to high first-pass clearance. Therefore, 1 was not
advanced into further studies. However, the efforts leading to 1
identified previously unobserved, actionable subsites in the P2
pocket. These structural learnings formed the basis of a
scaffold-hopping approach that led to the identification of a
highly successful hybrid series of molecules, exemplified by
AMG 510,"® which has advanced into human clinical trials for
the treatment of advanced cancers with the KRAS p.G12C
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Table 3. Profile of KRAS®!?€ Inhibitor 1

calcd and measured properties

MW | ACD_LogP | ACD_LogD (7.4) | PSA
S mM GSH t;,, (min)*

solubility (M, PBS | FaSIF | HCI)"

biochemical
KRAS®™ binding Kp(uM)®
exchange 2 h ICy, (uM)?

cellular
PERK 4 h ICy, MIA PaCa-2 | AS49 (uM)°
viability 72 h ICy, MIA PaCa-2 | AS49 (uM)

in vitro ADME

MuLM | RLM | HLM Clint (¢L/min/mg)*
Mu | R | H hep Clint (4L/min/10° cells)”
PPB Mu | R | Hu (5 uM, UC, fu)’

in vivo PKDM

mouse Cl (L/h/kg) | Vss(L/kg) | t1/2(h) | %F (10 mpk)’
rat Cl (L/h/kg) | Vss (L/kg) | t1/2 (h) | %F (10 mpk)’

“Determined by the rate of dlsappearance of parent."

561125125184
80
0l2s210

20+ S
0.115

02191 > 10
0.067 1 9.33

708 1197 | 161
2281293153
0.02 1 0.02 | 0.04

6412910918
39126107 1<1

’Determined by an HPLC method after equilibration at rt for 72 h. “Noncovalent binding to

KRAS®'? by 'H-ddNMR. “GDP-KRASG2¢/C118A (1-169) SOS1-catalyzed GTP exchange assay. Quantlﬁcatlon of phospho-ERK1/2 following
compound treatment and EGF stimulation in MIA PaCa-2 (KRAS p.G12C) or AS49 (KRAS p.G12S) cells. fAssessed by CellTiter-Glo. éIntrinsic
clearance determined by LC/MS after incubation of parent compound (1 zM) in liver microsomes (0.25 mg/mL) in potassium phosphate buffer
supplemented with NADPH (1 mM) at 37 °C for 30 min. "Hepatocyte intrinsic clearance assay (mouse, rat, human, 0.5 M, 0.5 million cells/mL,
60 min). “Plasma protein binding determined by ultracentrifugation at 5 uM.’1 mg/kg iv dose in 100% DMSO, 10 mg/kg po dose in 1% Tween 80,

2% HPMC, 97% water.

mutation.'” The SAR leading up to the discovery of AMG 510
will be reported in due course.
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The X-ray cocrystal structures have been deposited with the
Protein Data Bank under Accession ID codes 6P8W, 6P8X,
6P8Y, and 6P8Z.

B AUTHOR INFORMATION

Corresponding Authors

*Tel: 805-313-5500. E-mail: vcee@amgen.com.

*Tel: 415-407-8080. E-mail: derlanson@carmot.us.

ORCID

Youngsook Shin: 0000-0003-3866-354X

Ryan P. Wurz: 0000-0003-1413-5208

Iain D. G. Campuzano: 0000-0003-4310-8540

Brian A. Lanman: 0000-0002-8768-7188

Victor J. Cee: 0000-0002-7714-397X

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Trace Tsuruda for protein expression, Yuping Chen
for GSH assay, Leszek Poppe for 'H-ddNMR, and Tatiana
Didenko for NMR characterization.

B ABBREVIATIONS

ADME, absorption, distribution, metabolism, and excretion;
C], clearance; Clint, intrinsic clearance; EGF, epidermal growth
factor; F, bioavailability; GSH, glutathione; HLM, human liver
microsome; HPMC, hydroxypropyl methylcellulose; LC/MS,
liquid chromatography/mass spectrometry; MS, mass spec-
trometry; MW, molecular weight; MuLM, mouse liver
microsome; NADPH, nicotinamide adenine dinucleotide
phosphate; ND, not determined; PPB, plasma protein binding;
PSA, polar surface area; RLM, rat liver microsome; THIQ,
tetrahydroisoquinoline; Vss, volume of distribution
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