UCSF

UC San Francisco Previously Published Works

Title
Covalent targeting of acquired cysteines in cancer

Permalink
https://escholarship.org/uc/item/8ih746f9

Authors

Visscher, Marieke
Arkin, Michelle R
Dansen, Tobias B

Publication Date
2016-02-01

DOI
10.1016/j.cbpa.2015.11.004

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8jh746f9
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Opin Chem Biol. Author manuscript; available in PMC 2017 February 01.

-, HHS Public Access
«

Published in final edited form as:
Curr Opin Chem Biol. 2016 February ; 30: 61-67. doi:10.1016/j.cbpa.2015.11.004.

Covalent targeting of acquired cysteines in cancer

Marieke Visscher!, Michelle R. Arkin2, and Tobias B. Dansen?
Michelle R. Arkin: Michelle.arkin@ucsf.edu; Tobias B. Dansen: t.b.dansen@umcutrecht.nl

1Centre for Molecular Medicine, Molecular Cancer Research, University Medical Centre Utrecht,
The Netherlands 2Small Molecule Discovery Center, Department of Pharmaceutical Chemistry,
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Abstract

The thiolate side chain of cysteine has a unique functionality that drug hunters and chemical
biologists have begun to exploit. For example, targeting cysteine residues in the ATP-binding
pockets of kinases with thiol-reactive molecules has afforded increased selectivity and potency to
drugs like imbrutinib, which inhibits the oncogene BTK, and CO-1686 and AZD9291 that target
oncogenic mutant EGFR. Recently, disulfide libraries and targeted GDP-mimetics have been used
to selectively label the G12C oncogenic mutation in KRAS. We reasoned that other oncogenes
contain mutations to cysteine, and thus screened the Catalog Of Somatic Mutations In Cancer for
frequently acquired cysteines. Here, we describe the most common mutations and discuss how
these mutations could be potential targets for cysteine-directed personalized therapeutics.
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Personalized cancer therapeutics

Conventional cancer treatment often comprises a combination of surgery, radiation therapy
and/or chemotherapy [1]. Personalized cancer treatment aims to select chemotherapeutics
based on the genetic profile of a specific tumor. In many cases, this approach selects drugs
based on the upregulation of a pathway in the tumor, but the drug does not necessarily
discriminate between the protein expressed in healthy vs tumor tissue. For example, the
antibody trastuzumab and the kinase inhibitor lapatinib are used to treat tumors with
amplified HER2 [2], but they also target HER2 in healthy tissues. Drugs that selectively
target a specific mutant form of an oncogene go one step further, because the wild type
tissue should remain unaffected. Of the top ten cancer drugs in the USA in 2014, only
Imatinib (Gleevec) predominantly targets a disease-driving mutant protein [3], the Bcr-Abl
fusion that is exclusively present in cancer cells positive for the Philadelphia chromosome.
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Another recent example is vemurafenib, which targets the V600E mutant of the oncogenic
kinase BRAF [4]. To make the development of mutant-selective compounds commercially
viable, the targeted mutations should occur frequently or should be easily targetable. Ideally,
mutations should also be linked to tumor fitness, to reduce the risk of resistance mutations.

Cysteine-directed covalent drugs

Another trend in cancer drug discovery aims to increase the potency and selectivity of small-
molecule drugs by introducing a cysteine-targeting element, which covalently links the drug
to its target [5,6]. When drugs bind their target covalently, the off-rate is negligible
compared to that of a non-covalent drug and therefore these drugs would have a prolonged
therapeutic effect. But the same irreversible nature of these compounds potentially increases
the severity of off-target effects, leading the pharmaceutical industry to be highly wary of
screening programs that include covalent drugs or drug metabolites. However, recent work
has shown that this idea should be reevaluated [5]. For example, two of the most widely
prescribed cancer drugs - the proteasome inhibitor bortezomib and the CYP17 inhibitor
abiraterone acetate - bind their target covalently (for more examples see [7]).

Cysteine contains a redox-sensitive thiol whose special reactivity is often utilized in enzyme
active sites. However, non-catalytic cysteine residues can also be found on the surface of
proteins, sometimes near active or allosteric sites, and these residues can be targeted with
thiol-reactive molecules that contain an electrophilic functionality. For example, kinases
represent a large and highly homologous set of targets for cancer drug discovery; starting
with the insight that epidermal growth factor receptor (EGFR) kinase contains a cysteine
residue poised near the ATP-binding site, several groups have developed inhibitors that gain
selectivity by forming a covalent bond with a specific non-conserved cysteine around the
active site [6]. The Food and Drug Administration (FDA) awarded “breakthrough drug”
status to cysteine-directed covalent inhibitors that target BTK (Bruton’s tyrosine kinase) and
a drug-resistant EGFR mutant. Imbrutinib forms a reversible-covalent bond with a cysteine
near the active site of BTK (Bruton’s tyrosine kinase) and is successfully used to treat B-cell
cancers [8]. Both AZD9291 and CO-1686 form a covalent bond specifically with Cys797 in
the EGFR T790M mutant, with minimal activity to wild type EGFR. The latter is of
importance because the EGFR T790M mutation confers resistance to other EGFR inhibitors
and is often acquired upon treatment [9-11]. Cysteine directed, irreversible and reversible
covalent binders of FGFR were also recently reported [12,13]. Additionally, the cyclin-
dependent kinase-7 (CDK?7) inhibitor THZ1 binds irreversibly through an acrylamide
moiety to Cys312 of CDK7, which is located in the proximity of the kinase domain [14]
Thus, both irreversible and reversible cysteine-modifying groups have been used. Reversible
covalent cysteine directed drugs have the potential advantage that they are less likely to
form long-lived covalent adducts with off-targets, thereby increasing specificity and perhaps
reducing toxicity [15].

Acquired cysteines in cancer

Cancer-associated mutations that give rise to cysteines would combine the above key
features of drug discovery: specificity for an oncogenic allele and on-target potency gained
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through covalent modification. With this idea in mind, we screened the Catalog of Somatic
Mutations in Cancer [16] and found that several known oncogenic targets have acquired
cysteines. The fifteen most common acquired cysteines in cancer were found to be present in
KRAS (2x), FGFR3 (4x), TP53 (3x), IDH1, GNAS, FBXW7, CTNNB1 (2x) and DNMT3.
The acquired cysteine is often not the only oncogenic mutation found in these proteins. For
instance, acquired cysteines make up 12% of all mutations found in KRAS in cancer,
whereas 88% of mutations in FGFR are acquired cysteines, the majority of which are S249C
(see Figure 1). Cancer is a mutation-driven disease and, like in evolution, mutations that
offer a growth or survival benefit to the tumor cell are selected for and thus are more
frequently found mutated in cancer. We can therefore hypothesize that when a certain
acquired cysteine is found more often, it plays a role in tumorigenesis. For the purposes of
developing a mutation-specific inhibitor, the exact function of the cysteine mutant is not
necessarily important, though it may speak to likelihood of generating resistance to a
cysteine-dependent inhibitor (as has been observed for EGFR [11]). Interestingly, when
looking at all substitution and missense mutations in the COSMIC database, we observed
large differences in the rates of acquisition of different amino acids when compared to their
relative abundance in the human proteome [17] (see Figure 2). Strikingly, with a fold
enrichment of 2.62, cysteine is relatively the most acquired amino acid due to missense
mutation in the onco-genome according to the COSMIC database. More information on the
structural and functional aspects of this top fifteen acquired cysteines can be found in figure
3 and the supplementary information, which also includes a full list of acquired cysteines in
cancer based on the COSMIC database (supplementary table 1).

Targeting acquired cysteines

A challenge for the design of cysteine-directed covalent drugs is to make them specific for
the desired cysteine in the target protein. Cellular proteins and metabolites contain many
other thiols; covalent reactions with these molecules could cause side effects and could
hamper availability of the drug for its target. It is therefore key that cysteine-directed drugs
are designed so that the electrophile reacts with the cysteine of its target only when it is
brought into its proximity [18]; noncovalent associations between the drug and target
increase the local residency time and thus increase the selectivity of the chemical reaction.
Ideally, a cysteine should be surface exposed but in a pocket or cavity that has distinctive
features that can bind to functional groups of the small molecule drug. Furthermore,
targeting a certain cysteine should make sense in terms of biological function. For example,
targeting the acquired cysteine should inhibit the activity of an oncogenic protein and hence
it should be in or near an active or allosteric site. By contrast, covalent modification could
stabilize a mutant tumor suppressor such as p53. We modeled the top fifteen most acquired
cysteines in cancer based on the structure of the mutant or wild type protein to predict
whether these cysteines appear to be near a binding pocket. Interestingly, 14 of the 15
cysteine residues appear on the protein surface; TP53 Y163C is the only acquired cysteine
that is not surface exposed. Based on FTMap analysis [19] of the structural data, the most
promising targets among the top fifteen acquired cysteines seem to be FBXW?7 R465C,
KRAS G12C and G13C, IDH1 R132C, GNAS R201C, DNMT3a R882C, FGFR3 Y373C
and TP53 Y220C (see figure 3). The CTNNB1 S33C and S37C as well as the FGFR3
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G370C mutations are surface exposed, but are not in a pocket or cavity. TP53 R273C is also
surface exposed, but this mutant has impaired DNA binding and it is unlikely that a covalent
modification of this cysteine would restore this function. FBXW?7 R465C is very well
positioned for targeting, but is adjacent to a wild type cysteine, which could affect
selectivity for the mutant.

In principle, two strategies to target acquired cysteines can be distinguished. In the first
strategy, an already available non-covalent inhibitor is modified to include a thiol-reactive
moiety to tether the inhibitor to an acquired cysteine. Such a strategy has been applied to
several kinase inhibitors, such as the CDK7 inhibitor THZ1 [14] with the difference that
THZ1 targets a wild-type cysteine. Whether an acquired cysteine can be targeted in this way
depends very much on its three-dimensional position relative to the binding-site of the non-
covalent inhibitor. A benefit of this approach is that the affinity for the target comes from
the non-covalent inhibitor, allowing for a less reactive thiol-directed moiety and thus a lower
likelihood of off-target reactivity. Based on the information in figure 3, the acquired
cysteines in IDH1 R132C, DNMT3a R882C and KRAS G13C might be targeted by this
approach, because non-covalent inhibitors that bind near these cysteines are already
available for these proteins. In the second strategy, one screens directly for cysteine-reactive
compounds that bind to the site of interest [20-23]. This approach requires a library of
compounds that contain cysteine-directed moieties, such as disulfides [24], reversible
electrophiles [21,25], or irreversible thio-philes (for an overview see [20]) linked to diverse
chemical structures. The wild-type protein should be used as a control for binding selective
binding to the cancer-associated acquired cysteine mutant. See figure 4 for a schematic of
these two different strategies for covalent targeting.

Exploiting Redox Signaling for targeting Cysteines

The reactivity of the cysteine thiol makes it the lynchpin in cellular redox signaling, a form
of signal transduction that is mediated through reversible cysteine oxidation [26]. The redox
sensitivity of cysteines can vary over 6 orders of magnitude [27], and it has been suggested
that this correlates with electrophilic drug reactivity [28]. When cysteine becomes oxidized
to sulfenic acid, it is converted from a nucleophile to an electrophile; these oxidation-prone
cysteines could therefore be selectively targeted by nucleophiles that would be unreactive
towards highly abundant cellular thiols like glutathione. Furthermore, sulfenic-acid selective
inhibitors could modify proteins depending on the cellular redox state, which is often more
oxidizing in cancer cells [29]. This concept has been put forward based on the observation
that the sulfenylated form of Cys797 in EGFR is selectively reactive to dimedone-based
small molecules [30]. It is unknown to what extent acquired cysteines in cancer are redox-
sensitive, because mass-spectrometry based screens for redox-sensitivity [31] have used
reference databases based on the expected proteolytic fragments from wild-type proteomes
and hence have not identified mutant peptides. It would therefore be worthwhile to explore
the redox sensitivity of the acquired cysteines.
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Covalent allosteric inhibition of KRAS-G12C

Two research groups have recently targeted an acquired cysteine in the oncoprotein KRAS-
G12C [22,32]. G12C is an activating mutation that changes the protein structure to favor
binding to GTP over GDP and is one of the most common mutations in the KRAS proto-
oncogene (see figure 1) and is present in half of Ras-driven lung adenocarcinomas [16]. The
Gray lab [32] used the first strategy described above (see also figure 4a), adding an alpha-
chloroacetamide to crosslink a GDP-mimetic (‘SML-8-73-1") to G12C. The Shokat lab [22]
used the second strategy (see also figure 4b) and took advantage of a disulfide-containing
library to screen for molecules that bound to G12C, and then converted the disulfide to
irreversible vinyl sulfonamide or acrylamide based compounds (e.g. ‘compound 12’). They
found that these compounds bound in a “cryptic binding site’ in the so-called switch Il
region that is in the vicinity of G12C but is distinct from the GTP binding pocket. (for a
review see [33]. Compound 12 allosterically locked KRAS G12C in the GDP - and hence
inactive — state and impaired the binding of KRAS to its downstream target RAF. Not
surprisingly, compound 12 also inhibited the mutant form of the highly homologous
oncoprotein H-RAS(G12C). The covalent inhibitors of both studies were tested for their
effectiveness and selectivity in killing various mutant RAS expressing tumor cell lines.
Compound 12 decreased viability in KRASG12C mutant cancer cell lines; the effect was
specific because it did not compromise viability of wild-type KRAS, KRAS G12D- or
NRAS Q61K-expressing cell lines [22]. A membrane permeable analogue of SML-8-73-1
did inhibit proliferation, but relatively high doses were needed and the effect seemed
irrespective of RAS mutant status [32]. Although the effectiveness of these compounds have
not yet been demonstrated on tumor growth in vivo, these results are certainly promising.

Conclusions

Many oncogenic mutations introduce a novel cysteine that could in principle be used for
selective targeting of cancer cells. The special chemistry of this amino acid makes it suitable
for covalent binding, which is an up-and-coming trend in drug targeting. The principle of
covalent targeting acquired cysteines is especially relevant in cancer because the mutant will
only be expressed in the tumor. Nevertheless, this concept might also be applicable to find
new drugs for the treatment of genetic diseases that stem from heterozygous missense
mutations that yield cysteines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
e Missense mutations in cancer frequently lead to the gain of a cysteine.
»  The chemistry of the cysteine thiol allows for covalent modification.
» Covalent drugs have a prolonged or permanent interaction with their targets.

« Covalent targeting of acquired cysteines could be a new personalized cancer
therapy.
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Percentage of total mutations that are acquired cysteines
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* Other Acquired Cysteines

Figure 1. The most frequently acquired cysteines in cancer
Pie charts: Percentage of mutations that lead to the acquisition of a cysteine in KRAS,

FGFR3, TP53, IDH1, GNAS, FBXW?7, CTNNB1 and DNMT3A in cancer based on the
COSMIC database. Bars: Number of tumors with a certain acquired cysteine for the 15 most
frequently acquired cysteines in cancer in blue. Other acquired cysteines in the selected
proteins are shown in grey.
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Figure 2. Amino acid abundance
The abundance of each amino acid in the proteome depends on several factors including

codon degeneracy. Relative to its abundance in the human proteome (2,31%), cysteine is
found most often (6,06%; a 2,62-fold increase) as a result of a missense mutation in cancer
in the COSMIC database.
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Mutant Protein: KRAS
Oncogenic property: The KRAS small GTPase is
one of the most frequently mutated proteins in
cancer and is often a driver oncogene. Both the
G12C and G13C mutations keep the protein in the
active, GTP-bound state. Experimental covalent
compounds that target KRASG12C have been
published (see main text for details).

Acquired Cys: p.G12C  Surface exposed: Yes
PDB ID: 4MS1 Targetability: +++
Covalent binder: Yes, directed o this mutation

Acquired Cys: p.G13C  Surface exposed: Yes
PDB ID: Based on 4TQA Targetability: +++
Covalent binder: No, but one directed to G12C

Mutant Protein: FGFR3
Oncogenic property: Acquired cysteines in the
extracellular domain of FGFR3 are thought to
promote ligand-independent ~ dimerization and
activation through disulfide formation, thus provid-
ing aberrant mitogenic signaling.

Covalent binder: No acquired cysteine-directed
binder known, but several that target a wild type
cysteine.

Acquired Cys: p.R248C Surface exposed: ?
PDB ID: unavailable  Targetability: ?

Acquired Cys: p.S249C Surface exposed: ?
PDB ID: unavailable ~ Targetability: ?

Acquired Cys: p.G370C Surface exposed: Yes
PDB ID: based on 2LZL  Targetability: +/-

Acquired Cys: p.Y373C Surface exposed: Yes
PDB ID: based on 2LZL  Targetability: ++

Mutant Protein: IDH1
Oncogenic property: The heterodimer of mutant
and wild-type enzyme produces a-hydroxy- rather
than a-ketoglutarate. The latter is a cofactor for
Histone and Prolyl-+

that destabilize HIF1c..

Acquired Cys: p.R132C Surface exposed: Yes
PDB ID: based on 413L  Targetability: +++
Covalent binder: No, but mutant-specific non-co-
valent inhibitor available

Mutant Protein: GNAS

Oncogenic property: The stimulatory G-protein
a-subunit is a GTPase involved in GAMP produc-
tion. The activating R201C mutation is found most
in tumors of the pituitary gland, followed by
pancreas, bone and large intestine.

Acquired Cys: p.R201C Surface exposed: Yes

PDB ID: based on 1AZT  Targetability: +++
Covalent binder: No

Mutant Protein: FBXW7
Oncogenic property: The R465C mutation in
FBXW? interferes with substrate recognition by
the SCF (Skp1-Cull-F-Box) complex, that is
normally involved in the degradation of several
oncogenes.

Acquired Cys: p.R465C Surface exposed: Yes
PDB ID: based on 20VR Targetability: ++++
Covalent binder: No

Mutant Protein: CTNNB1
Oncogenic property: -Catenin is a coactivator
for the TCF/LEF transcription factors, which are
of canonical Wnt signaling. The

Mutant Protein: TP53
Oncogenic property: The p53 tumor suppressor
is lost or inactive in almost every cancer.
Covalent binder: No acquired cysteine-directed
binder known, but there is one that targets a wild
type cysteine.

Acquired Cys: p.Y163C Surface exposed: No
PDB ID: based on 4IBQ  Targetability: -

The Y163C mutation is found often in cancers of
the lung, breast and liver and leads to destabiliza-
tion of the protein.

Acquired Cys: p.Y220C Surface exposed: Yes
PDB ID: 2VUK Targetability: ++

The Y220C mutation is found often in cancers of
the breast and ovaries and leads to destabilization
of the protein

Acquired Cys: p.R273C Surface exposed: Yes
PDB ID: based on 41BQ  Targetability: +

The R273C mutation has impaired DNA binding
and is therefore a less likely drug target than the
destabilizing mutations above.

the i
$33C and S37C mutations interfere with phospho-

lati diated f-catenin i The
structural information is based on a peptide
fragment.

Acquired Cys: p.S33C  Surface exposed: Yes
PDB ID: based on 2G57 Targetability: ?
Covalent binder: No

Acquired Cys: p.S37C  Surface exposed: Yes
PDB ID: based on 2G57 Targetability: ?
Covalent binder: No

Mutant Protein: DNMT3a
Oncogenic property: Mutation of R882 in the
catalytic domain of DNMT3a interferes with its role
in histone methylation and hence epigenetic gene
regulation. Can function both as oncogene and
tumor suppressor.

Acquired Cys: p.R882C Surface exposed: Yes
PDB ID: based on 2QRV  Targetability: +++
Covalent binder: No, but non-covalent inhibitor
available.
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Figure 3. structure and targetability of acquired cysteines
Local Protein structure for the top fifteen acquired cysteines in cancer. Structural data was

available for KRAS G12C and TP53 Y220C. The other structures are based on the structure
of the wild type protein or in case of IDH1 on the R132H mutant. The acquired cysteine was
modeled in these structures using the mutagenesis tool in the PyMol software package by
selecting a rotamer with the lowest hypothetical steric hindrance. The targetability scores
given are based on the interpretation of FTMap analysis and includes the number of,
distance to and strength (S) of ligand-binding hot spots in the vicinity of the acquired
cysteine [19]. The hotspot parameters can be found in supplementary table 2.
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(a)

Modification of known non-covalent binder

New covalent binder

Figure 4. Different strategies for finding compounds to target acquired cysteines
A. The first strategy is based on modification of an available non-covalent binder to include

a cysteine-reactive moiety that cross-links it to an acquired cysteine in or near the binding
pocket of the non-covalent binder. B. The second strategy uses a screen with a library of
thiophiles as its basis for drug discovery. Thiophiles may include disulfides and irreversible
and reversible electrophiles like acrylates and cyano-acrylamides respectively conjugated to
different R groups that can provide selectivity for the target.
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