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Abstract

Cysteine-directed covalent ligands have emerged as a versatile category of chemical probes and
drugs that leverage thiol nucleophilicity to form permanent adducts with proteins of interest.
Understanding the scope of cysteines that can be targeted by covalent ligands, as well as the types
of electrophiles that engage these residues, represent important challenges for fully realizing the
potential of cysteine-directed chemical probe discovery. Although chemical proteomic strategies
have begun to address these important questions, only a limited number of electrophilic
chemotypes have been explored to date. Here, we describe a diverse set of candidate electrophiles
appended to a common core 6-methoxy-1,2,3,4-tetrahydroquinoline fragment and evaluate their
global cysteine reactivity profiles in human cancer cell proteomes. This work uncovered atypical
reactivity patterns for a discrete set of cysteines, including residues involved in enzymatic catalysis
and located in proximity to protein—protein interactions. These findings thus point to potentially
preferred electrophilic groups for site-selectively targeting functional cysteines in the human
proteome.
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Cysteine residues play important roles in diverse biological processes including enzyme
catalysis and as sites of post-translational regulation by redox signaling pathways [1-5].
Nucleophilic, but non-catalytic cysteines can also reside in functional pockets of proteins,
offering a way to target these proteins with cysteine-directed covalent ligands. This has been
well-demonstrated for protein kinases, including BTK and EGFR, for which cysteine-
directed covalent inhibitors have been developed as targeted cancer therapeutics [6-9].
Covalent ligands can offer advantages as chemical probes and drugs over reversibly acting
small molecules, including increased pharmacological action due to longer residency time
and improved affinity for shallow binding pockets expanding the number of ‘druggable’
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proteins [10-13]. Nonetheless, understanding the scope of cysteine residues in the proteome
that can be covalently engaged by electrophilic small molecules and, conversely, the types of
reactive groups that preferentially modify these cysteines, remains poorly understood.

Chemical proteomic methods, such as activity-based protein profiling (ABPP), have been
introduced to characterize the global reactivity of electrophilic small molecules in native
biological systems. In this strategy, the reactivity of electrophilic compounds is assessed
across thousands of nucleophilic residues in the proteome using a broad-spectrum,
chemoselective (e.g., cysteine-, serine-, or lysine-directed) probe and quantitative mass
spectrometry (MS) analysis [14-17]. Previous ABPP studies have illuminated many
hundreds of ligandable cysteines in diverse human cell types, including cancer cell lines and
primary immune cells, and revealed how covalent ligands targeting these cysteines can
inhibit the activity of proteins [15,18-20], perturb protein—protein interactions [13,21] and
promote the degradation of proteins [22—-24]. To date, however, only a limited number of
cysteine-directed reactive groups have been explored by chemical proteomics, mostly
constituting acrylamides and alpha-chloroacetamides (a CAs), with some exceptional cases
noted, such as heteroaromatic sulfones [25,26], bicyclobutane carboxamides [27],
chloromethyl triazoles [20], a-cyanoacrylamides (reversible) [28], and acyoxymethyl
ketones [29].

The potency and selectivity of covalent ligands are influenced by at least two major
properties of the compounds: 1) the recognition group, which participates in reversible
binding interactions to the protein target; and 2) the reactive group, which forms a covalent
bond with a cysteine residue within or proximal to the binding pocket on the protein target.
As noted above, a number of advanced covalent probes and drugs have been developed for
diverse proteins, and most of these medicinal chemistry efforts have focused on optimization
of the recognition group while preserving a mainstay reactive group (e.g., acrylamide)
[18,30-32]. A recent report examined the electrophilicity of an array of candidate reactive
groups combined with a common recognition group and uncovered differences in the
reactivity of these compounds with cysteines in purified proteins [33]. Here, we sought to
build on and extend these investigations to explore candidate electrophiles for cysteine
reactivity on a proteome-wide scale using gel- and MS-ABPP.

We appended candidate electrophiles to a constant recognition group with the goal of better
understanding the reactivity preferences of cysteines in the proteome. A 6-methoxy-1,2,3,4-
tetrahydroquinoline core was selected as the recognition group, as the corresponding aCA
containing this group (KB02, Fig. 1) has been found to serve as a versatile ‘scout’ fragment
capable of engaging a large fraction of the total cysteines liganded by larger collections of
fragment and/or elaborated electrophilic compounds [15,21,24]. The aCA was replaced by a
diverse set of candidate reactive groups (Fig. 1 and Supplementary Fig. S1A), including
established electrophiles, such as a carbamate (1), epoxide (5), and a benzoyloxymethyl
amide (6, analogous to an acyloxymethyl ketone), as well as less characterized chemical
groups that were anticipated to show more tempered electrophilicity (2, 3, 4, 7). Their
synthesis and characterization are provided in the ESI.
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The compound collection was initially screened in a gel-ABPP assay in which proteomic
lysate of Ramos cells (a human B cell lymphoma line) was treated with DMSO or
compounds (500 pM, 1 h) followed by exposure to the broad cysteine-reactive probe
iodoacetamide-alkyne (1A-alkyne, 1 uM, 1 h). IA-alkyne-labeled proteins were then
conjugated to a rhodamine-azide tag using copper-catalyzed azide-alkyne cycloaddition
(CuAAC) [34] and analyzed via SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
in-gel fluorescence scanning [35]. Compared to KB02, a subset of compounds (e.g., 1-7;
Fig. 2) exhibited more selective and restricted blockade of 1A-alkyne-protein interactions,
whereas other compounds (e.g., SI-1, SI-4, SI-6) did not show evidence of disrupting IA-
alkyne reactivity with proteins visible by gel-ABPP (Supplementary Fig. S1B). Based on
these initial gel-ABPP results, combined with our interest in exploring less extensively
characterized candidate electrophilic groups, we selected compounds 1-7 for more in-depth
analysis of cysteine interactions in the proteome.

We proceeded to identify cysteine residues targeted by compounds 1-7 using MS-ABPP,
using previously described methods [24]. In brief, Ramos proteome (2 mg protein/mL) was
treated with DMSO, 1-7, or KB02, (500 uM, 1 h) followed by an 1A-desthiobiotin probe
(IA-DTB, 100 pM, 1 h). Proteins were then digested with trypsin and IA-DTB-labeled
peptides enriched with streptavidin beads, eluted, and modified with isobaric tandem mass
tagging (TMT-10plex™) to allow for multiplexed liquid chromatography (LC)-MS
identification and quantification. Cysteines showing reductions in TMT signals, or R values,
greater than 4 in a given compound-treated sample compared to DMSO control (reflecting >
75% inhibition of IA-DTB labeling) were considered to be liganded. From greater than
15,000 quantified cysteines, 1,005 cysteines were liganded by KB02, while compounds 1-7
showed much more restricted profiles that ranged from 0 to 60 liganded cysteines (Fig. 3A
and Supplementary Dataset 1). Examples are provided of cysteines liganded by KB02 and
compounds 1-7 (catalytic cysteine C319 in ALDHZ2; Fig. 3B) [36,37] versus those liganded
by only KB02 (catalytic cysteine C113 in PIN1; Fig. 3C) [38]. In both cases, the liganding
events were site-selective, as other cysteines quantified for ALDH2 and PIN1 were
unaffected by compound treatment (Fig. 3B, C).

As highlighted in purple in Fig. 3A, a handful of cysteines were liganded by both KB02 and
varying subsets of compounds 1-7. Interestingly, these liganded cysteines included not only
active site residues in enzymes (C150 in MGMT (Fig. 4A) and C126 in ACAT1 (Fig. 4B))
[39,40], but also cysteines located at protein—protein interfaces (e.g., C239 of UVRAG,; Fig.
4C). For both MGMT and ACAT1, it is noteworthy that, while KB02 liganded multiple
active-site cysteines in each protein, compounds 5 and 7 selectively engaged one active-site
cysteine — C150 in MGMT and C126 in ACAT1 — respectively (Fig. 4A, B). These data
suggest that the more tempered electrophiles examined herein have the potential to provide
greater selectivity over the aCA group for site-specifically targeting cysteines in the active
sites of proteins. Indeed, compound 7 showed very limited overall reactivity across the
cysteine proteome, pointing to the O-methyl imidate electrophile as a potentially privileged
reactive group for the design of future chemical probes that selectively target the catalytic
C126 of ACAT1. UVRAG is a key regulatory component of autophagy complex 11, and
C239, which was strongly liganded by both KB02 and compound 5, is located at a protein—
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protein interface involving UVRAG and Beclin 1 (Fig. 4C) [41,42]. Considering this
liganded event was uniquely observed with KB02 and 5, the interaction may show a
reactivity preference for nucleophilic attack by C239 on a sp® hybridized carbon compared
to a sp or sp? hybridized carbon.

A final group of cysteine reactivity changes was observed that reflected shared apparent
engagement by amine containing (2, 3, 5, 7) compounds compared to (form)amide/
carbamate containing (1, 4, 6) compounds, and many of these cysteines were also not
engaged by KBO02 (red dots, Fig. 3A). This subset of differentially reactive cysteines was
unanticipated considering the presumed reduced electrophilicity of several amine
compounds (e.g., 2, 3, 7), as reflected in their lower thiol (2-nitro-5-thiobenzoic acid)
reactivity rates compared to more electrophilic compounds (KB02, 5) (Supplementary Fig.
S2) [43]. We therefore hypothesized that the amine compounds may be blocking cysteine
reactivity through reversible binding mechanisms, for instance, if the charged, protonated
amine provided enhanced affinity for certain protein pockets that also happen to harbor a
reactive cysteine. As potential support for this premise, we highlight bleomycin hydrolase
(BLMH) as an example of a protein with an active site cysteine (C73) that was site-
selectively blocked in IA-DTB reactivity by 2, 3, and 5, but not other compounds
(Supplementary Fig. S3A) [44]. The BLMH active site has multiple negatively charged
residues, including D143 and the carboxy terminus (A454, Supplementary Fig. S3B) [45]
which may promote binding to amine compounds and impairment of IA-DTB reactivity with
C73. Other cases of amine compound sensitivity could reflect non-specific induction of
protein aggregation or denaturation by the compounds, as reflected in proteins for which
several quantified cysteines were impaired in IA-DTB reactivity (e.g., KDM3A; JCHAIN,
BACH?2; Supplementary Dataset 1).

In summary, by assessing the proteomic cysteine reactivity profiles of a set of fragments
bearing diverse candidate reactive groups appended to a common recognition group, we
identified rare cysteines that show preferential engagement by otherwise tempered
electrophiles. These cysteines included catalytic residues in the actives sites of enzymes like
ACATL1 (C126) and MGMT (C145), which contain multiple reactive cysteines that are
indiscriminately engaged by more electrophilic compounds such as the a CA KB02, but
were site-specifically sensitive to O-methyl imidate 7 and epoxide 5, respectively. We are
also encouraged that other cysteines engaged by epoxide 5 included residues at protein-
protein interfaces (e.g., C239 of UVRAG), pointing to the potential for attenuated
electrophiles to target more challenging sites of druggability in the proteome. Our findings,
including other recent and complementary studies on purified proteins [33], as well as past
success with identifying tunable electrophiles for other nucleophilic amino acids (e.g., serine
[46]), should encourage the continued exploration of candidate electrophilic groups for
cysteine reactivity, which we imagine will continue to expand the proportion of proteins in
the human proteome that can be more widely or more selectively targeted by covalent
chemistry for chemical probe and drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of the a-chloroacetamide (aCA) scout fragment (KB02) and candidate

electrophilic compounds 1-7. The recognition group (blue) remains constant throughout and
the reactive group (red) was varied.
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Fig. 2.
In-gel fluorescence image depicting competitive blockade of 1A-alkyne (1 uM, 1 h) labeling

of proteins in Ramos cell lysate by DMSO, KB02, or compounds 1-7 (500 pM, 1 h). Red
asterisks highlight proteins that showed impairments in lA-alkyne reactivity in 1-7-treated
lysates. Coomassie stained gel is shown as a loading control.
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Chemical proteomic (MS-ABPP) analysis of cysteine ligandability in Ramos cell lysate
treated with candidate electrophilic compounds. (A) Left, plot of cysteine reactivity values
(or R values) in DMSO vs compound-treated samples. Ramos proteome was treated with
DMSO or compounds (500 pM, 1 h), and cysteines with R values = 4 (DMSO/compound)
were considered liganded. Red and blue dots represent cysteines that showed R values = 4
for one or more of compounds 1-7 or KB02, respectively. Purple dots represent cysteines
that showed R values = 4 for both KB02 and one or more of compounds 1-7 (compound
with highest R value is shown for each cysteine). Right, enlarged upper right quadrant of left
panel highlighting cysteine residues that are liganded by both KB02 and 1-7. (B)
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ALDH2_C319 as an example of a cysteine that was liganded by all tested compounds. (C)
PIN1 C113 as an example of a cysteine that was only liganded by KBO2.
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Examples of cysteines that were selectively liganded by individual candidate electrophilic
compounds. (A) Left graph, the cysteine nucleophile (C145) of MGMT (methylated DNA-
protein-cysteine methyltransferase) was site-specifically liganded by compound 5. In
contrast, KB02 liganded both C150 and another active-site cysteine C145. Right image,
crystal structure highlighting C145 interaction with a strand of DNA (PDB ID: 1T38). C150
is located near the active site at the DNA-protein interface. (B) Left graph, the cysteine
nucleophile (C126) of ACAT1 (acetyl-CoA acetyltransferase) was site-specifically liganded
by compound 7. In contrast, KB02 liganded both C126 and additional actives-site cysteines
(C196 and C413). Right image, crystal structure of ACAT1 highlighting the active-site
cysteine residues (PDB ID: 2F2S). (C) Left graph, C239 in UVRAG was site-specifically
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liganded by compound 5 and KB02. Right image, UVRAG_C239 is found at the protein—
protein interface of UVRAG (light blue, yeast: VPS38), Beclin 1 (green, yeast: VPS30),
p150 (brown, yeast: Vps15), and PI3K (pink, yeast: Vps34). Shown is the mouse UVRAG/
Beclin 1 structure (PDB ID: 5YRO0) aligned with the yeast Beclin 1 ortholog (VPS30) of
yeast complex structure (PDB ID: 5DFZ) to show localization of UVRAG_C239 at the PPI
interface of this complex.
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