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A large number of pharmaceuticals, endogenous metabolites,
and environmental chemicals act through covalent
mechanisms with protein targets. Yet, their specific
interactions with the proteome still remain poorly defined for
most of these reactive chemicals. Deciphering direct protein
targets of reactive small-molecules is critical in understanding
their biological action, off-target effects, potential toxicological
liabilities, and development of safer and more selective agents.
Chemoproteomic technologies have arisen as a powerful
strategy that enable the assessment of proteome-wide
interactions of these irreversible agents directly in complex
biological systems. We review here several chemoproteomic
strategies that have facilitated our understanding of specific
protein interactions of irreversibly-acting pharmaceuticals,
endogenous metabolites, and environmental electrophiles to
reveal novel pharmacological, biological, and toxicological
mechanisms.
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Introduction

We are exposed to a large number of chemicals that act
through covalent mechanisms. These chemicals include
pharmaceutical agents that irreversibly inhibit their re-
spective protein targets to treat human diseases, such as
Alzheimer’s disease, obesity, pain, and cancer [1-5]. Also
included are reactive endogenous metabolites that are
formed through metabolism, such as lipid aldehydes and
various forms of reactive oxygen species or nitrogen
stress. Many pesticides, environmental contaminants,
and household chemicals also act through covalent mech-
anisms [6-9,10°°]. While most of these chemicals have
undergone standard toxicological testing, the reactivity of
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these chemicals across the proteome still remains poorly
defined. Understanding the selectivity of these reactive
agents is of paramount importance in comprehending the
mechanisms underlying their biological or therapeutic
action, identifying off-target effects that may lead to
‘idiosyncratic’ toxicities, and informing the development
of safer and more selective agents (Figures 1-3).

Over the past several years, there have been major
advancements in the development and use of chemopro-
teomic platforms to determine the proteome-wide inter-
actions of irreversible small-molecule tool compounds,
therapeutics, endogenous electrophiles, and environmen-
tal chemicals. In this review, we will describe how che-
moproteomic technologies have been used to assess both
the selectivity of therapeutic agents and the toxicological
mechanisms of environmental chemicals.

Chemoproteomic profiling to assess
selectivity of therapeutic irreversible small-
molecule inhibitors

Pharmaceutical companies have historically shied away
from pursuing covalent inhibitors due to risks of hapte-
nization and immunologic reactions that may occur
through non-specific covalent modification of small-mole-
cules with protein targets [11]. Nonetheless, many irre-
versible or pseudo-irreversible inhibitors have been
successfully developed as well-tolerated drugs in the
clinic. Examples include the anti-inflammatory drug as-
pirin, the broad class of antibacterial beta-lactam anti-
biotics such as penicillin, drugs that require metabolic
bioactivation including the proton pump inhibitor omep-
razole, the Alzheimer’s drug rivastigmine that inhibits
acetylcholinesterase, the cancer therapy bortezomib (Vel-
cade) that targets the proteosome, and the anti-obesity
drug tetrahydrolipstatin (Orlistat) that inhibits gastric
lipase [1-3,5]. In recent years, there has been resurgence
in developing covalent and irreversible inhibitors, includ-
ing several acrylamide-based inhibitors that act through
Michael addition with a cysteine in the ATP binding
pocket of oncogenic kinases for cancer therapy. Some
examples include PCI-32765 (ibrutinib), a Bruton’s tyro-
sine kinase (BTK) inhibitor now FDA approved for
mantle cell lymphoma and chronic lymphoblastic leuke-
mia; BIBW-2992 (afatinib) and HKI-272 (neratinib) that
dually inhibit human epidermal growth factor receptor 2
(HER2) and epidermal growth factor receptor (EGFR),
both of which are approved or in development for non-
small cell lung cancer (NSCLC) and breast cancer, re-
spectively; and CO1686 (Rociletinib) that specifically
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Figure 1
examples of irreversibly-acting clinically-used drugs
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Examples of irreversibly-acting drugs, tool compounds, environmental chemicals, and endogenous electrophiles.
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Chemoproteomic platforms for assessing proteome-wide targets of irreversibly-acting chemicals. (a) SILAC-ABPP uses active-site directed
chemical probes to assess the functional state of large numbers of enzymes directly in complex proteomes. Small-molecule inhibitors can be
competed against the binding of activity-based probes to enzymes to assess enzyme class-wide selectivity. Cells can be labeled with light or
heavy isotopic amino acids for quantitative proteomic analysis. (b) Analogs of these inhibitors bearing a bioorthogonal handle (e.g. alkyne) can be
used to assess proteome-wide selectivity of small-molecule inhibitors using chemoproteomic approaches. (c) Isotopic Tandem Orthogonal
Proteolysis-ABPP (isoTOP-ABPP) can be used to map hyper-reactive and functional sites across the proteome using reactivity-based chemical
probes bearing bioorthogonal handles (e.g. alkyne). Reactive electrophiles can be competed against probe binding to hyper-reactive sites to map
protein targets of these reactive agents. Probe-labeled peptides can be identified through subsequent appending of a biotin-azide analytical
handle bearing a TEV protease recognition sequence and heavy or light isotopic valine tag using copper-catalyzed click chemistry. Upon mixing
control and treated proteomes, probe-labeled proteins can be avidin-enriched, tryptically digested, and probe-labeled peptides can be
subsequently enriched and released by TEV protease for subsequent quantitative proteomic analysis.

inhibits the mutant T790M form of EGFR and is also
currently in development for NSCLC [4].

Although it may be counterintuitive to develop selective
inhibitors through reactive and covalent mechanisms,
irreversible inhibitors as therapeutics in the modern era
of drug discovery and chemical biology afford many

benefits. First, covalent inhibitors can provide extended
target engagement without the need to maintain high
levels of drug. Second, the electrophilicity of the inhibitor
can be fine-tuned with the affinity of the small-molecule
for a particular binding pocket of a specific protein target,
such that the reaction occurs selectively with minimal off-
target liabilities. Third, various modern chemoproteomic
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Figure 3
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Biological insights gained from using chemoproteomic platforms. (a) ABPP has been successfully used to develop selective small-molecule
inhibitors against enzymes involved the synthesis and degradation of the endocannabinoid 2-arachidonoylglycerol (2-AG). Selective DAGL
inhibitors KT109 and KT172 and selective MAGL inhibitors JZL184, KML29, and MJN110 have been used to not only identify that DAGL and
MAGL regulate endocannabioid metabolism and signaling, but also to show that this pathway controls arachidonic metabolism that fuels
pro-inflammatory prostaglandin synthesis. (b) ABPP was used to develop the selective DDHD2 inhibitor KLH45, which was used to show
that the previously uncharacterized enzyme DDHD2 was the primary triacylglycerol (TAG) hydrolase in the brain, and that inhibiting this
enzyme led to accumulation in brain triacylglycerol levels and accumulation of lipid droplets. (c) ABPP was used to develop the selective
ABHD16A inhibitor KC0O1 to determine that ABHD16A was the primary phosphatidylserine (PS) hydrolase that generates the pro-inflammatory
signaling lipid lyso-PS, which is in-turn hydrolyzed by ABHD12. Previous studies had shown that ABHD12 inactivation caused a
neurodegenerative disease known as PHARC. ABHD16A inhibition protected mice from the neurotoxicological markers associated with
PHARC. (d) Lipid aldehydes such as HNE were competed against the cysteine-reactive iodoacetamide-alkyne (IAyne) probe and coupled to
the isoTOP-ABPP platform to map the direct protein targets of HNE. HNE showed selective interactions with certain sites such as the
active-site proximal cysteine of ZAK, leading to ZAK inhibition and JAK inactivation. (e) Reactive environmental chemicals, such as the
fungicide chlorothalonil (CTN) were competed against IAyne to map direct protein targets of these chemicals, leading to the discovery that
CTN binds to and inhibits multiple enzymes involved in fatty acid oxidation.
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approaches can be utilized to confirm target engagement
and proteome-wide selectivity of covalent inhibitors 7z
situ and iz vivo, which can, in-turn, inform further medic-
inal chemistry efforts to optimize inhibitor properties or
to confirm the safety and specificity of lead molecules. We
will discuss several examples showcasing the utility of
chemoproteomic platforms to define the selectivity of
irreversible small-molecule inhibitors and drugs.

One chemoproteomic platform that has been successfully
used to develop selective inhibitors against many protein
targets is activity-based protein profiling (ABPP). ABPP
uses activity-based chemical probes that directly bind to
the active sites of large numbers of enzymes, thus pro-
viding a functional readout of enzyme activities en masse
directly in complex proteomes [12,13]. Because these
activity-based probes bind to the active-sites of enzymes,
small-molecule inhibitors can be competed against probe-
binding, therefore enabling the development of small-
molecules for both characterized and uncharacterized
enzymes. Since the activity-based probes evaluate en-
zyme activities across an entire enzyme class, the prote-
ome-wide selectivity of the small-molecule inhibitor can
be assessed within that particular enzyme class. While the
ABPP platform has been used to develop selective re-
versible and irreversible inhibitors of enzymes [14-21],
this approach has been particularly useful for testing the
efficacy and selectivity of irreversible inhibitors. Target
engagement and proteome-wide selectivity can be con-
firmed for irreversible inhibitors by comparing ex vivo
labeling of vehicle and inhibitor-treated proteomes
[14,17,18]. The ABPP platform has also been adapted
to be compatible with modern quantitative proteomic
approaches through stable isotope labeling of cells
(SILAC), in which vehicle-treated ‘light’ cells and inhib-
itor-treated ‘heavy’ cells are combined after labeling with
activity-based probes and, subsequently, analyzed for
their selectivity by SILAC ratios [20].

Several highly potent, selective, and iz vivo active irrevers-
ible small-molecule inhibitors that show potential thera-
peutic benefit have been developed using the ABPP
platform. These include monoacylglycerol lipase (MAGL)
and diacylglycerol lipase (DAGL) inhibitors that hydrolyze
or generate, respectively, the endocannabinoid signaling
lipid 2-arachidonoylglycerol (2-AG), and also control ara-
chidonic acid release for pro-inflammatory prostaglandin
synthesis [22,23]. The development of selective and 7 vivo
efficacious irreversible MAGL inhibitors, such as JZ1.184,
KML29, and MJN110, have led to the discovery that
MAGL blockade leads to heightened 2-AG levels, canna-
binoid receptor stimulation, and lower arachidonic acid and
pro-inflammatory prostaglandin levels in the brain, thus
providing antinociceptive, anti-inflammatory, anxiolytic,
and neuroprotective effects [17,24,25]. Hsu er a/. devel-
oped DAGL inhibitors, such as KT'172 and K'T'109, which
have been used to show that DAGL blockade leads to

depletion in 2-AG, arachidonic acid, and pro-inflammatory
prostaglandin levels to suppress inflammatory cytokine
release from macrophages [22].

Hoover e al. used ABPP platforms to show that the
obesity drug tetrahydrolipstatin inhibits multiple meta-
bolic enzyme targets in brain, including ABHD12, TPP2,
BA'TS5, and PLLA2G?7 [3]. Inloes e al. recently discovered
that the previously uncharacterized enzyme DDHDZ2,
which is linked to the genetic disorder hereditary spastic
paraplegia, was the primary triacylglycerol hydrolase in
brain. Using ABPP platforms, the authors developed a
selective, iz vivo efficacious and irreversible DDHD2
inhibitor, KLLH45 [26]. Using this inhibitor alongside
genetic DDHDZ2 knockout mouse models, the authors
showed that DDHD2 blockade led to striking accumula-
tions in triacylglycerol levels in the brains of these mice,
potentially explaining the metabolic mechanisms under-
lying the associated neurological disorder. Using ABPP
platforms, Kamat ¢ «/. developed a highly selective
inhibitor, KCO1, for a previously uncharacterized enzyme,
ABHD16A. They then used this inhibitor to characterize
ABHDI16A as a phosphatidylserine hydrolase that gen-
erates lysophosphatidylserine (LLPS) that, in-turn, fuels a
neuroinflammatory response [27°]. Previous studies
showed that another formerly uncharacterized hydrolase
ABHDI12 is mutationally inactivated in a neurodegener-
ative disease known as Polyneuropathy, Hearing loss,
Ataxia, Retinitis Pigmentosa, and Cataracts (PHARC),
leading to accumulation of brain LPS and neuroinflam-
mation [28]. Kamat ez a/. showed that KC01 lowers the
high levels of LPS found in ABHD12-deficient macro-
phages, leading to suppression of inflammatory cytokine
release, indicating that ABHD16A inhibitors may act as
anti-inflammatory agents through modulating LPS sig-
naling [27°]. Thus, ABPP has been used successfully to
develop irreversible small-molecule inhibitors against
both characterized and uncharacterized enzymes to fur-
ther our understanding of the biological and potential
therapeutic functions of these enzymes.

Many studies have also developed ‘clickable’ analogs of
lead small-molecule therapies or inhibitors of therapeutic
targets bearing either alkyne or azide handles for chemo-
proteomic profiling to confirm the small-molecule’s se-
lectivity or identify any off-targets. Lanning ez a/. used
alkyne-bearing analogs of cysteine-reactive irreversible
kinase inhibitors, ibrutinib and PF-6274484, that target
BTK and EGFR, respectively, to assess their selectivity
in cancer cells using click-chemistry-based chemoproteo-
mic approaches [29°°]. Cheng ¢z a/. developed an alkyne-
bearing analog of the widely used inhibitor, C75, of the
cancer therapy target fatty acid synthase (FASN), and
showed that it possessed many off-targets including
CPT1A, GAPDH, and 13 other enzymes beyond FASN,
which may explain the high level of toxicity associated
with C75 [30]. Bateman ¢z a/. developed an aspirin-alkyne
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probe and coupled the labeling of this probe with che-
moproteomic profiling to identify 120 protein targets of
aspirin, 112 of which had not been previously reported to
be acetylated by aspirin in cellular or 7z vivo contexts [31].
The authors showed that aspirin-alkyne modified core
histone proteins, thus implicating aspirin as a potential
chemical-regulator of transcription [31]. The proteome-
wide selectivity of many of the serine hydrolase inhibitors
that have been developed using ABPP platforms have
also been confirmed for their selectivity outside the serine
hydrolase family through the development of alkyne-
bearing analogs. Examples include the FAAH inhibitor
PF-3845 and PF-04457845, the PME inhibitor ABL.127,
and the MAGL inhibitor MJN110 [24,32-34].

Chemoproteomics has also been used to identify the
targets of various natural products through the synthesis
of reporter-bearing analogs. Using a Wortmannin analog
bearing a tetramethylrhodamine, the conjugate AX7503
was shown to not only bind phosphoinositide 3-kinase
(PI3K) and PI3K-related kinases, but also Polo-like ki-
nase 1 (PLK1) [35]. Stephan Sieber’s group synthesized a
series of alkyne-bearing B-lactam antibiotic analogs of
penicillin, aztreonam, and cephalosporin to label diverse
penicillin binding proteins [36]. The authors also synthe-
sized a series of additional B-lactam probes, which labeled
and inhibited a selection of penicillin-binding proteins as
well as unrelated bacterial targets, including the viru-
lence-associated enzyme ClpP and resistance-associated
B-lactamase [36]. Yang ez al. synthesized an alkyne-bear-
ing analog of tetrahydrolipstatin (Orlistat), an FDA-ap-
proved anti-obesity drug with potential antitumor
activities, and identified 8 novel targets of orlistat beyond
FASN, including Hsp90AB1, GAPDH, Annexin A2,
RPL7a, and RPS9 [37]. In another example, Abegg
et al. used an ethynyl benziodoxolones cysteine-reactive
probe, JW-RF-010, to identify biological targets of the
potential anti-cancer therapy curcumin. The authors
identified 42 additional targets of curcumin, only one
of which was previously known [38].

Chemoproteomic profiling of reactive
environmental chemicals and endogenous
reactive metabolites to understand
toxicological mechanisms

We are exposed to countless chemicals, many of which
have been linked to adverse health effects, and most of
which have not been characterized in terms of their
toxicological potential or mechanisms. Of particular
concern among chemicals in our environment are reac-
tive electrophiles that we are directly exposed to or
those that form through bioactivation, which have the
potential to covalently and cumulatively react with
nucleophilic amino acid hotspots within the proteome,
leading to potential protein dysfunction and pathophys-
iological effects. Understanding the direct chemical-
protein interactions of these reactive agents informs our

understanding of downstream molecular, metabolic,
and pathophysiological effects that may arise from
chemical exposure, and provides a more direct approach
towards identifying toxicological drivers of human dis-
ease. We will discuss several chemoproteomic
approaches that have been successfully applied to un-
derstand unique and novel toxicological mechanisms
for both environmental chemicals and endogenous re-
active metabolites.

ABPP platforms have been used to identify off-targets of
widely used organophosphorus (OP) and carbamate pes-
ticides /7 wvivo. These pesticides act as insecticides
through inhibiting acetylcholinesterase, but there have
been toxicological effects associated with exposure to
these agents that cannot be explained by acetylcholines-
terase inhibition alone, indicating possible off-targets.
Using the serine hydrolase-directed activity-based probe,
Nomura ef a/. and Medina-Cleghorn ¢z a/. identified many
in vivo off-targets of these pesticides that are inhibited in
mice, leading to downstream biochemical effects. For
example, several studies have shown that OP pesticides
inhibit MAGL and fatty acid amide hydrolase (FAAH) in
mouse brain causing elevations in endocannabinoid sig-
naling lipids, 2-AG, and anandamide, all of which lead to
downstream cannabinoid-like behavioral effects [6,8,9].

Wang er a/. used an elegant quantitative chemoproteo-
mic strategy, termed isotopic tandem orthogonal prote-
olysis activity-based protein profiling (isoTOP-ABPP),
for mapping cysteine reactivity to investigate direct
targets and site-of-modifications of lipid aldehydes gen-
erated during lipid peroxidation through competition of
lipid aldehydes against the cysteine-reactive iodoaceta-
mide-alkyne (IAyne) reactivity-based probe [39°°40].
Probe-labeled control and treated protcomes were
appended to a biotin-azide analytical handle bearing a
light or heavy valine and TEV protease cleavage site
using click-chemistry, control and probe labeled pro-
teomes were combined, and probe-labeled tryptic pep-
tides were subsequently enriched and analyzed by
quantitative proteomic platforms. Surprisingly, the
authors showed that 4-hydroxy-2-nonenal (HNE) inter-
acts with a select set of proteins that constitute hotspots
for modifications by various lipid-derived electrophiles,
rather than non-specifically reacting with cysteines. For
example, they showed that HNE specifically reacts with
an active-site proximal cysteine on sterile alpha motif
and leucine zipper containing kinase (ZAK), leading to
enzyme inhibition creating a negative feedback mecha-
nism that can suppress the activation of c-Jun N-termi-
nal kinase (JNK) pathways induced by oxidative stress
[39°°]. The toxic mechanisms of alkylation by lipid
aldehydes were also explored with alkyne-bearing ana-
logs of HNE and 4-0x0-2-nonenal (ONE) coupled with
chemoproteomic approaches. The authors showed that
HNE and ONE show particular susceptibility towards
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alkylating protein targets mapping to networks involved
in cytoskeletal regulation with low susceptibility to-
wards proteins involved in protein synthesis and turn-
over. The authors then postulated that the differential
sensitivity of protein targets to lipid aldehyde alkylation
may protect cells from cytotoxicity as a result of moder-
ate levels of lipid aldehydes [41].

Medina-Cleghorn ¢z a/. recently used ABPP approaches to
map direct biological targets of several reactive environ-
mental chemicals, including the fungicide chlorothalonil
(C'TN), the environmental contaminant monomethylar-
senous acid (MMA), and a broad-spectrum insecticide
chloropicrin [10°°]. The authors performed iz vitro com-
petition of these agents against the cysteine-reactive
[Ayne reactivity-based probe directly in mouse liver
proteomes and found that CTN, MMA, and chloropicrin
commonly inhibit several metabolic enzymes involved in
fatty acid metabolism and energetic enzymes. The
authors further delved into the mechanisms underlying
previously reported kidney-specific toxicity associated
with CTN through 7z vive profiling of CTN targets,
and subsequent ex vivo labeling with an alkyne-bearing
CTN analog for chemoproteomic discovery of iz vivo
C'TN targets in kidney. The authors showed that CTN
inhibits fatty acid transport proteins, fatty acid oxidation
enzymes, and glycolytic enzymes iz vivo, leading to
alterations in kidney lipid metabolism, thus revealing a
novel mechanism of toxicity underlying this major fungi-
cide [10].

In another study, Morris e a/. used chemoproteomic
profiling approaches to comprehensively identify the
biological targets of the widely-used flame retardant
chemical triphenylphosphate (TPP) by using an al-
kyne-bearing TPP analog. The authors showed that
specific liver carboxylesterases (CES), in particular
CESI1G, were inhibited by TPP leading to heightened
DAG levels and protein kinase C stimulation in liver and
serum hypertriglyceridemia [7].

Conclusion

We provide here several examples of chemoproteomic
platforms and their applications to assess the selectivity or
off-target profiles of tool compounds, therapeutics, and
environmental chemicals that act through irreversible
mechanisms. Historically, small-molecule agents that
act through covalent mechanisms have been feared to
cause non-specific adducts on proteins, which, in-turn,
may lead to non-specific toxicities and potential hapte-
nization or other types of idiosyncratic toxicities. Certain-
ly, there have been historical examples of highly reactive
agents or reactive metabolites that have caused these
types of toxicities [11]. However, modern chemoproteo-
mic technologies have provided a more precise and dee-
per understanding of how reactive chemicals interact with
the proteome.

There are indeed reactive chemicals that show large
numbers of off-targets. However, chemoproteomic stud-
ies have shown that even highly reactive chemicals, such
as lipid aldehydes, show relatively selective interactions
with specific subsets of targets over others and that these
interactions occur oftentimes at hyper-reactive and func-
tional sites on protein targets, rather than non-specific
alkylation events. Chemoproteomic profiling of covalent-
ly-acting and clinically approved drugs, such as ibrutinib,
have revealed potentially large numbers of off-targets at
high concentrations. However, studies have shown that
these off-target liabilities can be greatly minimized upon
even slight chemical modifications of a drug. There have
also been a substantial number of highly selective irre-
versibly-acting small-molecule inhibitors that have been
developed in conjunction with technologies such as ac-
tivity-based proteomics or click-chemistry based chemo-
proteomic approaches.

Thus, while many pharmaceutical and environmental
electrophilic chemicals show potential off-target liabili-
ties, a high degree of selectivity and specificity can still be
achieved with irreversible compounds through medicinal
chemistry efforts, especially when optimization efforts
are coupled with chemoproteomic profiling. Irreversible
inhibitors coupled with chemoproteomic platforms also
affords substantial advantages for confirming target en-
gagement and 7z vivo selectivity profiling, which is often-
times difficult with reversible inhibitors. Thus, the aim of
this review is not to disparage the development of irre-
versible inhibitors, but instead to promote the develop-
ment of irreversible inhibitors coupled with the
application of chemoproteomic platforms to facilitate
the development of highly selective and covalent thera-
peutics or even agrochemicals.
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