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In recent years, the development of targeted covalent inhibitors has gained popularity around the world.

Specific groups (electrophilic warheads) form irreversible bonds with the side chain of nucleophilic amino

acid residues, thus changing the function of biological targets such as proteins. Since the first targeted

covalent inhibitor was disclosed in the 1990s, great efforts have been made to develop covalent ligands from

known reversible leads or drugs by addition of tolerated electrophilic warheads. However, high reactivity and

“off-target” toxicity remain challenging issues. This review covers the concept of targeted covalent inhibition

to diseases, discusses traditional and interdisciplinary strategies of cysteine-focused covalent drug discovery,

and exhibits newly disclosed electrophilic warheads majorly targeting the cysteine residue. Successful

applications to address the challenges of designing effective covalent drugs are also introduced.

Drugs that covalently bind to their biological targets have a
long history in drug discovery. There is an increased interest
in covalent therapeutics in the literature and recent years
have witnessed a significant increase in the number of drug
candidates with a covalent mechanism of action progressing
through clinical trials. Liu et al. has reviewed several protein
kinases, RAS proteins, and a number of other enzymes that
have been studied extensively as targets for covalent
inhibition, claiming that covalent strategy may reduce the
risk of idiosyncratic toxicity.1 Dömling et al. also provided a
historic overview, including structural aspects and examples
on challenging targets and several developed covalent
inhibitors from 2011 to 2019.2 The development of small-
molecule drugs that covalently inhibit biological targets dates
back to 1897 with the discovery of aspirin. Over the past
twenty years, targeted drugs have shown increasingly rapid
advances, for example, reduced toxicity in healthy tissue,
leading to an important strategy for cancer treatment.3 With
this in mind, targeted covalent drugs, such as the β-lactam-
containing antibiotic penicillin, chemotherapeutic fluorouracil,
and osimertinib, rationally designed molecules that irreversibly
bind to target proteins are being developed.4 Compared to
drugs with reversible binding modes, covalent drugs allow high
potency to be routinely achieved in compounds of low
molecular mass, along with all the associated beneficial

pharmaceutical properties.5 Renato has summarized the pros
and cons for covalent inhibitors, especially highlighting that
covalent inhibition may be an underused strategy for
addressing challenging targets and ‘undruggable’ modalities in
human disease, such as odanacatib to cathepsin K.6

To date, much effort has gone into developing good
covalent ligands from known reversible leads or drugs by
introduction of tolerated electrophilic warheads to the
scaffold.7–9 Elena exhibited several types of warheads found
in FDA-approved drugs and their targeted moieties. The
percentage clearly showed acrylamide as the most popular
warhead in FDA-approved TCIs targeting cysteine residues.10

High-throughput screening has also proven to be an excellent
approach to the development of novel highly selective
covalent ligands targeting specific proteins, such as
KRasG12C.11 Additionally, the development of fragment-based
drug discovery (FBDD) has succeeded in probing potential
binding sites of ‘undruggable’ target proteins, thus inspiring
the strategy of building novel targeted covalent inhibitors
from covalent fragments. Several new techniques and
multidisciplinary ideas including proteolysis targeting
chimeras (PROTACs) and peptide drugs currently promote
the development of either reversible or irreversible covalent
inhibitors also.12,13 The strategy employed depends on prior
knowledge and structural tolerance of the scaffold and target
when processing a new project.

Although toxicity is still a bottleneck restricting the
development of targeted covalent inhibitors (TCIs), a 2009
report revealed that the risk of idiosyncratic toxicities may be
mitigated via lower doses of administered drug irrespective
of the drug mechanism.14 This review covers the concept of
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targeted covalent inhibition, traditional and interdisciplinary
strategies of covalent drug discovery, and the exhibited
covalent binding modes of newly disclosed electrophilic
warheads and potential risk mitigation.

1. Targeted covalent inhibitors and
binding modes

Remarkably, it was not known until the 1970s that aspirin acts
through covalent and irreversible inhibition of cyclooxygenase-
1 (COX-1) and −2, the enzymes responsible for the biosynthesis
of prostaglandins.15 Despite previous underlying concerns
regarding safety, development of covalent inhibitors has made
significant contributions to intervention of human health
conditions over the past two decades.

Covalent inhibitors selectively bind to amino acid residues
on the catalytic domain of the target protein, causing loss of
function, leading to anti-tumour, anti-inflammatory and anti-
viral effects. In this section we review newly disclosed clinical
covalent inhibitors and their exhibited irreversible binding
adducts with great respect.

1.1 Anti-tumour

Covalent inhibitors for targeted cancer therapy have
developed rapidly in the past twenty years, with approximately
30% of TCIs being used for oncology-related targets.2

EGFR. Epidermal growth factor receptor (EGFR) is a
receptor tyrosine kinase (RTK) belonging to the ErbB family
that plays an important role in epithelial cell physiology. It is
commonly mutated and/or overexpressed in various types of
human malignancies and is the target of multiple cancer
therapies. Investigations by research groups worldwide have
recognised irreversible binding to an unpaired cysteine
residue inside the ATP-binding domain of EGFR, offering
prolonged binding and a sustained modulatory inhibitory
effect. Murtuza et al. showed that EGFR-targeted therapy
exhibited clonal heterogeneity by a different mechanism of
resistance or bypass of pathways.16

As a traditional druggable target, third-generation covalent
inhibitors of EGFR aim to overcome drug resistance of the
first- and second-generation EGFR covalent inhibitors.
Osimertinib (Tagrisso®) currently dominates the third-
generation EGFR covalent inhibitor landscape,18 which
initially gained full FDA approval for patients with metastatic
EGFR T790M mutant non-small-cell lung cancer (NSCLC)
after showing improved efficacy to first- or second-generation
EGFR TCIs. Osimertinib subsequently gained approval for
first-line treatment of EGFR mutant lung cancer. It binds
irreversibly to the cysteine 797 residue at the ATP binding
site of EGFR (Fig. 1).16,19

In November 2015, the FDA approved nazartinib for the
treatment of patients with EGFR T790M-positive tumors.
Clinical trials have shown more promising efficacy when
compared to osimertinib and markedly wider therapeutic
windows than either erlotinib or afatinib (also prescribed for

the treatment of NSCLC).20 However, not all third-generation
compounds showed superiority to first- and second-
generation inhibitors. The clinical development of rociletinib
and olmutinib was halted due to their reported off-target
toxicity and unfavorable side effects.16 Naquotinib and
mavelertinib are in further development to evaluate the
efficacy and tolerability of the drug alone or in combination
with other inhibitors.

Dacomitinib (Vizimpro®) is the most recently approved
covalent inhibitor targeting EGFR.21 The discovery program
that led to the identification of dacomitinib began as
canertinib (CI-1033). Unfavorable side effects were identified
and it became apparent that additional, more potent and
more selective pan-ErbB tyrosine kinase inhibitors (TKIs)
could be of clinical benefit to patients with EGFR
dysregulated cancers.22

BTK. Besides EGFR, the successful clinical trials of
ibrutinib on mantle cell lymphoma (MCL) and chronic
lymphocytic leukaemia (CLL) have created a vogue for
covalent drug discovery around Bruton's tyrosine kinase
(BTK). Ibrutinib irreversibly binds to BTK Cys481 via its
acrylamide warhead, resulting in reduced kinase
autophosphorylation, in turn driving BTK into an inactive
state and disrupting cellular signal pathways (Fig. 2A).

Although ibrutinib is an effective treatment of B-cell
lymphomas and leukaemia, side effects such as infections,
anaemia and diarrhoea can be distressing and challenging
for patients. Acalabrutinib and zanubrutinib are two second-
generation BTK inhibitors which offer better potency and
bioavailability as well as reducing off-target toxicity binding
to EGFR and other Tec family proteins (Fig. 2B).

Resistance to ibrutinib treatment has been attributed to
the selection of cells carrying a pathogenic mutant (C481S),
altering BTK or its downstream effector PLCG2. Other BTK
variants such as C481F, C481G, C481R and C481Y are
reported in some CLL patients but occur at a much lower
frequency than C481S.25 These mutations disrupt the binding
of covalent BTK inhibitors but hastened the rationale for the
design of non-covalent BTK inhibitors.26–28

Fig. 1 Covalent inhibitor osimertinib 1 and the co-crystal structure of 1
(dark cyan) bound with the Cys797 of the EGFRT790M (pale white) hinge
pocket. The electrophilic warhead, acrylamide, is highlighted in red,
forming an irreversible bond with the thiol of Cys797 by Michael addition.
Image generated in CCP4MG at a resolution of 2.53 Å, PDB 6JX0.17
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CDKs. The hallmark of cyclin-dependent kinases (CDKs) is
that they are inactive in their monomeric form and require
association with a specific cyclin partner for activation.29 Also
necessary for CDK activation is phosphorylation on a specific
activation site.

CDKs have been widely investigated as drug targets for
many years.31 THZ1 is a covalent CDK7 inhibitor, targeting a
remote cysteine residue (Cys312).32 Research showed that
potent CDK12/13 off-target activity of THZ1 obscured the
contribution of CDK7 to this phenotype.32 THZ531, a
derivative of THZ1 which retains the phenylaminopyrimidine
core scaffold, was later developed and used to selectively
target CDK12/13 and exhibits approximately 20 times more
potent inhibition than CDK7.33

In 2019, Gray et al. published their successful discovery of
YKL-5-124, a highly selective CDK7 inhibitor containing an
aminopyrazole core.34 Covalent targeting of CDK7 at Cys312
is essential for YKL-5-124 activity as shown in molecular
docking studies. This new scaffold was developed from a
previously unexplored CDK-targeting scaffold, itself
originating from a PAK4 inhibitor (PF-3758309) in work by
the Murray group.34

The widespread nature of covalent drug discovery has also
resulted in novel antagonists such as SY-1365, a highly potent
and selective CDK7 inhibitor which has been in clinical

investigations for treatment of ovarian and breast cancers.35

In 2015, the first covalent, irreversible and ATP-competitive
CDK2 inhibitor was identified at the Northern Institute for
Cancer Research (NICR). NU6102 is a potent and selective
ATP-competitive inhibitor of CDK2 in which the
sulphonamide is positioned close to a pair of lysine residues.
Using this structure, NU6300 was designed and this forms an
irreversible interaction with Lys89 of CDK2 (Fig. 3).30 This
purine scaffold allows for three hydrogen bonds to be made
between the purine ring and the CDK2 protein and an
additional hydrogen bonding interaction gained from the
vinyl sulfone with Asp86.

JAKs. Janus kinase (JAK) is a non-receptor cytoplasmic
tyrosine kinase that uses the JAK–STAT pathway to transduce
cytokine-mediated signals. Studies have proven that a variety
of haematologic malignancies are related with abnormal
activation of this signalling pathway.36 Current JAK inhibitors
mostly target the hinge region, causing low selectivity
amongst other highly conserved ATP-binding kinases.

In 2014, London et al. employed a series of covalent
reversible cyanoacrylamide-based inhibitors to measure both
inhibitory activity in vitro and isoform selectivity to JAK3.38

Forster et al. identified a JAK3-specific cysteine residue
Cys909 and a ligand-induced binding pocket where a novel
class of covalent reversible JAK3 inhibitors provided
picomolar cellular activity and high isoform and kinome
selectivity (>400-fold).37 Interestingly, the high-resolution
crystal structure of JAK3 in complex with a
1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine core showed
the coexistence of the non-covalently and the covalently
bound inhibitor 5.37 The presence of both binding modes,
also confirmed by electrospray ionisation mass spectrometry
(ESI-MS), underlines the highly reversible character of the
covalent interactions and an equilibrium state between
covalently and non-covalently bound 5 (Fig. 4). This discovery
further validates the concept of covalent reversible enzyme
inhibition with cyanoacrylamide-modified Michael acceptors.

JAKs also mediate several inflammatory signalling
pathways stimulated by interferons, such as IL-2, IL-3 and IL-
5, in diseases such as rheumatoid arthritis and asthma.

Fig. 2 (A) Covalent inhibitor ibrutinib 2 and the co-crystal structure of
2 (ice blue) bound with the Cys481 of the BTK (pale white) hinge
pocket. (B) Covalent inhibitor zanubrutinib 3 and the co-crystal
structure of 3 (burlywood) bound with the Cys481 of the BTK (pale
white) hinge pocket. The electrophilic warhead, acrylamide, is
highlighted in red, forming an irreversible bond with the thiol of
Cys481 by Michael addition. Image generated in CCP4MG at a
resolution of 1.08 Å and 1.25 Å, PDB 5P9J and 6J6M, respectively.23,24

Fig. 3 Covalent inhibitor NU6300 4 and the co-crystal structure of 4
(bisque) bound with the Lys89 of the CDK2 (pale white) hinge pocket.
The vinylsulfonyl warhead is highlighted in red, forming an irreversible
bond with the terminal amino group of Lys89 by Michael addition.
Image generated in CCP4MG at a resolution of 2.00 Å, PDB 5CYI.30
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Numerous JAK1 inhibitors have been approved by the FDA,
including filgotinib, upadacitinib, solcitinib and tofacitinib.39

JAK1 inhibition appears to be associated with fewer
haematological effects compared to other JAK inhibitors.40

JAK3 has been shown to be a selective anti-inflammatory
target due to its unique ligand-binding pocket and poorly
conserved isoform-specific cysteine (Cys909).41 However, only
one potent candidate, PF-06651600, displayed covalent
interaction with the targeted cysteine thiol (Cys909) in the
catalytic domain of JAK3.42 Keserű et al. employed JAK3 to
test a small library of electrophiles including
pyrazolopyrimidines that provided reactivity and accessibility
information on targeted cysteines, which might be useful for
identifying tractable targets for covalent inhibition.43

KRAS. Kirsten rat sarcoma viral oncogene homolog (KRAS)
is the most frequently mutated oncogene in human cancers.
It encodes a guanosine triphosphatase (GTPase) that cycles
between active guanosine triphosphate (GTP)-bound and
inactive guanosine diphosphate (GDP)-bound states in order
to regulate signal transduction. The activation of KRAS not
only modulates downstream pathways such as MAPK and
PI3K, which significantly contribute to sustaining cellular
proliferative signalling and the release of cell growth factors,
but also regulates upstream proteins such as EGFR/HER2/
ErbB3/ErbB4 in the cell membrane as well as the Grb2–Shc
pathway and overexpression of SOS protein.

The KRAS G12C mutation occurs in approximately 13% of
NSCLCs and in 1–3% of colorectal cancers and other solid
cancers.44 The glycine-to-cysteine mutation at position 12
favours the active form of the KRAS protein, resulting in a
predominantly GTP-bound KRAS oncoprotein and enhanced
proliferation and survival in tumour cells.45 The mutated
cysteine resides next to a pocket (P2) of the switch II region.
The P2 pocket is present only in the inactive GDP-bound
conformation of KRAS and has been exploited to design
covalent inhibitors of KRASG12C.11,46

In 2013, Shokat et al. provided structure-based validation
of a new allosteric regulatory site that can be targeted in a
KRASG12C mutant-specific manner.11 A series of novel
covalent inhibitors which derived from two hits, 6H05 and
2E07, targeted this allosteric pocket, disrupting both switch-I
and switch-II regions and the native nucleotide preference to
favour GDP over GTP and impairing KRASG12C binding to Raf
(Fig. 5A).11 These compounds rely on the mutant cysteine for
binding and therefore do not affect the wild-type KRAS
protein. Further efforts have shown that ARS-1620/ARS-3248,
AMG510 and adagrasib (MRTX849), developed by Wellspring,
Amgen, and Mirati Therapeutics, respectively, potently
inhibit KRASG12C activity in vitro and in vivo.47–50 As a result,
ARS-3248, AMG510, and adagrasib entered phase I clinical
trials and have shown promising results.51 Amgen disclosed
that AMG510 (sotorasib) specifically and irreversibly inhibits
KRASG12C through a unique interaction with its P2 pocket
(Fig. 5B).52 This allosteric covalent drug was subsequently
approved by the FDA in May 2021 for the treatment of
patients with KRAS G12C-mutated locally advanced or
metastatic non-small-cell lung cancer (NSCLC) following at
least one prior systemic therapy.

1.2 Anti-viral

Covalent drugs also exhibit crucial improvements in the
treatment of AIDS resistance. Chan et al. report several
covalent inhibitors that can completely knock out the activity
of the resistant mutant HIV-1 reverse transcriptase (RTY181C)
and of the particularly challenging Lys103Asn/Tyr181Cys
variant. The co-crystallography shows that the residue of
Cys181 forms irreversible bonds with thiol-tolerated
electrophilic warheads such as chloromethylamide and
acrylamide at high resolutions. Another necessary interaction
for potency is a hydrogen bond with O–N between a uracilyl

Fig. 4 Covalent inhibitor FM409 5 and the co-crystal structure of 5
covalently (plum) and non-covalently (green) bound with the Cys909
of the JAK3 (pale white) hinge pocket, respectively. The electrophilic
warhead, cyanoacrylamide, is highlighted in red and forms reversible
covalent interactions with the thiol of Cys909 (black arrow). Image
generated in CCP4MG at a resolution of 1.60 Å, PDB 5LWN.37

Fig. 5 (A) Structures of screen hits, 6H05 and 2E07. (B) Covalent
inhibitor AMG510 6 and the co-crystal structure of inhibitor 6 (lilac)
and GDP (light green) bound with the Cys12 of KRASG12C (pale white).
The allosteric P2 pocket is defined by dash lines. The electrophilic
warhead, acrylamide, is highlighted in red, forming an irreversible bond
with the thiol of Cys12 by Michael addition. Image generated in
CCP4MG at a resolution of 1.65 Å, PDB 6OIM.53
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oxygen atom of inhibitors and the backbone nitrogen of
Lys103 in both structures (Fig. 6).54

Recently, Liu et al. performed a virtual screen of a clinical
and investigational drug library, on the basis of the “steric-
clashes alleviating receptor” (SCAR) strategy. Nine drugs that
might be repurposed as covalent inhibitors of the priming
proteases (cathepsin B, cathepsin L, and TMPRSS2) of the
spike protein of SARS-CoV-2 were identified.55 Taking their
computational studies together, the nucleophilic residues
including CatB Cys29 and CatL Cys25 as well as TMPRSS1
Ser353 and TMPRSS2 Ser441 would be potential druggable
sites to covalently bind to electrophilic ligands, which might
facilitate development of anti-SARS-CoV-2 drugs.

Although Wang and Chen et al. described the rational
design of di- and trihaloacetamides as covalent SARS-CoV-2
main protease (Mpro) inhibitors, these new compounds did
not significantly inhibit the host cysteine proteases.56 The
target specificity promised by co-crystal structures of SARS-
CoV-2 Mpro with Jun9-62-2R and Jun9-57-3R showed that
both compounds form a covalent adduct with the catalytic
Cys145 (Fig. 7).56

Su and Kuai et al. reported their discovery of two
acrylamide-containing molecules that irreversibly bind to
SARS-CoV-2 Mpro via the commercially available covalent
DNA-encoded library (DEL) screening platform.57 Time-
dependent enzymatic assay showed that the IC50 values after
1 h and 16 h of incubation time were 15.9 μM and 1.9 μM,
respectively. The inhibitory effect against SARS-CoV-2
infection was investigated by cellular assay, resulting in an
anti-viral EC50 value of 33 μM.

Nirmatrelvir analogues with different warheads and their
inhibitory activities were also investigated, suggesting that

hydroxymethylketone and ketobenzothiazole warheads can
also be employed for treating coronavirus infections
equipotent to the nitrile.58

To clearly characterise differences between structures and
biochemical activities, herein we exhibit the structures and
cellular/enzymatic IC50 values of all drugs mentioned above
(Table 1).

2. The role of irreversible and
reversible covalent inhibition
2.1 Irreversible covalent inhibitors

Designing an irreversible covalent inhibitor fundamentally
requires an acceptable covalent bond sharing an electron pair
between atoms from the electrophile of a ligand and the
nucleophile of a target. Acrylamide is known as the most
classic warhead for the irreversible binding mode to cysteine
thiol, which has been widely applied in many cases.

Besides acrylamide, moieties such as vinyl sulfonamide and
propynamide are also popular electrophilic warheads that
target cysteine proteases by Michael addition. Martin et al.
reported that vinyl sulfonamide reacts more rapidly with the
thiol group than the acrylamide.69 Several approved TCIs,
including afatinib and neratinib, utilise substituted
acrylamides as warheads. Research has demonstrated that they
are relatively poor electrophiles to the cysteine residue of
targets, which only display good binding affinities if sufficiently
close to their target proteins for reaction.69 Interestingly, it was
also reported that neratinib could form a reversible covalent
adduct with K190 of human serum albumin. This might
provide a potential approach to investigate the off-target
reactivity and minimise the safety issue of irreversible
inhibitors via proteomics-based screening.

Fig. 6 Co-crystal structures of covalent inhibitors JLJ684 7 (brown)
and JLJ686 8 (khaki) bound with the Cys181 of HIV-1 RTY181C (pale
white), respectively. The electrophilic warheads, acrylamide and
chloromethylamide, are highlighted in red, forming irreversible
covalent bonds with the thiol of Cys181 by Michael addition and
nucleophilic substitution, respectively (black arrow). Image generated
in CCP4MG at a resolution of 2.58 Å and 2.40 Å, PDB 5VQV and
5VQX, respectively.54

Fig. 7 Co-crystal structures of covalent inhibitors Jun9-57-3R 9
(gray) and Jun9-62-2R 10 (purple) bound with the Cys145 of SARS-
CoV-2 Mpro (pale white), respectively. The electrophilic warhead,
chloroacetamide, is highlighted in red, forming an irreversible bond
with the thiol of Cys145 by nucleophilic substitution. Image
generated in CCP4MG at a resolution of 2.25 Å and 2.30 Å, PDB
7RN0 and 7RN1, respectively.56
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Table 1 Structures and inhibitory potencies of covalent drugs56,59–68

Name Structure Protein/targeted residue Potency (IC50)

Osimertinib EGFRL858R/T790M Cys797 15 nMa

Nazartinib EGFRL858R/T790M Cys797 31 nMa

Dacomitinib EGFRL858R/T790M Cys797 0.44 μMa

Ibrutinib BTK Cys481 0.5 nM

Acalabrutinib BTK Cys481 3 nM

Zanubrutinib BTK Cys481 0.5 nM

THZ1 CDK7 Cys312 0.24 μMd

THZ531 CDK12/13 Cys1039 50 nMb,c

YKL-5-124 CDK7 Cys312 53.5 nMd

NU6300 CDK2 Lys89 0.16 μMe

SY-1365 CDK7 Cys312 20 nM f

FM409 JAK3 Cys909 17 nM

PF-06651600 JAK3 Cys909 48 nMg
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Although there are not many commercial drugs containing
chloroacetamides, likely due to their long-standing reactivity
against targets, they work well as chemical probe screening
for the validation of available thiol groups on targets in the
early stage of covalent drug discovery. Recently, London et al.
employed an electrophile-fragment library (containing
chloroacetamides as majority compounds), which
successfully disclosed two potentially druggable enzymes, the
deubiquitinase OTUB2 and the pyrophosphatase NUDT7.70

Combining the approach with high-throughput
crystallography, they observed co-crystal structures of both
proteins in complex with covalent probes at high resolutions.
A potent NUDT7 inhibitor was subsequently discovered by
fragment merging.

Irreversible covalent inhibitors improve the binding
affinity, forming adducts with targeted enzymes and causing
a prolonged therapeutic effect above clearance. Whilst this is
advantageous, it also brings forth undesirable disadvantages,

such as over-reactivity or off-target toxicity. Once the
molecule tightly binds with plasma proteins, the side effect
can be critical. Zhong et al. studied the t1/2 values of several
irreversible covalent inhibitors, including osimertinib and
ibrutinib, bound to human serum albumin in vitro. It was
highlighted that the electrophilicity of the acrylamide
β-carbon atom is an important factor in the rate of covalent
binding between covalent drugs and plasma proteins.71

2.2 Reversible covalent inhibitors

In contrast, reversible covalent inhibitors mitigate the risk of
reactivity and derive from the basis of off-target toxicity of
irreversible covalent inhibitors. Some electrophilic groups
that are represented by benzonitrile are employed to
reversibly bind target cysteine residues and slowly form
covalent adducts via Markovnikov addition.72 Since non-
covalent inhibitors would result in ‘fake’ complete inhibition

Table 1 (continued)

Name Structure Protein/targeted residue Potency (IC50)

Sotorasib KRASG12C Cys12 12.4 nMh

Adagrasib KRASG12C Cys12 1.3 nM f

JLJ684 HIV-1 RTY181C Cys181 0.40 μMi

JLJ686 HIV-1 RTY181C Cys181 0.48 μMi

Jun9-57-3R SARS-CoV-2 Mpro Cys145 0.05 μM

Jun9-62-2R SARS-CoV-2 Mpro Cys145 0.43 μM

a Inhibition of EGFR phosphorylation. Double mutant (DM) cell line: H1975. b Bound to CDK12. c Inhibition of cell proliferation in Jurkat
cells. d Competitive pull-down assays in HAP1 cells. e 50% inhibition to pan-CDK2. f Inhibition to CDK7/CycH/MAT1 in leukemia cells.
g Measured by the inhibition of IFNγ production in Th1 cells. h Measured by Ba/F3 cells expressing KRASG12C. i Incubation time of 24 h for WT
HIV-1 reverse transcriptase bearing the Y181C mutation, which contains Tyr181.
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as well as proceed in high enough dosing concentrations,
Singh et al. insisted that explicit consideration of the time
dependence of inhibition is crucial to recognize reversible
covalent interactions from reversible inhibitors and assess
their absolute or relative activities. Recently, the kinetics of
inhibition for reversible inhibitors, particularly the target
residence time, has initiated the study of potential novel
covalent binding modes for reversible inhibitors. However,
reversible covalent inhibitors also face the challenge of
resistance, so there is a significant need to find novel
electrophilic moieties and more accurate reversible binding
modes. Bradshaw et al. presented “residence time by design”
that employed some cysteine-reactive cyanoacrylamide
electrophiles to modulate and improve the duration of target
engagement in vivo.73

3. Approaches of designing covalent
inhibitors
3.1 Phenotypic screening

Phenotypic screening in biological research is widely used to
identify small molecules, peptides or RNAi that alter the
phenotype of a cell or organism in a desired manner. As a
traditional method in drug discovery, phenotypic screening
developed rapidly in the 1950s and 1960s due to the in-depth
study of enzymes and enzyme kinetics.74 With the
development of molecular biology, research around small-
molecule drugs moved into the target-based strategy stage. In
2011, Swinney and Anthony published an analysis
highlighting 75 new, clinically approved first-in-class drug
entities with novel active binding modes between 1999 and
2008. Among these candidates, 50 were small molecules and
25 were biologics. Delving into the discovery of these 50
small molecular drugs, 28 (56%) were obtained through
phenotypic screening.75 Recently, this established approach
has experienced an upsurge. It has been developed to build a
chemogenomic library which would assist in the target
identification and mechanism of action induced by drugs.76

The biggest advantage of phenotypic screening is to produce
the bioactive compound directly on an advanced disease-
relevant parameter. Secondly, due to the direct reflex on animal
models or complete cells, phenotypic screening barely needs to
have a thorough understanding of the action mechanism,
which is mainly used towards non-covalent drug development.
On the other hand, limitations must be highlighted. The
efficacy of drug combinations, by their nature, can be hard to
predict nor can screening evaluate new mutations that have
not yet been described. In covalent drug discovery, the amount
of diversity is typically limited within current covalent libraries;
it may also be challenged by the selectivity to a target without
the conformational structure available.9

3.2 Screening of covalent leads

Lead compounds refer to chemical compounds which have
biological activity against a drug target and can then be used

as a starting point to obtain further compounds with
improved activity, selectivity or pharmacokinetic parameters.
Covalent leads can be identified through extensive screening,
rational drug design, existing drugs, high-throughput
screening (HTS) and other methods. Screening for leads
usually produces compounds with weak binding affinity and
inhibitory activity, which then require structure–activity
relationship (SAR) studies to identify more active compounds
after lead optimisation.

High-throughput virtual screening is currently overtaking
the more expensive traditional screening to give drug-like
compounds in a shorter time period and introducing better
tolerated electrophilic groups after calculation. An
appropriate algorithm to confirm the irreversible binding
mode between compounds and proteins is necessary.
However, building a highly efficient and trained model from
a large number of diverse compounds is still in
development.9

3.3 Covalent optimisation based on reversible lead scaffolds

In covalent drug discovery, the strategy aims to place an
electrophilic moiety on the inhibitor, allowing it to undergo
attack from a nucleophilic amino acid residue upon binding
to the target protein. An irreversible bond is formed that is
much stronger than typical reversible interactions. It usually
starts from a highly active drug molecule, or lead compound,
combined with the rational binding mode at a high
resolution, which can be regarded as the key point
determining successful irreversible optimisation.
Pharmacophores on the lead scaffold take charge of
introducing necessary non-covalent interactions and
maintaining potent binding affinity to the target protein. On
that basis, the tolerated electrophilic moiety could potentially
result in irreversible interaction with the target nucleophilic
residue. SAR studies around this moiety are also necessary to
gain a better understanding of the environment and valid
interactions around the binding site.

However, the premise of forming an expected irreversible
bond requires a suitable distance between the electrophilic
moiety and the targeted nucleophilic residue. Therefore,
effective co-crystallographic mapping significantly enhances
structural information, in turn saving on resource, allowing
the gain of better results faster.9

3.4 Covalent fragment screening

The physicochemical properties of molecules to be developed
into drugs are important. Generally, Lipinski's rule of 5 is
conceived to aid the development of orally bioavailable drugs,
but it was not designed to guide the medicinal chemistry
development of all small-molecule drugs.77,78

Given the advantages of fragment-based drug discovery,
covalent fragments refer to small molecules which comply
with an adapted form of Lipinski's rules containing the
electrophilic warhead. As a result of their small size, the
fragments inherently have more scope for further
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optimisation, allowing potency improvement to be achieved
via fragment growing, linking and merging. Screening aims
to use these covalent fragments as probes to search for
potential irreversible binding sites on the target protein and
to develop covalent leads. Numerous popular targets, e.g.
KRASG12C, have been done by warhead screening of covalent
fragments in recent publications.79–81 This strategy has also
been applied to validate novel targets and to generate viable
chemical starting points even for targets that are sometimes
described as undruggable.82,83 X-ray crystallography is
necessary for this strategy, providing the structural
information on fragment binding sites and guiding the
subsequent hit generation or hit-to-lead studies.

Inspired by fragment-based ligand discovery, Backus and
Cravatt et al. reported a quantitative analysis of cysteine-
reactive small-molecule fragments screened against
thousands of proteins in human proteomes and cells.84 Over
700 cysteines in both druggable proteins and proteins
deficient in chemical probes, including BTK and isocitrate
dehydrogenases (IDHs), were targeted by fragment
electrophiles via isotopic tandem orthogonal proteolysis-
activity-based protein profiling (isoTOP-ABPP). Ligandable
lysines could also be mapped by this method.85,86

Interestingly, Ding and Li et al. discovered the application
of ynamide, a versatile synthon, which can efficiently modify
carboxyl residues in situ and in vitro to form covalent
inhibition for the first time.87 Since this, we suppose that

incorporation of electrophiles with novel structures into
fragment-screening probes would be helpful for disclosing
innovative warheads used in the development of new types of
covalent inhibitors by chemical proteomic approaches.

Herein, we exhibit a recognised flow chart for covalent
drug discovery that contains the approaches of covalent drug
development from target validation (Fig. 8). It would be
helpful for groups who may be interested in starting
exploration and the following screenings, etc.

4. Covalent strategy in
multidisciplinary applications
4.1 Computer-aided covalent drug discovery

With the rapid development of computer modelling
techniques, such as improved algorithms, deep learning and
cloud computing resources, which provide more powerful
computing capacity, scientists have increasingly been
employing artificial intelligence (AI) to manage biological
data processing and automatic proteome structural
analysis.88,89

Computer-aided drug design (CADD) is a highly regarded
modern approach, which utilises data from known
biomolecular targets and interactions, to drive faster and
more successful compound characterisation for the discovery
of small-molecule candidates.90 Covalent molecular docking
has been also recently implemented in CADD workflows to
describe covalent interactions between inhibitors and
biological targets.

Proven by many successful cases, CADD works as a useful
tool to model covalent interactions between ligands and
targets. For example, Blake et al. reported the application of a
unique hybrid ligand/structure-based virtual screening using
covalent docking to search for irreversible protein splicing
inhibitors as potential anti-tuberculosis drugs.91 Dong et al.
showed covalent docking for substrate discovery into 14
representative glutathione S-transferase (GST) enzymes with
known structures and substrates.92,93

Covalent docking algorithms can provide protocols for the
binding mode prediction of covalent ligands. Keserű et al.
described a typical virtual screening of compound sets
including various warheads, which could promote the design
and characterisation of covalent binders.94 London et al.
recruited a covalent docking protocol to screen large virtual
libraries of electrophilic fragments to identify reversible
covalent fragments that target non-conserved cysteine
residues in several protein kinases.38 Zhou et al. assessed
four popular covalent docking tools, including MOE, and
investigated their covalent docking performance through
parameter comparison.95

Successful computer-aided covalent drug discovery was
performed by Shoichet and Taunton's groups which targeted
a challenging enzyme, eukaryotic translation initiation factor
4E (eIF4E). Since there are no cysteines near the eIF4E cap
binding site, they developed a covalent docking approach
and focused on a noncatalytic lysine (Lys162). As a result, two

Fig. 8 The flow chart of developing covalent drugs and
corresponding approaches.
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analogues equipped with the arylsulfonyl fluoride achieved
irreversible interactions with the protein surface from
cocrystal structures, which are claimed as the first covalent
eIF4E inhibitors with cellular activity.96

Although computational chemistry techniques can have
an impact on covalent inhibitor design, some crucial aspects
such as the accuracy, speed, ligand sampling and protein
flexibility should be revisited with improved algorithms to
overcome such shortfalls.97,98

4.2 PROTACs

Proteolysis targeting chimeras (PROTACs) were first reported
by Craig Crews in 2001 and are heterobifunctional molecules
consisting of two active domains and a linker.99 The ligand
portion of a PROTAC binds to a target protein meant for
degradation, while another portion stretches into the pocket
of an E3 ubiquitin ligase that is recruited for ubiquitination
of target proteins.

Duan et al. divided PROTACs into three types depending
on their binding mode to the E3 ligase: irreversible covalent,
reversible non-covalent and reversible covalent binding.12 To
date, most reported PROTACs bind to target proteins by
means of a reversible non-covalent pattern, e.g. the first oral
PROTACs (ARV-110 and ARV-471) showed encouraging results
in clinical trials for prostate and breast cancer
treatment.100,101 However, researchers disclosed that
reversible non-covalent PROTACs have poor selectivity and
permeability.102,103 For example, the clinical development of
the recently reported BRD4 PROTACs have stagnated since
safety risks were confirmed.104 Crews et al. reported the
development of LC-2, the first PROTAC capable of degrading
endogenous KRASG12C. It covalently binds KRASG12C with a
MRTX849 warhead and recruits the E3 ligase VHL, inducing
rapid and sustained KRASG12C degradation, leading to
suppression of MAPK signalling in both homozygous and
heterozygous KRASG12C cell lines.105 Alternatively, the
irreversible bond can also be set on the E3 ubiquitin ligase
which recruits multiple target proteins for ubiquitination and
degradation without the need to re-form the E3–PROTAC
complex, eliminating the kinetic process of this step. Xue
et al. disclosed a range of successful BTK-PROTACs that
utilised two different covalent ligands for the BTK binding
moiety and recruited two different E3 ligases, pomalidomide
and VH032.106 This research highlights the advantage of
irreversible covalent chemistry used in targeted protein
degradation. However, irreversible binding may reduce the
potency of PROTACs due to their decreased catalytic nature
according to investigations.107

Reversible covalent PROTACs take advantage of covalent
binding, including selectivity and increased potency, while
keeping the reversibility which is necessary for catalytic
properties of chemical reactions of a PROTAC's efficacy.108

Several reversible covalent moieties were also published in
recent years, targeting nucleophilic amino acids through the
mechanism of, for example, imine formation and

1,2-addition.109–112 Cyanoacrylamide-containing moieties
were recruited as highly potent, selective, reversible covalent
‘warheads’ for designing reversible covalent PROTACs.
Gabizon et al. reported that cyanoacrylamide-containing
PROTACs exhibited much better potency towards BTK protein
than irreversible acrylamide analogues and equivalent non-
covalent PROTACs.107,113

Collectively, covalent PROTACs present a highly promising
approach for current and future drug discovery and
promotion in biology with better degradation activity as well
as longer duration of action compared to noncovalent
PROTACs. Keys to designing reversible covalent PROTACs are
to disclose a reversible covalent E3 recruiter or introduce a
reversible covalent ligand binding to the target protein, such
as cyanoacrylamide or dimethylated cyanoacrylamide.113–115

Interestingly, although both molecular glue degradation
agents and PROTACs ultimately degrade target proteins
through the proteasome pathway, rarely found is the
combination of covalent chemistry with molecular glues,
promising a potential alternative strategy in targeted covalent
drug discovery.

4.3 Covalent peptide inhibitors

Some proteins cannot be targeted by small molecules and are
thus deemed “undruggable.” Covalent peptide inhibitors
merge the advantages of peptidomimetic drugs that can
better bind to smooth and flat protein surfaces and covalent
chemistry, resulting in better inhibition with lower dosage.

Only one of the twenty natural amino acids, cysteine, can
form a reversible covalent bond with the thiol residue of
another cysteine via the disulfide bridge without enzymatic
catalysis. However, its weak stability and redox sensitivity are
not permitted in designing covalent peptide inhibitors.
Alternatively, medicinal chemists may introduce electrophilic
warheads such as sulfonyl fluoride into current amino acids
to develop peptide inhibitors that can covalently bind with
native amino acid residues, e.g. cysteine, serine and lysine.
Herein, we briefly overview some successful cases describing
covalent strategy in peptide drug discovery.

Stebbins et al. converted BI-107D1 into a covalent peptide
by introducing an acrylamide warhead onto a residue in the
peptide. The Lys-acrylamide cross-linked an endogenous
cysteine residue next to the binding pocket of the peptide.
Cellular studies showed that the covalent peptide was more
efficient in inhibiting Siah protein than the non-covalent
peptide.116 Similar to covalent small-molecule inhibitors,
employing different electrophilic moieties can achieve
reaction specificity of covalent peptides and change the
preferential binding to target residues. A recent study around
BIM peptide to Bcl2A1 disclosed that the acrylamide-
modified peptide could bind selectively and irreversibly to
Cys55 within the helix-binding groove of Bcl2A1, but not to
the other two surface-exposed cysteine residues. When using
more reactive chloroacetamide or propiolamide warheads,
non-specific targeting was observed.117
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A stapled peptide, mSF-SAH, contains an electrophilic aryl
sulfonyl fluoride warhead and showed efficient binding and
cross-linking of the peptide with the Lys or His residue of
MDM2 and MDM4, leading to target inhibition.118–120 Inspired
by this work, Spring et al. designed a ‘two- component’ stapled
peptide covalently bound to MDM2, which showed an
improved dissociation constant over time when compared with
the non-covalent peptide.13,121 With the growing applications
of sulfur fluoride exchange (SuFEx) click chemistry, follow-up
studies proved that aryl sulfonyl fluoride and aryl fluorosulfate
are increasingly appreciated as improved warheads for
targeting other nucleophilic residues including Lys, Tyr, His,
Thr, and Ser in a protein context.122–126

It is known that peptide hydrophilicity is responsible for
its poor permeability through physiological barriers and
biological membranes. Undesirable physicochemical
properties of peptides, such as variable solubility, low
bioavailability and limited stability, make their systemic
delivery difficult. Most electrophilic warheads contain
double/triple bonds and flat, smooth conformational
features. Thus, covalent optimisation can introduce several
unsaturated structures or heterocyclic conjugations into a
scaffold, which modulates the lipid solubility and
conformational flexibility of peptide leads. We suppose that
the application of covalent mechanisms would promote the
development of peptide drugs.

5. Overview of newly disclosed
electrophilic warheads to cysteine

As alluded to above, fragment-sized molecules with identical
scaffolds, but equipped with diverse electrophilic warheads,
can assist in covalent drug discovery through either the
initial step of covalent fragment screening or covalent
optimisation to reversible lead scaffolds.

Although other amino acids, e.g. serine and lysine, are also
targeted among the FDA-approved drugs such as bortezomib
and voxelotor, cysteine remains the most favourite residue to
develop covalent inhibitors due to its high nucleophilicity of
thiol under physiological conditions and the good
conservative property at functionally important sites.127

Herein, we exhibit recently disclosed warheads to cysteine.
In 2020, Keserű introduced a ligand-based technique for

mapping cysteine reactivity and accessibility by screening a set
of covalent probes with diverse reactivity, which includes a
wide range of known cysteine-sensitive fragment probes taken
from recent studies around covalent molecules (Table 2).43

Moreover, an electrophilic fragment library based on
heterocycles was also designed and characterised in a GSH-
based reactivity assay using HPLC-MS or NMR-based kinetic
methods.131 These heterocyclic electrophiles could be used to
replace aromatic moieties in known non-covalent ligands with
minimal influence on key non-covalent interactions, presenting
an alternative design strategy in covalent drug discovery (Fig. 9
).131 Most experimental data are discrepant from the theoretical
reactivity predicted by computational chemistry.132

Inspired by the acrylamide moiety of osimertinib, Kettle
et al. described their studies on newly disclosed alkynyl
benzoxazines and dihydroquinazolines capable of cysteine
bond formation that are different from commonly employed
systems such as acrylamide.133 These electrophilic groups not
only have a desirable reactivity, stability, and compatibility
profile but also possess potential application as chemical
biological probes and warheads in drug molecules. Although
iterative optimisation against a particular target was not the
focus, the group's efforts successfully demonstrated a great
covalent lead discovery to JAK3 on the basis of the utility of
these novel chemical probes.133

Table 2 Structures and mechanism of newly disclosed electrophilic
warheads targeting cysteine21,23,43,128–130

No. Structures Mechanism

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20
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Notably, Keserű et al. overviewed recent drug discovery
applications of covalent fragment libraries and especially
exhibited a great table including published electrophilic
moieties with their targeting information and corresponding
screening methods.134 Reviews that cover a similar field were
also published recently by both Gray's and London's groups,
which summarised efforts in covalent fragment-based ligand
discovery and the benefits of covalent targeting and
fragment-based medicinal chemistry.135,136

Conclusions

To date, there are several papers published recently that
overviewed the application of covalent strategies in drug
discovery.1,2,6,10 In this work, we aimed to provide a brief
overview of several classic covalent targets, such as EGFR, JAKs
and BTK, in addition to KRASG12C, a newly disclosed cysteine-
mutated GTPase protein. The co-crystal structure displayed
irreversible binding modes in the ligand–protein complex,
which facilitated structure-guided optimisation and rational
development in covalent drug discovery. Notably, studies on
tri-/difluoroketone-containing inhibitors introduced the
tetrahedral adductive conformation with the serine
nucleophilic residues at active sites, which may progress to an
innovative stage in reversible covalent drug discovery.101

Covalent inhibition strategies have been widely utilised in
many progressive technologies and tools, e.g. PROTAC and
peptidomimetic drugs. Targeted covalent drug design mainly

focuses on the optimisation of the non-covalent scaffold
followed by the attachment of extended warheads, commonly
by Michael addition to the cysteine residue. However, using
covalent fragments as chemical biological probes would be a
potential technique to validate site-selective proteins and to
search for tolerated electrophilic moieties before
incorporation into kinase drug scaffolds.

Although many novel electrophilic groups have been
disclosed to date, some show greater potency and are better
tolerated. A promising systematic cascade of covalent drug
discovery is still in development.
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