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Abstract

Some of the most widely used drugs, like aspirin and penicillin, are covalent drugs. Covalent
binding can improve potency, selectivity and duration of the effects, but the intrinsic reactivity
represents a potential liability and may result in idiosyncratic toxicity. For decades, the cons were
believed to outweigh the pros, and covalent targeting was deprioritized in drug discovery.
Recently, several covalent inhibitors have been approved for cancer treatment, thus rebooting the
field. In this review, we briefly reflect on the history of selective covalent targeting, and provide a
comprehensive overview of emerging developments from a chemical biology stand-point. Our
discussion will reflect on efforts to validate irreversible covalent ligands, expand the scope of
targets, and discover new ligands and warheads. We conclude with a brief commentary of
remaining limitations and emerging opportunities in selective covalent targeting.

eTOC blurb

In this review, Zhang et al. provide a chemical biology perspective on the field of selective
covalent targeting. The authors highlight approaches to robust validation and standards for
irreversible covalent ligands, and comment on recent studies that expand the scope of targets,
ligands and warheads.

Deep down, under all those Western blots and microscopy images, many chemical biologists
are lovers and practitioners of chemistry, a scientific discipline that is centrally interested in
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reactivity. Thus, many in the field have been exploiting chemical reactivity between a small
molecule and a biomolecule to create tools for biological research and agents for disease
treatment. This second area of interest has, in part, been inspired by examples of approved
drugs that although not developed as covalent have since been shown to exert their
therapeutic effects by covalently binding their targets. Most notable examples of these are
aspirin and penicillin, which target cyclooxygenases and bacterial DD-transpeptidase,
respectively (Singh et al., 2011). More recently, a range of rationally designed covalent
inhibitors has received FDA approval, causing a resurgence of interest in this field (Byrd et
al., 2016) (Kisselev et al., 2012) (Kwong et al., 2011) (Rotella, 2013) (Li et al., 2008) (Yver,
2016).

Interestingly, the idea that selective covalent inhibitors could be valuable is not a new one.
As a review from the 1960’s illustrates, reactions between nucleophilic side chains of
proteinogenic amino acids and electrophilic warheads of small molecule inhibitors have
already been considered decades ago (Baker, 1964). The advantages of irreversible
inhibition that this review noted remain relevant today and include: (a) improved
effectiveness of irreversible vs. reversible compounds; and (b) the potential for higher
specificity over reversible compounds given that irreversible ligands form a covalent bond
with a relatively unique nucleophile on the target. On the other hand, the noted challenges
we still consider relevant were: (a) achieving target selectivity given the use of reactive
warheads; (b) ensuring that reactivity of the irreversible inhibitors does not interfere with
tissue distribution and/or intracellular delivery; and (c) community skepticism surrounding
the idea of selective covalent targeting.

The recent drug approvals may have minimized some of the community skepticism;
however, further efforts are needed to address issues surrounding limited number of
available warheads with suitable reactivity and selectivity, as well as stability and
compatibility with /n vivo use. Here, we will discuss the importance of validating selective
irreversible ligands, and comment on the standards that need to be satisfied before using
these compounds as chemical probes. We will then comment on emerging opportunities in
selective irreversible covalent targeting and conclude by reflecting on some of the limitations
and current challenges. An important aspect of this topic that will not be covered here is the
target selection process and how to optimize it in order to achieve maximum potency and
selectivity by taking into account not only the nature of the available reactive sites but
target’s half-life as well. We feel that this issue deserves to be covered separately and hope
to see it written about in the near future.

We would also like to note that many excellent reviews on different aspects of this topic have
recently been published (Jackson et al., 2017) (Bandyopadhyay and Gao, 2016) (De Cesco
etal., 2017) (Lagoutte et al., 2017) (Mukherjee and Grimster, 2018) (Shannon and
Weerapana, 2015) (Pettinger et al., 2017) (Lonsdale and Ward, 2018) (Chaikuad et al., 2018)
(Hallenbeck et al., 2017) (Zhao and Bourne, 2018) (Cuesta and Taunton, 2019). Our main
goal here is to provide a chemical biology perspective on this topic, as a complementary
viewpoint to primarily drug development and medicinal chemistry discussions present in the
current literature.
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Validating irreversible covalent tool compounds

Over the last decade, chemical biology community has developed a set of guidelines for
chemical probes, also known as tool compounds (Arrowsmith et al., 2015) (here, we will use
term tool compounds to avoid confusion with agents referred to as “covalent probes “ that
are used for activity-based protein profiling (ABPP)). Although these guidelines have been
defined for noncovalent ligands, they do provide a basic framework that can be applied to
covalent tool compounds. In this section, we will comment on how to expand the existing
guidelines, and discuss strategies to characterize and validate selective covalent ligands.

Key questions that validation process for a chemical probe has to address are: (1) how potent
is the compound in biochemical and cellular assays?; (2) what is the mode of binding? (3)
are suitable negative control compounds available and is the compound chemically stable
under given conditions?; (4) is the probe engaging the correct target in cells and are
observed biological effects due to the on-target engagement?; (5) how selective is the
compound?; and (6) (for probes to be used in living organisms) what are the PK/PD
properties? (Mdller et al., 2018). In addition, three central questions for validating
irreversible covalent ligands are: (a) is the ligand engaging covalently and irreversibly with
the target?; (b) are any biological effects due to non-covalent interactions with the target
and/or off-targets; and (c) are any biological effects of an irreversible covalent ligand due to
off-target reactivity? The validation process we developed to help answer these questions is
shown in Figure 1, and we will use an example from our laboratory to illustrate the type of
experiments that we commonly employ.

The majority of efforts to develop selective irreversible covalent ligands have been designed
to take advantage of the intrinsic nucleophilic nature of proteinogenic amino acid side
chains, most notably the thiol group (-SH) of cysteines (Cys). Along these lines, our
illustrative example THZ531 was developed as an irreversible covalent inhibitor for cyclin-
dependent kinases 12 and 13 (CDK12/13) (Figure 2A) (Zhang et al., 2016). In addition to
THZ531, we also synthesized THZ531R, a compound where a,B-unsaturated carbonyl was
reduced thus eliminating the Cys-reactive Michael acceptor, and THZ532, an inactive
enantiomer (Figure 2A). We used both THZ531R and THZ532 as negative controls
throughout our validation process, thus fulfilling recommended step 1 in our covalent
inhibitor validation process (Figure 1).

In general, covalent inhibitors display concentration-dependent and incubation time-
dependent activity in /in vitro enzymatic assays (Strelow, 2017). Therefore, one of the steps
in our validation process is measuring loss of activity as a function of preincubation times.
In this experiment, we varied the length of incubation time with THZ531, and quantified
kinase activity using a radiometric assay that measures the ability of recombinant CDK12 to
phosphorylate a Pol 11 CTD-peptide substrate in the presence of its cofactor, cyclin K,
normalized to the relative [32P] transfer under DMSO control (Figure 1, recommended step
2; Figure 2B). Although incubation time-dependence of activity can be due to factors other
than covalent target binding, we use these results as indicators of covalent inhibition.
Additionally, it is recommended that potency of irreversible inhibitors is expressed as
Kinact/K|, Where Kinact is the maximal rate of inactivation and K is the reversible binding
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constant (Strelow, 2017). Contributions of affinity and reactivity to the overall potency need
to be considered separately, and an /n vitro method for characterizing these two components
has been described (Schwartz et al., 2014). However, it is worth pointing out that /n vitro
characterization may not translate to /77 vivo conditions.

Washout experiments, where cells are first exposed to the inhibitor, then washed out and
allowed to grow in inhibitor-free media, are also an important step in the validation process.
Here, the growth rates with washout are compared to “no washout” conditions. The
sustained effect of covalent inhibitors subjected to the washout experiments is attributed to
the irreversible nature of their target engagement. For THZ531 validation we used Jurkat T-
cell acute lymphoblastic leukemia cells and demonstrated that THZ531 maintained the
effects 72 hours post-washout, whereas negative controls, including the reversible compound
THZ531R, had no effect (Figure 1, recommended step 3; Figure 2C). Moreover, we also
used a biotinylated analog of THZ531 (bioTHZ531) to treat Jurkat cell lysates and identify
cellular targets that affinity purify with bioTHZ531 after extensive washouts to remove
nonspecific and noncovalent targets. These pull down experiments provided evidence that
CDK12-cyclin K and CDK13-cyclin K are the main covalent targets. A potential caveat
when using tagged analogs, such as bioTHZ531, is that the tag itself may introduce non-
specific interactions, and these effects need to be taken into account. Overall, experiments
like measuring incubation time dependence of activity, loss of activity upon removal of the
reactive warhead, and cellular washout experiments provide multiple lines of supporting
evidence of irreversible mechanism of action.

More direct methods for confirming and visualizing covalent binding /n vitro are mass
spectrometry (MS) and X-ray crystallography. We employed both of these strategies to
validate that THZ531 covalently binds CDK12 and CDK13 /n vitro. MS experiments
showed the formation of the covalent adduct (+558 Da corresponding to the addition of
THZ531,; Figure 1, recommended step 4; Figure 2D), and, upon proteolysis, identified a
peptide fragment containing the exact site (Cys1039 on CDK12) of modification. A 2.7 A
crystal structure of CDK12-cyclin K bound to THZ531 confirmed these findings (Figure 1,
recommended step 5).

To further establish activity and selectivity /n vivo, an essential step in validating covalent
ligands are cell-based experiments that use resistance mutations. For example, cysteines are
commonly mutated to a serine or an alanine, and the presumed target protein harboring the
point mutation is introduced to cells either exogenously or using CRISPR/Cas9 knock-in
technology. Our cellular work using Cys1039Ser CDK12 mutant created using CRISPR/
Cas9 demonstrated that this mutation was sufficient to make CDK12 refractory to covalent
affinity pull down and led to partial restoration of cellular proliferation and reduced
apoptosis (Figure 1, recommended step 6; Figure 2F). Overall, cell-based experiments using
resistance mutations provide essential evidence that a given phenotype induced by a covalent
inhibitor is on-target and on-mechanism, something that neither biochemical experiments
described above nor chemoproteomics experiments be describe below can address.

There are several methods that can be used to map selectivity of covalent ligands. For
example, THZ531 was profiled using kinase panel assays Ambit™ for /n vitro
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characterization and KiNativ™ for cell-based profiling (Du et al., 2009). Both sets of data
indicated that CDK12 and 13 are the primary, but not the only, targets of THZ531. The
major limitation of profiling strategy like this is that it includes only kinases with a varied
number of targets in the profiling panel. A range of chemoproteomic approaches has been
developed to allow interrogations of a broader target space. For example, ABPP in
combination with MS-based proteomics, like SILAC (for Stable Isotope Labeling with
Amino Acids in Cell Culture) or tandem mass tagging (TMT) click-chemistry pull down
experiments, can be used to map selectivity (Drewes and Knapp, 2018). We recently
contributed to the development of a chemoproteomic method called ClTe-Id (for Covalent
Inhibitor Target-site Identification) (Browne et al., 2019), which is able to capture, identify
and quantify dose-dependent covalently bound Cys sites in cell lysates. Using ClTe-1d we
were able to demonstrate that a covalent kinase inhibitor THZ1, originally developed to
target CDK?7, binds covalently to additional proteins, including non-kinase targets. Although
useful, chemoproteomic strategies have number of limitations, including incomplete
coverage of the proteome, and can lead to both false positives, by identifying proteins as
targets when they are not, and false negatives, by not detecting the binding event. Therefore,
as mentioned above, any comprehensive validation process must include cell-based target
confirmation experiments, such as the use of knockdowns, target overexpression, and
evolution of resistant mutants.

The range of proteins for which covalent ligands targeting Cys have been described now
extends into the area of “undruggable” targets such as KRASG12C a common oncogenic
mutant of the small GTPase KRAS (Patricelli et al., 2016) (Janes et al., 2018). These two
reports describe development and validation of covalent agents ARS-853 and ARS-1620,
respectively, both inspired by prior work that demonstrated that covalent inhibitors targeting
Cys12 in KRASC12C were feasible (Ostrem et al., 2013). Whereas ARS-853 was shown to
be a cell based KRASCG12C inhibitor, ARS-1620 is active /7 vivo. Both compounds exhibit a
strict requirement for Cys12 for their activity, as wild-type (WT) and mutant cell lines where
residue 12 is not Cys (such as KRASG125 KRASC12Y or KRASCG12D) were insensitive.
Additionally, both compounds inhibit GDP-bound form of KRAS®12C and display a narrow
selectivity window, with ARS-853 binding RTN4 and FAM213A in addition to KRASG12C,
and ARS-1620 hitting FAM213A and additionally AHR. Selectivity profiles were measured
by cysteine reactivity profiling, a chemoproteomic competition-based method, which
profiled 2,740 surface exposed Cys belonging to 1,584 annotated proteins for ARS-853, and
8,501 Cys residues belonging to 3,012 annotated proteins for ARS-1620. Lastly, ARS-1620
analysis included the use of an inactive control, an atropisomer. Together, these studies
demonstrate the value of covalent targeting as a way to discriminate between WT and
disease-associated mutant proteins.

Targeting serines (Ser) and threonines (Thr) has also been successfully exploited for tool
compound and drug development. Although hydroxy group (-OH) of Ser and Thr is
relatively inert under physiological conditions, activated Ser and Thr are found in active sites
of many enzymes. In fact, ABPP was originally developed for profiling serine hydrolases, a
large family of diverse enzymes that use catalytic (activated) Ser to hydrolyze an amide, an
ester or a thioester bond (Bachovchin and Cravatt, 2012). Additionally, a number of
approved covalent drugs target Ser and Thr residues, including: aspirin (cyclooxygenase
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inhibitor), penicillin (bacterial DD-transpeptidase inhibitor), telaprevir and boceprevir (HCV
protease inhibitors), avibactam (B-lactamase inhibitor), carfilzomib, bortezomib and
ixazomib (proteasome inhibitors), rivastigmine (acetylcholinesterase inhibitor), and
saxagliptin (dipeptidyl peptidase-4 (DPP-4) inhibitor). Selective covalent targeting of
activated Ser and Thr will not be further discussed here as this topic was covered in more
detail in recent reviews (Mukherjee and Grimster, 2018) (Shannon and Weerapana, 2015).

In the following sections we will discuss emerging strategies for targeting lysines, tyrosines,
histidines and methionines, and comment on opportunities and limitations. This topic,
targeting sites beyond cysteines, has been a subject of several recent reviews (Mukherjee and
Grimster, 2018) (Pettinger et al., 2017) (Jones, 2018). We refer those interested in covalent
lysine targeting that includes discussion of aldehyde-containing warheads and reversible
covalent inhibition to a very recent review by Cuesta and Taunton, as those topics will not be
discussed here (Cuesta and Taunton, 2019).

Selective covalent targeting of lysines

Lysine (Lys) side chains are sites of numerous post-translational modifications (PTMs), such
as methylation, ubiquitination, SUMOylation and a range of acylations, with acetylation
being the most well-established (Jones, 2018). However, targeting Lys e-amino group with
irreversible electrophilic ligands has been challenging due to its high pK; (~10) resulting in
full protonation under physiological pH (7.4). In addition, most lysine-targeting agents
display low compatibility with /in vivo applications, therefore limiting their use as
pharmacological tools. Recent chemoproteomic profiling of lysines reactivity suggests that
human proteome may contain a number of lysine residues that could be targeted using
covalent strategy (Hacker et al., 2017). Importantly, many of the lysine sites documented in
that study were found in proteins for which no small molecule ligands are currently
available, therefore suggesting a potential opportunity. Below we will describe several more
recently described Lys-directed covalent ligands, focusing on literature examples that
include validation processes that are similar to the one we propose in Figure 1.

In an example from the kinase field, Anscombe et al. used vinyl sulfone as a warhead and
coupled it to a reversible CDK2 inhibitor with a purine scaffold, to achieve covalent
inhibition of CDK2, a cyclin dependent kinase that belongs to a large family of closely
related kinases (Anscombe et al., 2015). The covalent inhibitor, NU6300 (Figure 3A), was
found to bind Lys89, one of the two lysine residues located in a solvent exposed region at
the vicinity to the ATP binding pocket, as confirmed by mutagenesis combined with mass
spectrometry (MS)-based analysis, and high-resolution crystal structure. In addition to
preparing NU6300, the authors also synthesized NU6310, where the vinyl group of NU6300
was replaced by an ethyl group thus resulting in non-covalent ATP-competitive inhibitor
NU6310. To distinguish between covalent and non-covalent inhibition, the authors incubated
CDK2/cyclin A (cyclin A is a cofactor required for CDK2 activity) overnight with either
NU6300 or NU6310, then dialyzed to remove unbound inhibitor, and checked for activity
using a peptide substrate derived from a known cellular substrate of CDK2, retinoblastoma
protein RB. Whereas NU6310 was fully washed out by this treatment, NU6300 remained
bound and therefore inhibited CDK?2 activity post dialysis. Furthermore, in a complementary
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in vitro experiment NU6300 activity varied with the preincubation time, as expected from a
covalent inhibitor. In cells, treatment with NU6300 inhibited phosphorylation of RB protein
and maintained the inhibition after a washout experiment whereas another non-covalent
inhibitor NU6302 showed diminished activity upon washout, strongly supporting the
irreversible covalent mode of inhibition. In terms of selectivity, NU6300 was accessed
across a limited kinase panel (131 kinases out of about 518 human kinases (Manning et al.,
2002)) under conditions that don’t distinguish noncovalent from covalent inhibition, and
subsequently tested under preincubation conditions. The limited selectivity profiling
suggested that Aurora A, STK3/MST2, and MAP4K3 may represent potential off-targets.
However, since no broader selectivity profiling was conducted, additional off-targets may
exist. Lastly, cell-based validation did not include experiments to demonstrate target
engagement and on-target mechanism, which are caveats that follow up work will need to
address.

A more recent example in this area describes development of a selective covalent inhibitor of
lipid kinase phosphoinositide 3-kinase delta (P13K$5) that targets the highly conserved lysine
(Lys779 in PI3K&) (Dalton et al., 2018). Dalton et al. used a potent reversible PI3K inhibitor
as a starting point and employed structure-guided design to introduce an activated phenolic
ester as the electrophile that targets Lys779. Through rounds of optimization, 4-
fluorobenzoic ester emerged as the best performing warhead and yielded compound 4
(Figure 3B) that readily labeled Lys779 of PI3KS6, based on kinetic, MS and structural
analysis. Interestingly, although compound 4 was able to covalently bind PI3Ka and PI3KpB
in ATP-free condition, only PI3K& remained covalently inhibited in the presence of 1 mM
ATP. Selectivity profiling using a kinase panel (total 10 lipid kinases and 140 protein
kinases) and chemoproteomics experiments using TMT labeling in human cells showed
limited off-target binding. In chemoproteomics experiments the authors used competition
experiment mode, where cells were first exposed to the inhibitor which was then competed
out with an azide-carrying probe that enabled clicking to biotin and affinity enrichment,
followed by SDS-elution to identify only covalently bound targets, in this case PI3Ka,
PI3Kp, and PI3K protein Vps34. Cell-based washout experiments with compound 4 and
noncovalent control compound were also included in validation. Although characterization
did not include data to formally link compound 4/PI3K& binding and the observed
phenotype, the results are of interest as they suggest that selective Lys-directed targeting of a
highly conserved residue is feasible.

Using a version of a strategy called ligand-directed (LD) protein labeling, Tamura et al. have
recently reported N-acyl-N-alkyl sulfonamide (NASA) as a rapid labeling warhead that can
be incorporated into a covalent inhibitor design (Tamura et al., 2018). In brief, LD is a
protein labeling strategy that uses a target recognition handle to bind to the protein of
interest, and improve labeling on otherwise less reactive sites through proximity effect
(Tamura and Hamachi, 2019). In the original setup, the reaction that takes place results in
labeling of a specific amino acid side chain and dissociation of the target recognition handle.
Tamura et al. describe a different application of LD whereby a reversible HSP90 inhibitor
PU-H71 (Caldas-Lopes et al., 2009) was combined with NASA, resulting in compound 12
(Figure 3C) that readily labeled Lys58 on HSP90 based on MS/MS data. The TMT-labeling
quantitative MS analysis identified Hsp90a., Hsp90p and Grp94 (also knowns as HSP90B1)
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as targets, all of which contain the conserved lysine residue, as well as three unrelated
proteins (tubulin-a, solute carrier family member SLC25A6, and a mitochondrial protein
HADHA). The cell-based washout experiments, done using PU-H71 as a control, provided
additional evidence of covalent target engagement and prolonged effects of compound 12,
including lasting effects on destabilization of Hsp90 client proteins (21h post-washout).
These results suggest that LD-NASA strategy could lead to further development of Lys-
directed selective covalent ligands. However, this proof-of-principle study did not address
whether NASA leaving group (see Figure 3C) has additional downstream effects, which
would be worthwhile examining in follow up work.

Sulfonyl fluorides (SFs) have been described as privileged warheads for targeting a range of
amino acid side chains, including lysines, as we will illustrate here, and tyrosines, which
will be discussed in the next section (Narayanan and Jones, 2015). The label “privileged”
may be in part due to SF chemical and thermodynamic stability under agueous conditions.
Another beneficial aspect of SFs is the non-toxic and unreactive nature of the fluoride
leaving group. Although SF containing compounds have been in routine use as biochemical
reagents (pan-serine protease inhibitors PMSF and AEBSF, for example), attempts to use SF
as a warhead for selective covalent ligand development have emerged more recently. The
most notable example of Lys-directed SF ligands developed with selectivity in mind is a
series reported to target Lys15 on transthyretin (TTR) (Grimster et al., 2013). TTR is a
thyroid hormone (T,) transporter that forms a stable homotetramer with two T4 binding sites
located at the dimer-dimer interface. Dissociation of the tetramer leads to misfolding and
aggregation, and developing covalent compounds that act as kinetic stabilizers of the
tetramer by targeting Lys15 has been proposed as a pharmacological strategy (Choi et al.,
2010). Grimster et al. employed aromatic SF functional group as an electrophile proposed to
be activated for Lys15 attack by a neighboring water molecule or a protein hydrogen bond
donor. The authors used structure-based design to develop a 1,3,4-oxadiazole series with
aromatic SF functional group, and presented /n vitro and structural evidence of sulfonamide
formation, as well as /n vitro evidence that this binding prevents aggregation and amyloid
formation by stabilizing the tetramer. The authors also show that reaction of SF compounds
is about three orders of magnitude faster than their previous Lys15-targeting series (Choi et
al., 2010). However, their results using Lys15Ala TTR mutant did show that compounds in
their series could label additional sites, and the authors also observed that some of the
members of this compound series were sensitive to hydrolysis. Moreover, although the
authors did observe labeling of TTR in plasma at the levels that were shown to prevent
aggregation /n vitro, the study at this point did not go further to demonstrate broader
reactivity and characterize biological effects. Still, for the reasons stated above, SFs remain
attractive as warheads and we will describe their use for tyrosine targeting in the next
section.

Covalent targeting of tyrosines

In 2013, SF probes were introduced as tools for chemoproteomic profiling, and their use led
to an insight that glutathione transferases (GSTs) contain a reactive tyrosine residue (Gu et
al., 2013). Since then there have been additional reports supporting the notion that GSTs
have targetable tyrosines, such as Tyr108 located in the G-site of GSTP-1 that was addressed
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using an SF warhead (Shishido et al., 2017), as well as dichlorotriazine warhead (Crawford
and Weerapana, 2016). These results are notable given that very few small molecules have
been designed to target GSTP-1’s G-site mainly due to a barrier of competing with high
concentration GSH in cells, a challenge that covalent ligands may be able to overcome
through irreversible binding. However, given a somewhat limited extent of validation
provided in these two studies, we would consider the two lead molecules (compound 4 from
Shishido et al., 2017 and Las17 developed by Crawford and Weerapana, 2016) as initial
proof-of-concept molecules.

In an earlier study, SF warhead was systematically introduced to ortho-, meta and para-
positions of the benzylic ring of diaminoquinazolines (DAQs) (Hett et al., 2015), compounds
that reversibly inhibited mRNA decapping scavenger protein DcpS, a potential target for
spinal muscular atrophy (SMA). Introducing an SF warhead led to a hundred-fold enhanced
activity in /n vitro assays relative to the parent compound. Interestingly, meta- and ortho-
isomers were found to label Tyr113, whereas para- reacted with Tyr143 based on MS and X-
ray crystallography data (Figure 4A). The authors proposed that proximity of residues that
facilitates deprotonation of Tyr —OH is needed to direct reactivity of the SF warhead towards
these tyrosines over lysines. Although Hett et al. showed DcpS engagement in peripheral
blood mononucleated cells (PBMCs), the extent of characterization included in this work
was limited and the authors noted the need for future work to establish selectivity and
improve ability to predict tyrosine reactivity.

Recently, we have rationally designed a tyrosine-reactive covalent inhibitor for SRPK1/2,
kinases that regulate splicing by phosphorylating the family of serine/arginine (SR)-rich
splicing factors (Hatcher et al., 2018). We noted that SRPK1 is one of the off-targets of
alectinib, an ALK inhibitor, and used a structure of the SRPK-alectinib complex as a basis
for covalent inhibitor design. We identified Tyr227 as a potential targetable site due to its
proximity to the 4-morpholinopiperidine group on alectinib, and we installed an SF group to
generate SRPKIN-1 (Figure 4B). We confirmed that SRPKIN-1 covalently binds to Tyr227
using capillary electrophoresis-MS (CE-MS) to detect adduct formation, and tryptic
digestion followed by CEMS to identify the site of modification. We also documented a
sustained inhibition upon washout, as expected for a compound with an irreversible mode of
action. Selectivity of SPRKIN-1 was examined using KiNativ™ before and after washout in
Hel a cells, with SRPK1/2 as the only two targets inhibited above 90% upon washout. One
of the known alternatively spliced genes regulated by SRPK is gene coding for VEGF, where
high expression of SRPK diminishes level of 165h, an antiangiogenises protein, and knock-
down of SRPK restores 165b levels. The biological effects induced by SRPKIN-1 are
consistent with selective covalent inhibition of SRPK1; we observed restoration of VEGF
165b splicing isoforms with a nanomolar dose in cell-based assays, as well as suppression of
angiogenesis in a mouse model. We also documented difference between effects of
SRPKIN-1 and a reversible negative control compound, including in a mouse model of wet
age-related macular degeneration (wet AMD). The irreversible SRPK1 inhibitor was shown
to block angiogenesis in the AMD model, while negative control compound had no effect
(Figure 4B). Potential limitations of this work are the absence of information about any non-
kinase off-targets, as well as a possibility that phenotypic effects are due to binding to a
residue other than Tyr227 as no mutant data was included.
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Recently, arylfluorosulfates were proposed as alternative warheads for covalent
modifications of some nucleophiles, including tyrosines, acting via an acid-base catalyzed
sulfur (V1) fluoride exchange (SUFEX) reaction (Chen et al., 2016). This work led to
development of probe 4, which covalently modified cellular retinoic acid binding protein 2
(CRABP2) on Tyr134 (Figure 4C). Probe 4 was comprehensively validated, both /in vitro
and in cells. Biochemical, mutagenesis and structural analysis suggest that, as with SF
warhead, target Tyr —OH needs to be activated by the local environment for reaction to
occur. In the case of CRABP2, apparent pK, of Tyr134 —OH to ~7.6 due to the proximity of
two arginines. Overall, this study suggested that arylfluorosulfate warheads could be
attractive for further development, although care needs to be taken given their ability to react
with nucleophiles beyond tyrosines (Martin-Gago and Olsen, 2019).

Covalent targeting of histidines and methionines

Histidine is not a common target for covalent modifications; however, histidine is basic
under physiological conditions and can act as a nucleophile. Probably the best known
historic example of serendipitous discovery of His-binding agent is natural product
fumagillin that was shown to inhibit methionine aminopeptidase-2 (MetAP-2) by binding to
His231 (Griffith et al., 1998) (Liu et al., 1998). Fumagillin possesses a spiroepoxide as a
reactive warhead, which led to exploring this functional group for His-targeting in number of
fumagillin derivatives, as well as targeting of lysines (Evans et al., 2007).

In more recent efforts, Yoshizawa et al. designed His-targeting analogs of 1a,25-
dihydroxyvitamin D3 (1,25D3) (Yoshizawa et al., 2018). The 25-hydroxyl group of 1,25D3
forms hydrogen bonds with His301 and His393 of the vitamin D receptor (VDR), and
Yoshizawa et al. introduced a B-enone at position C26 corresponding to the oxygen of the
25-hydroxy group of 1,25D3 and prepared four compounds with different warheads
(example of full agonist 2 is shown in Figure 5A). Covalent modification was confirmed by
ESI-MS analysis, and irreversible nature of adducts was confirmed by incubating VDR
ligand binding domain (VDR-LBD) with the B-enone containing compounds for 24 hours
followed by a wash and incubation with 1,25D3 for another 24 hours. Subsequent ESI-MS
analysis revealed only covalently modified peaks for the VDR-LBD, and crystal structures
supported a covalent mode of binding. Taken together, these results represent /n vitro proof-
of-concept for targeting histidines using an electrophilic enone group. More recently, a,f-
unsaturated enone compound 1 (Figure 5B) was reported as a reversible covalent inhibitor
that targets His315 of Isocitrate Dehydrogenase 1 (IDH1) (Jakob et al., 2018).

Similarly, strategies for selective covalent targeting of methionines are in the early
development and proof-of-concept stages. Recently, Kharenko et al. described a covalent
inhibitor of BRD4 that targets Met149 located in the acetyl-Lys binding site within
bromodomain 1 (BD1) (Kharenko et al., 2018). The authors employed structure-guided
design based on a noncovalent ligand to generate a compound series with an epoxide
warhead (see ZEN-3219 as a representative structure from this series; Figure 5C). Covalent
modification was confirmed via MALDI-TOF experiments that identified an increase in
+325 Da indicating formation of a covalent sulfonium linkage, which was also observed in
high resolution co-crystal structures. The validation process included use of negative control
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compound and washout experiments, as well as binding competition assays done in the
presence of free methionine and cysteine. Although targets outside the narrow range of
proteins tested (other members of BRD family as well as a handful of additional non-BET
family bromodomain proteins) may exist, this report represents a rare example of a
methionine targeting compound. It is also relevant to note that some of the experimental
approaches used for validation of covalent ligands we outlined above may not be suitable
due to potential lower stability and/or reversibility of sulfonium ion formed in this reaction.

Given the redox sensitivity, methionines may be targetable via redox-based mechanisms. Lin
et al. took advantage of this property to develop a Met-directed strategy they call ReACT
(for redox-activated chemical tagging) (Lin et al., 2017). ReACT approach is based on
optimizing oxaziridine (Ox) compounds to prefer sulfur imidation reaction, resulting in
conversion of methionine into a sulfimide derivative (Figure 5D). The authors provided
examples for using this strategy for bioconjugation purposes, and as chemoproteomic tools
to map hyper-reactive methionines. Using ReACT in combination with tandem orthogonal
proteolysis-activity-based-protein profiling (TOP-ABPP; (Speers and Cravatt, 2005)), Lin et
al. identified more than 100 oxidation-sensitive methionines in HeLa cell lysates treated with
low dose of one of their probes, Ox4 (Figure 5D). These results suggest that human
proteome contains redox-sensitive methionines that could potentially be selectively targeted
with covalent agents. Interestingly, the same group has recently tackled histidine labeling by
developing thiophosphorodichloridate reagents that mimic naturally occurring histidine
phosphorylation (Jia et al., 2019). Optimization of phosphorus-based electrophiles yielded
thio-phosphoro alkyne dichloridate (TPAC; Figure 5D) as the best performing reagent that
led to selective histidine labeling in HeLa cell lysates. Encouraged by these results, the
authors are now working towards expanding TPAC and related tools into chemoselective
probes, thus opening a new window of opportunity to map and target reactive histidines.

Emerging strategies for selective covalent ligand discovery

Beyond serendipity, and structure-based optimization of noncovalent ligands, there is only a
handful of strategies for discovery of novel selective covalent ligands. Most of them use
some form of screening, and we will discuss fragment-based ligand discovery (FBLD),
application of nucleic acid encoded libraries, and covalent docking in more detail below. We
will also highlight several examples where discovery of selective covalent ligands was
coupled with pursuing molecules that modulate protein stability or assembly. We will also
include a brief description of recently described warheads, and conclude by providing an
example of how nucleophilic warheads are being introduced into the covalent ligand tool
box.

Screening strategies for discovery of selective covalent ligands

Compounds that include reactive functional groups are usually filtered out of the libraries
used for high-throughput screening campaigns, as the reactive groups are considered to be
hallmarks of pan-assay interference (PAINS) compounds (Baell and Nissink, 2018).
Therefore, screening for covalent ligands usually requires specialized library design.
Covalent FBLD uses low molecular weight (MW) compounds (typically below 250 Da).
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Due to their small size, the fragments may interact with cryptic or hidden pockets that would
otherwise be inaccessible and therefore open new targeting opportunities. An early example
of using FBLD applied to covalent ligands achieved discovery of an allosteric site on
KRASC12C (Ostrem et al., 2013). Ostrem et al. used disulfide tethering to screen a library of
480 disulfide-containing fragments. The readout for this screen was /n vitro intact MS and
the efforts resulted in identification of a fragment 6HO05 (Figure 6A). Structural analysis
showed that the fragment interacted with a previously “invisible” pocket, and subsequent
optimization, including introduction of irreversible acrylamide and vinyl sulfonamide
warheads, led to the first series of mutant selective, covalent KRASG12C inhibitors. About
the same time, Miller et al. described their efforts that employed fragments equipped with a
reversible warhead, cyanoacrylamide, to discover lead inhibitors for MSK/RSK family
kinases (fragment 1, Figure 6A) (Miller et al., 2013). On a larger scale, a library of 100
fragments containing aminomethyl methyl acrylate warhead was screened against cysteine
protease papain as a proof of concept (Kathman et al., 2014). This study showed that FBLD
is useful for discovery of covalent ligands that target highly reactive catalytic cysteine sites,
such as the one found in papain. However, the authors noted that there might be limitations
to this strategy when employed to finding fragments that target less reactive cysteines.

Another limitation of FBLD that applies to both noncovalent and covalent fragments, is that
the strategy works only /n vitro, with purified target proteins. To address this issue, Backus
et al. conducted a competitive isoTOP-ABPP based screen of a library containing
approximately 60 electrophilic fragments in two human cell lines to profile in-cell reactivity
(Backus et al., 2016). Interestingly, although the screening was conducted using high
concentrations of fragments (500 uM), most of them displayed restricted and non-
overlapping reactivity, suggesting that this type of analysis could lead to discovery of both
new chemical probes and novel ligandable sites. As an illustration of this idea, Backus et al.
followed up on one of their fragments that blocked caspase 8 (CASP8) and caspase 10
(CASP10) activity by binding to inactive zymogen forms (7, Figure 6A). The authors
elaborated fragment 7 into CASP8 selective ligand and used both compounds to examine the
roles of CASP8 and CASP10 in human T cells.

Very recently, Johansson et al. employed a library of 104 amide fragments containing a.,p-
unsaturated methyl ester electrophiles and screened it against RBR (ring-between-ring
fingers) domain of an E3 ubiquitin ligase, HOIP, which led to identification of fragment 5
(Figure 6A) (Johansson et al., 2019). Fragment 5 was shown to block formation of E3-Ub
thioester intermediate /7 vitro, and structural analysis revealed that the fragment binds
covalently to Cys885 on HOIP. Further studies with a more potent analog, in combination
with inactive compounds in cell-based assays, including Cys885Ala mutant cells, support
covalent binding-dependent on-target activity. ABPP and quantitative MS studies identified
11 other proteins with no other E3 ligases as off-targets for the unoptimized fragment.

Another limitation of the FBLD examples we highlighted thus far is the limited size of
fragment libraries employed. To address this issue, Resnick et al. describe a strategy to
expand size of covalent fragment libraries (Resnick et al., 2019) The authors acquired 993
commercially available low molecular weight compounds (92% of compounds below 300
Da), featuring either acrylamide or chloroacetamide warheads, and limited to those
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compounds that adhere to ‘rule-of-three’, an empirical way to prioritize quality of fragments
(Jhoti et al., 2013). An /n vitro LC-MS screen against a panel of ten proteins, including those
without an available chemical probe, as well as BSA as a negative control, resulted in hits
for 7 of the targets. Follow up studies demonstrated that more reactive fragments are not
necessarily more promiscuous.

Nucleic acid-encoded libraries represent an alternative library design (Neri and Lerner,
2018). Although not originally developed for covalent ligand discovery, this strategy did
yield covalent inhibitors in the past, albeit serendipitously (Chan et al., 2017) (Cuozzo et al.,
2017). Recently, DNA-encoded library, constructed using building blocks that are reactive
towards different amino acids, was used for covalent inhibitor discovery (Zimmermann et
al., 2017). The resulting library contained almost 150 thousand compounds and was
screened against JNK1, a kinase target with known covalent inhibitors. The screen yielded
two synergistic building blocks that were then connected via a chemical linker into A82-L-
B272 (Figure 6B). Covalent binding of A82-L-B272 to JNK1 was confirmed /n vitro, but no
further validation was conducted. Another example combined peptide nucleic acid (PNA)
encoding with electrophilic compounds, and hybridization of PNA molecules onto a DNA
array (Zambaldo et al., 2016). This allowed the target to be screened against the array, and a
denaturing step was introduced to distinguish between noncovalent and covalent inhibitors.
This strategy was applied to a library of 10,000 covalent binders that were screened against
two kinases, ERBB2 and MEK2, and resulted in a potential lead compound (32-98) (Figure
6B). However, the lead compound was not validated beyond the KinomeScan, which showed
that, in addition to ERBB2, the compound inhibited MEK4, JAK3 and DAPK3.

Another approach that can be used to screen large numbers of compounds is structure-based
docking. Optimizing docking screens for discovery of covalent ligands needs to overcome
several obstacles, namely the construction of robust and diverse libraries that include
electrophilic compounds, and the development of docking protocols that take into account
both binding energetics and bond formation. In an early example, London et al. constructed
a library of 650,000 electrophilic compounds that featured a range of warheads (aldehydes,
alkyl halides, boronic acids, carbamates, a-cyanoacrylamides, epoxides, a-ketoamides, and
a,pB-unsaturated carbonyls) (London et al., 2014). The docking was performed using
DOCKaovalent. The method led to discovery of boronic acid inhibitors of AmpC b-lactamase
that bind covalently to the active site serine, and several cysteine-directed cyanoacrylamide
inhibitors of RSK2, MSK1, and JAK3. Since the early report, DOCKovalent was used to
discover covalent inhibitors for KRASG12C (Nnadi et al., 2018), and MKK7, an upstream
activator of JNK kinases (Shraga et al., 2019). Although ligand validation process was
incomplete in the case of KRASG12C work, both studies support the value of using docking
as a part of covalent ligand discovery workflow. However, as noted by London et al., further
development of docking methods designed to model covalent bond formation, and allow the
target to be dynamic is needed.

Discovery of novel warheads

The nature of a warhead impacts general reactivity of the covalent ligand, as well as its
selectivity, potency, tissue distribution, cellular localization, and metabolic stability, and
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development of new warheads remains a priority. Many warheads, such as sulfonyl fluorides
(SFs) and spiroepoxides, are reactive towards multiple side chains, and selectivity mapping
studies need to address not only the range of targets but the range of nucleophilic sites on
proteins that a given warhead reacts with, as discussed in a recent perspective (Gehringer
and Laufer, 2019). Here, we would like to comment on two warheads reported in the short
time since the publication of that perspective, semi-oxamide vinylogous thioesters (Hansen
et al., 2019) and alkynes (Mons et al., 2019). Hansen et al. use b-heteroatom substituted
acrylamides as a starting point for developing a class of electrophiles that reacts via an
addition-elimination reaction named STEFs (Figure 6C). The results presented suggest that
STEFs form a reversible bond with a cysteine, then subsequently irreversibly react with a
proximal amine. Preliminary tests conducted in cell lysates identified 114 protein targets,
and follow up work identified 45 binding sites, all of which were lysines, including sites on
KHSRP, RPS2 and APPL1-BAR-PH domain. Additionally, the authors show that STEFs can
be incorporated into complex scaffolds, for example by replacing the warhead in an EGFR
inhibitor afatinib. However, it remains unclear whether STEFs will be useful for selective
covalent ligand development. On the other hand, Mons et al. used a terminal alkyne group as
the warhead. The terminal alkyne behaves as a latent electrophile, therefore potentially
minimizing off-target reactivity. This work demonstrates that installing a terminal alkyne
onto a potent cathepsin K (CatK) inhibitor, odanacatib, results in a covalent inhibitor that
targets the catalytic cysteine in this cysteine protease (Figure 6D). The study introduces
terminal alkynes as a potential new warhead for covalent ligand design, as well as urges
caution when using this functional group as a bioorthogonal handle.

The final example of different warheads we would like to highlight is the use of carbon
nucleophiles as warheads. One type of electrophilic sites on proteins that has been
documented are formed by reactive oxygen species (ROS)-mediated oxidation of the
cysteine’s thiol group to sulfenic acid (Cys-SOH). This reversible modification has been
linked to regulation of protein function, including in kinases, such as EGFR, and protein
tyrosine phosphatases, such as PTP1B, SHP2 and YopH. Recently, Gupta et al. screened a
library of about 100 cyclic carbon nucleophile containing compounds with a range of
scaffolds in RKO colon adenocarcinoma cells using a chemoproteomics workflow for target
identification and reactivity mapping (Gupta et al., 2017). The authors demonstrated a range
of reactivities, with benzo[c][1,2]thiazine (BTD) warhead displaying the highest reaction
rate in preliminary reactivity assays, and highest level of reactivity in RKO cell lysates, and
warheads like pyrrolidine-2,4-dione (PYD), piperidine-2,4-dione (PRD), and thiazolidine-4-
one 1,1-dioxide (TD) displaying narrower target space (Figure 6E). Overall, Cys-SOH
directed nucleophilic probes labeled 1283 sites on 761 proteins, including proteins
previously reported to be S-sulfenylated, like protein tyrosine phosphatases. It is premature
to conclude that selective targeting of protein electrophiles is feasible, as the extent (in terms
of scope and critically stoichiometry), nature and biological roles (if any) of these sites is
unexplored. However, a recent chemoproteomic study does suggest that a range of
electrophilic sites on proteins may exist in human cells. Therefore, we consider that the
evidence for these sites has begun to emerge and we expect to see more work done in this
area in the future.
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Beyond inhibition: covalent ligands that modulate target assembly or stability

Small molecules, noncovalent and covalent alike, can modulate biological functions in ways
beyond inhibiting (or activating activity), including via changing protein-protein
interactions, inducing dimerization, or leading to selective degradation. We will briefly
comment on several recent disclosures of covalent ligands that exert effects through these
additional mechanisms. For example, very recent work on tryparedoxin (Tpx) from
Trypanosoma brucei, a causative agent of African sleeping sickness, has reported a selective
covalent ligand that binds a cysteine residue on Tpx (Figure 7A), and leads to Tpx dimer
formation, with small molecule forming the important part of the interface (Wagner et al.,
2019). Dimer formation sequesters Tpx from its role in peroxide detoxification, regulating
reactive oxygen species (ROS) and other functions. The work is an example of chemically
induced dimerization achieved via a covalent ligand.

Another kind of chemical induced dimerization that triggers well-defined downstream
effects is targeted protein degradation (Cromm and Crews, 2017). The most commonly used
small molecule degraders are bispecific compounds, called PROTACSs, which include an E3
ubiquitin ligase recruiting warhead, and a target binding warhead. The proximity of the
ligase and the target results in ubiquitination and proteasomal degradation of the target. One
of the stated advantages of the degraders is that they can be used at substochiometric
(catalytic) concentrations as the degrader molecule is “recycled” in the process. This
suggests that PROTACs with a covalent handle on the target recruiting side may not be
beneficial, while a covalent handle on the E3 ligase recruiting side may offer improvements.
For example, a study that examined PROTAC-mediated degradation of Bruton’s Tyrosine
Kinase (BTK) concluded that covalent binding to the target protein has a negative impact on
PROTAC’s ability to degrade the target (Tinworth et al., 2019). On the other hand, a study
that described CLIPTACs, PROTACSs that form intracellularly via click chemistry, included
an example of ERK1/2 CLIPTAC based on the covalent inhibitor (Figure 7B). The resulting
CLIPTAC led to ERK1/2 degradation within 4 hours of treatment, and the effect was
sustained to up to 24 hours (Lebraud et al., 2016). Additionally, an existing strategy for
targeted degradation of tagged proteins called HaloPROTAC is based on the use of
chloroalkene functional group in the HaloPROTAC molecule. This group forms a covalent
bond with the tag, an engineered bacterial dehalogenase fused to the protein of interest. An
E3 ubiquitin ligase recruiting arm then brings the ligase to the close proximity of the tagged
protein, resulting in ubiquitination and degradation of the entire construct (Buckley et al.,
2015). Therefore, at least in principle, covalent PROTACS are possible, including those that
use electrophilic warheads for E3 ligase recruitment (Figure 7C) (Zhang et al., 2019) (Ward
et al., 2019). However, these examples represent early proof-of-principle and additional
studies must be undertaken to better understand the dynamic changes in the system caused
by covalent PROTACS, consequences of prolonged PROTAC persistence, and the potentially
increased off-target space when compared to noncovalent ones. Moreover, as with other
covalent ligands, extent of the effects will greatly depend on the covalent target’s half-life
(E3 ligase or protein of interest), and although not formally shown yet, it is expected that
targets with long half-lives will exhibit most pronounced effects.
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Concluding remarks

In conclusion, to be useful as research tools or drug leads, covalent ligands have to be
rigorously validated. The covalent inhibitor validation process we use includes number of
complementary strategies aimed at establishing evidence for covalent binding and on-target
mechanism of action. Additionally, as with other tool compounds, the decision to use a
specific covalent tool compound must be made based on the specific biological question that
the tool is meant to help answer. Here, special care needs to be taken to match the target and
the tool compound with the specific biological context and understanding the optimal
conditions of use, such as concentration range, cell line selection and similar (Blagg and
Workman, 2017). Having said that, we recognize that some targets and systems may be
challenging to work with or refractive to certain types of experiments (for example,
crystallography), thus limiting the extent of validation that can be performed. We also
appreciate the cost of extensive validation, as well as the fact that equipment and resources
we have at our disposal may not be routinely available elsewhere. In those instances, cell-
based validation experiments may offer cost-effective way to provide essential insights into
on-target and on-mechanism activity. Moreover, missing validation steps should not
necessarily prevent disclosures of novel covalent ligands, provided that limitations and
caveats are clearly stated and discussed. Therefore, reports of new targeting modalities
especially if they aim to expand the scope of targetable sites, although potentially more
preliminary, may still serve to fuel further discovery.

Overall, as the conversation surrounding selective covalent bindings moves away from
liabilities and towards possibilities, we expect to see new innovations and collaborations
emerge. Armed with chemical ingenuity, robust characterization and validation, and
improved methodologies, we expect covalent ligands to remain relevant both as tools for
basic research and leads for drug development.
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Figure 1. Selective covalent ligand validation workflow.
Structured process for irreversible covalent inhibitors validation is based on using /in vitro

and cell-based strategies to assess compound potency, covalent mode of binding, target
selectivity, and link observed phenotype to direct covalent engagement between the
compound and the target. Although no single experiment is sufficient to validate a molecule
as a selective covalent tool compound, collective evidence accumulated through this
validation process can be used to judge a quality of a tool compound.
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Figure 2. Validating THZ531, a CDK12/13 irreversible covalent inhibitor.
(A) chemical structures of THZ531, a CDK12/13 inhibitor, and two negative control

compounds, an enantiomer THZ532, and a reversible, noncovalent binder THZ531R; (B)
preincubation time-dependent /n vitro activity is a signature behavior of irreversible covalent
inhibitors. In this experiment /in vitro kinase activity assay of CDK12-cyclin K was
measured using different concentrations of THZ531 (1 nM to 100 uM) and varying
preincubation times and expressed as relative [32P] transfer; (C) irreversible covalent
inhibitors retain activity in cell-based assays upon washout as shown for THZ531 and two
negative control compounds, THZ531R and THZ532. Jurkat cells were treated with the
indicated compounds for 6 hrs, inhibitor was washed out and cells were allowed to grow for
the remainder of the 72 hr (washout, WO). This growth was compared to the growth of cells
treated with inhibitors for the full 72 hrs (no washout, NW); (D) intact mass spectrometry
(MS) offers evidence for covalent adduct formation based on mass difference between
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DMSO treated and THZ531 treated CDK12. 558 Da difference observed here corresponds to
Cys-directed THZ531 adduct; and (E) 72-hour antiproliferation assay using WT and
Cys1039Ser cells and different concentrations of THZ531. Under all concentrations tested,
mutant cell lines display resistance to THZ531, highlighting that Cys1039 is important for
mediating THZ531 effects. Panels (B), (C), (D) and (F) have been reproduced and/or
modified from Zhang et al., 2016 with premission, Copyright 2016, Springer Nature.
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Figure 3. Examples of covalent ligands developed to target lysines.
(A) NU6300 targets CDK2 at Lys89 (Anscombe et al., 2015), (B) compound 4 targets highly

conserved Lys779 PI3Kd (Dalton et al., 2018), and (C) compound 12 targets Lys58 on
Hsp90 using ligand-directed (LD) protein labeling and N-acyl-N-alkyl sulfonamide (NASA)
warhead. The LD-NASA process, as used for selective covalent inhibition, is depicted
below. The initial reversible binding step is mediated by ligand-target recognition, while the
second, irreversible step is mediated by the nucleophilic attack by a side chain residue
resulting in release of NASA warhead and the ligand covalent attachment (Tamura et al.,
2018).
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Figure 4. Examples of covalent ligands developed to target tyrosines.
(A) A series of sulfonyl fluoride (SF)-containing diaminoquinazolines (DAQs) compounds

that irreversibly inhibit mMRNA decapping scavenger protein DcpS by targeting Tyr113
(meta- and ortho-isomers) or Tyrl43 (para-isomers) (Hett et al., 2015), (B) SRPKIN-1 is a
Tyr-directed inhibitor with an SF warhead that forms a covalent bond with Tyr227 on
SRPK1/2. Biological effects induced by SRPKIN-1 and a reversible control compound
SRPIN-340 in a mouse model of wet age-related macular degeneration (wet AMD) display
clear differences, supporting that covalent binding is critical for bioactivity. The experiment
shown was conducted using laser-induced choroidal neovascularization (CNV) at
concentrations of compounds as indicated, and the extent of the effect was quantified as
CNV area — here inhibition of SRPK with SRPKIN-1 leads to changes in VEGF splicing
resulting in production of anti-angiogenic VEGF-A165b isoform and decrease in new blood
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vessel formation as measured by the size of CNV area; and (C) arylfluorosulfate-containing
probe 4 targeting Tyr134 on CRABP2 (Chen et al., 2016).
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Figure 5. Examples of covalent ligands developed to target histidines and methionines.
(A) full agonist 2 uses electrophilic enone group to target histidine on vitamin D receptor

(VDR) (Yoshizawa et al., 2018), (B) a,p-unsaturated enone compound 1 targets His315 of
Isocitrate Dehydrogenase 1 (IDH1) (Jakob et al., 2018), (C) ZEN-3219 employs an epoxide
warhead to target Met149 located in the acetyl-Lys binding site within bromodomain 1
(BD1) of BRD4 (Kharenko et al., 2018), and (D) oxaziridine-based probe Ox4 developed for
reactive methionine profiling using ReACT (redox-activated chemical tagging) (Lin et al.,
2017), and thio-phosphoro alkyne dichloridate (TPAC) probe for activity profiling of
histidines (Jia et al., 2019).
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Figure 6. Selective covalent ligand discovery through library screening and warhead
development.
(A) Fragment-based ligand discovery (FBLD) efforts led to discovery of the following

fragments: 6HO5 for KRASCG12C (Ostrem et al., 2013), fragment 1 for MSK/RSK (Miller et
al., 2013), fragment 7 for CASP8 and CASP10 (Backus et al., 2016), and fragment 5 for
HOIP (Johansson et al., 2019); (B) example compounds developed using DNA-encoded
chemical libraries that target INK1 (Zimmermann et al., 2017), and ERBB2 (Zambaldo et
al., 2016); (C) b-heteroatom substituted acrylamides warheads STEFs, and their mechanism
(Hansen et al., 2019); (B) terminal alkyne as a warhead, here included into a potent
cathepsin K (CatK) inhibitor, odanacatib (Mons et al., 2019); and (C) nucleophilic warheads
that target sulfenic acid (Cys-SOH): benzo[c][1,2]thiazine (BTD), pyrrolidine-2,4-dione
(PYD), piperidine-2,4-dione (PRD), and thiazolidine-4-one 1,1-dioxide (TD) (Gupta et al.,
2017).
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Figure 7. Examples of selective covalent ligands that modulate target assembly and/or stability.
(A) A small molecule dimerizer of tryparedoxin (Tpx) from 7rypanosoma brucei (Wagner et

al., 2019); (B) ERK-CLIPTAC, potentially the first degrader molecule that includes a
covalent inhibitor into its design (Lebraud et al., 2016); and (C) KB02-JQ1 degrader
(PROTAC) molecule that recruits DCAF16 E3 ligase via covalent KB02 warhead (Zhang et
al., 2019), and CCW 28-3 that uses CCW 16 as covalent RNF4 E3 ligase recruiter (Ward et
al., 2019).
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