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In the first decade of targeted covalent inhibition, scientists have successfully reversed the previous trend
that had impeded the use of covalent inhibition in drug development. Successes in the clinic, mainly in the
field of kinase inhibitors, are existing proof that safe covalent inhibitors can be designed and employed
to develop effective treatments. The case of KRASgq,c covalent inhibitors entering clinical trials in 2019
has been among the hottest topics discussed in drug discovery, raising expectations for the future of
the field. In this perspective, an overview of the milestones hit with targeted covalent inhibitors, as well
as the promise and the needs of current research, are presented. While recent results have confirmed
the potential that was foreseen, many questions remain unexplored in this branch of precision medicine.

Lay abstract: If it is forever, it needs to be safe. Approved drugs on the market act with a multitude of
different mechanisms, including both reversible and irreversible (permanent) inhibition of a target protein
that is known to malfunction in a given disease. However, scientists are aware that increased side effects
can potentially arise from irreversible drugs. Current research has focused on improving the safety of these
drugs with the aim of developing more effective treatments. This perspective offers an overview of the
current status of so-called “targeted covalent inhibition” drug discovery.
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It is common knowledge that a non-negligible number of approved drugs engage their target by covalent reaction.
These compounds, which include aspirin and penicillin (to name the most well-known), were being used in the
clinic long before their mechanism of action was elucidated [1,21. A period of caution regarding covalent inhibitor
promiscuity followed, in which many studies pointed out the risks associated with an irreversible reaction that can
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take place not only with the desired target but also with off-target proteins [3,4]. This resulted in drug discovery
programs moving further and further away from reactive molecules. Filtering strategies for compound libraries have
been devised against reactive motifs, some of which are recognized as pan-assay interfering compounds (PAINS) ().
Until about 20 years ago this was considered the best practice in drug discovery and remains the gold standard for
the development of reversible molecules. Eventually, a reverse trend appeared as researchers started to reconsider
the potential of covalent inhibitors in addressing challenging targets, and this ultimately led to the resurgence of
the field in the early 2010s (6]. As the historical development of covalent inhibitors is not the main focus here,
interested readers are directed to a series of excellent reviews on the topic [3,6,7].

One of the major advantages of covalent inhibition is a prolonged residence time, which might at the same
time cause safety concerns if the consequences of continued target inhibition are poorly understood (8. Moreover,
off-target activity could also be extended in the case of nonspecific reactivity, resulting in more serious side effects
compared with noncovalent drugs (4]. Despite widespread efforts to avoid covalent mechanisms, the serendipitous
discovery of such inhibitors in high-throughput screening has remained a concrete possibility even in libraries
thoroughly filtered to exclude reactive moieties [9]. In fact, unexpected reactivity can be triggered or tremendously
amplified by affinity-driven proximity and correct orientation toward a nucleophilic residue. However, these
desirable properties can be challenging to predict for drug design, and tuning reactivity is not trivial. The concept
of targeted reactivity has been slowly developed on the basis of novel experimental evidence and the advent
of whole proteomic analytical techniques, showing that indeed covalent inhibition is not necessarily associated
with promiscuity [10,11]. The increasing understanding and advancement of the field ultimately led from general
skepticism to the concept of targeted covalent inhibitor (T'CI) drug discovery, which triggered the current resurgence
of covalent drugs. Both these now familiar expressions were minted in pivotal reviews to which the reader is directed
for an amplified discussion [6,12]. Understanding the perils of covalent inhibition and combining it with careful
design for selectivity can produce outstanding tools in the hands of a medicinal chemist and can also result in a more
efficacious treatment. Thus a growing number of approaches for the rational design of covalent inhibitors have been
devised due to their potential to expand the number of druggable targets [13,14]. A general fascination and curiosity
surrounding the field is also demonstrated by the increasing blog discussions about TCls (e.g., @CovalentMod on
Twitter, Derek Lowe’s ‘In the PipeLine’ and Dennis Hu’s ‘Drug Hunter’).

The aim of the current perspective is to highlight the tangible advancement of TCls in therapeutic application
as well as the open questions of the field that have not been fully explored in translational settings. To support
the reader’s understanding of the many aspects of this topic, detailed subtopic reviews will be indicated where
available. The term TCI will be used to differentiate these advanced covalent inhibitors, which have been designed
intentionally and with specific reactivity, as opposed to compounds with promiscuous reactivity and serendipitously
discovered entities, which have long been used in the clinic. Successful examples of entities currently in the drug
discovery pipelines will be used as case studies to guide the reader. Most importantly, common alerts for the
discovery and development of TCIs will be discussed.

Targeted covalent inhibition mechanisms

As introduced earlier, TCIs are designed covalent inhibitors that contain an optimized affinity element and a
relatively unreactive warhead (Figure 1A). Targeted covalent inhibition is most commonly described as a two-
step mechanism (Figure 1B). First, a noncovalent interaction between the inhibitor and the target establishes a
thermodynamic equilibrium. Second — driven by the proximity and correct orientation toward a specific residue
— a covalent, usually irreversible, reaction follows favouring a shift to the right of the first equilibration step, and
potentially driving the reaction to completion (i.e., depletion of either the protein target or the TCI). While this
model is generally accepted to introduce the concept of TCI, different, more specific mechanisms can be used
to describe such inhibitors on a case-by-case basis. An elegant compendium, coupled with unifying principles of
mechanism nomenclature, has been written by Tuley and Fast and should be considered essential knowledge among
medicinal chemists working with TClIs [15].

The two-step mechanism just described reveals that the potency of these compounds is time-dependent; thus if
ICs (inhibitory concentration that results in 50% target inhibition) is to be used for structure—activity relationship
(SAR) comparison, the incubation time prior to measurement should be rigorously noted and kept consistent
throughout analogue testing. While ICsy measurements are sometimes accepted in the literature, more appropriate
parameters should be estimated for rigorous characterization of TCI, specifically Aip,c and Kj (related to 4, and
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k_1/k;, respectively; Figure 1B) [16]. The former parameter gives an estimation of the maximal labeling rate, while
the latter is defined as the inhibitor concentration needed to reach 50% of ki, and is an estimation of the
potency of the compounds in the first affinity step, similar to K. For a thorough discussion of covalent inhibition
kinetics and experimental determination thereof, a good starting point is provided by Strelow’s perspective [17].
In this work the author stresses that significant differences can be observed between kinetics determination in a
biochemical assay (with purified protein) and within the cellular environment. When determining these properties
in vitro, the kinetics of TCls in the complex biological environment are not taken into consideration. For example,
irreversible modification of a protein with high turnover could result in an apparent reversible effect, or even
in ineffective inhibitors in cell experiments. Thus it might be more relevant to test TCls directly in cells by
exploiting established chemical biology techniques [18]. If sufficiently stable, the presence of a covalent bond with
targeted proteins allows for easier manipulation of complex samples while preserving TCI adducts. Click chemistry
can be used to append fluorescent or affinity tags to allow for visualization and enrichment of labeled proteins,
which can be confidently assessed in proteomics searches [19]. These types of target engagement assays offer the
advantage of simultaneously measuring improvements in potency, selectivity and further cellular pharmacokinetic
and pharmacodynamic properties such as membrane permeability, toxicity and inhibitor-sequestering effects, for
example by glutathione in the case of cysteine-reactive TCls. However, dissecting the contribution of each aspect
of inhibitor behavior is not trivial, and the support of biochemical experiments using simplified systems is often
required.

In conclusion, while a covalent mechanism can offer a variety of advantages in terms of speeding up medicinal
chemistry development, careful evaluation of assay results needs to be used to discriminate true TCIs from PAINs.
As a general rule for drug discovery programs, an array of orthogonal assays should be sought to validate mechanistic
hypotheses, and compound evaluation should be progressed toward the complex cell environment sooner rather
than later after hit discovery.

The rise of targeted covalent drugs in the clinic
As proclaimed by the homonymous review by Singh ez a/. in 2011, a ‘resurgence of covalent drugs is currently
taking place [6]. While the concept of ‘irreversible inhibition’ has been steadily discussed in the literature, a new
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connotation for TClIs, highlighted by the choice of the term ‘covalent inhibitor’, has seen a slowly increased interest
that boomed from 2015 onwards (Figure 1C). The adoption of this terminology reflects scientists’ need to highlight
the engineered design and specificity of such molecules and became absolutely necessary with the advent of covalent
reversible inhibitors [20]. In general, TCI research has drifted away from the ‘irreversible inhibition’ term, which is
more commonly associated with wide-ranging concerns around the intrinsic safety of this type of inhibitors.

Close examination of a comprehensive list of US FDA-approved drugs that are known to act with a covalent
mechanism (see Supplementary Table 1) reveals some interesting trends in the evolutionary path of covalent
drug discovery. The introduction of covalent drugs dates back to the beginning of the 20th century (and even
earlier in Europe) with the debut of aspirin on the drug markets. Together with warfarin, alkylating agents, p-
lactam antibiotics and proton pump inhibitors, these drugs are considered milestones in the discovery of covalent
inhibitors and remain some of the most used therapies, thus implying their relatively tractable safety profile despite
an underlying covalent mechanism of action. Yet most of these molecules were discovered serendipitously, with the
elucidation of their chemical reactivity toward a specific target often following many years later. Their use in the
clinic and their study in the laboratory have both been pivotal to the current advent of TClIs, despite the undeniable
delays caused by a period of general concern and skepticism based on the advancement in toxicological studies [21].
For example, following the serendipitous discovery of B-lactam antibiotics, great advances have been reported in
the antimicrobial field with the design of new inhibition strategies (e.g., the introduction of diazabicyclooctane p-
lactamase inhibitors) [221. These molecules were designed on the basis of a deep understanding of the serendipitously
discovered natural substances, which act via an extremely selective covalent mechanism of action. An elegant review
providing detailed insight into the mechanisms of approved covalent modifiers up to 2009 was compiled by
Potashman and Duggan, who interestingly foresaw the advent of TCls as a new starting point in drug discovery
campaigns [23].

On the other hand, the opposite trend can be delineated for nonspecific covalent modifiers. Despite still being
extensively used in therapy, alkylating and cross-linking drugs such as cisplatin, nitrogen mustards and nucleic
acid analogues saw a progressive decrease in approvals (from mechlorethamine in 1949 to bendamustine in 2008),
mostly due to the high toxicity arising from the low selectivity of these drugs for their target, usually cancer
cells. While a general, albeit slow, decay in the use of cytotoxic drugs as opposed to the more advanced targeted
therapies is foreseeable, novel tactics are also being devised to exploit the power of such agents against cancer. For
example, antibody—drug conjugates have proven successful in reducing chemotherapy side effects, combining the
cytotoxic drug’s antitumor efficacy with the precise delivery offered by antibodies [24]. Similarly, more selective
tumor treatments (e.g., natural compounds) can be cargoed with toxic drugs, including alkylating agents [25). These
strategies are in line with the novel concept of precision medicine and show the growing awareness of the side
effects caused by these anticancer agents, most of which are inherently oncogenic.

The first TClIs in the clinic were kinase inhibitors, with afatinib and ibrutinib gaining FDA approval in 2013 [26-
29]. About one TCI per year has been approved ever since (see Supplementary Table 1), thus confirming the efficacy
of these drugs and the advantages in reduced toxicity brought by a careful design and balance of electrophilic
properties. The majority of approved TCls target protein kinases, a family of proteins previously considered
challenging for drug design. More recently, the scope of TCls in the clinic is clearly broadening, with the approval
of selinexor (targeting XPO-1) [30,31] in 2019 and the many ongoing clinical trials against new targets; for example,
KRAS, as discussed below. The field obviously maintains its challenges: TCIs can often fail in clinical trials due
to unpredicted toxicity (e.g., CatK inhibitors balicatib and odonacatib) [32] and are obviously also susceptible
to simple inefficacy (e.g., FAAH inhibitor PF-04457845) (33]. Although TCls, bearing a reactive electrophile,
might seem more prone to idiosyncratic side effects, a considerable number of reversible inhibitors have also
been found to produce electrophilic metabolites [34]. In fact, the extremely low success rate of clinical trials is a
widespread phenomenon, which is often independent from the inhibition mechanism. Increasing the thoroughness
of metabolism and toxicology investigations in preclinical studies is key to reducing failures of both reversible
inhibitors and TCls at more advanced stages of clinical development [35].

Approachability of undruggable targets: KRAS as a case study

As introduced in the previous section, TCIs in the clinic have mostly tackled protein kinase targets. This is not
surprising, as kinases have been one of the most studied protein families in the last decades of drug discovery, given
their implication in different types of diseases [36]. Many reversible inhibitors have been designed and developed by
medicinal chemists, with noteworthy success in the clinic [37]. Due to their high degree of homology, kinases have
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Figure 2. Recent development of TCls in the clinic. (A) Chemical structures of selinexor (left, FDA approved in 2019)
and leptomycin B (right); both compounds bind covalently to Cys528 of XPO-1. (B) Ras activation cascade: upon
detection of extracellular signal (e.g., EGF), tyrosine kinase receptors (e.g., EGFR) dimerize and cross-phosphorylate.
Phosphate groups are recognized by an adaptor protein (e.g., GRB2), which activates a GEF protein (e.g., SOS1). SOS1
binds to GDP-RAS and induces nucleotide release. Cytoplasmic abundant GTP binds to RAS, resulting in the active
conformation for signal transduction. Effector binding (e.g., Raf) occurs and the signal is further propagated to the
cytoplasm, ultimately leading to regulation of specific gene expression. (C) Optimized covalent probes for

KRASG12¢. (D) Clinical candidates against KRASg12c for which the chemical structure is reported in the literature.

long been considered challenging targets. Although these proteins can play a quite specific function in physiology
and thus disease, achieving selectivity toward a single member of this family with small molecules is an extremely
demanding task. In fact, most approved kinase inhibitors target multiple members of the kinase family (37,38].
Perhaps counterintuitively, the introduction of a covalent warhead into potent yet nonselective reversible kinase
inhibitors has proven successful in increasing the selectivity of these compounds, thus explaining the success of
kinase TClIs in the clinic (39]. The identification of nonconserved nucleophilic residues in close proximity to the
binding site is crucial for the success of this strategy and has so far been limited to Cys for FDA-approved drugs.
On the other hand, relying on a nonconserved residue has the drawback that further mechanisms of resistance can
arise. It is not uncommon for these nonfunctional residues to mutate in response to treatment, as has already been
observed, for example, for the target of osimertinib [40]. A good review on approved covalent kinase inhibitors has
been published recently; thus the success of TClIs in this field will not be addressed in further detail here [39].
More recently, a TCI with a non-kinase target was also approved, namely selinexor (Xpovio, 2019; Figure 2A),
an inhibitor of protein nuclear export. Marketed by Karyopharm Therapeutics, this drug has proven efficacious in
clinical trials against multiple myeloma [41]. Like most of the so-called selective inhibitors of nuclear export (SINEs)
currently under study, selinexor was developed following the identification of XPO-1 as the target of a potent natural
compound with antitumoral properties. Since the first reports of leptomycin B’s activity (Figure 2A) [42], tremendous
efforts have led to the elucidation of this compound’s mechanism of action, which involves a Michael addition to
Cys528 of XPO-1 (43]. This natural substance has helped in elucidating the role of XPO-1 both in the regulation
of gene expression in malignancies and in HIV protein translocation to the cytoplasm (42,44]. The first reported
PKF050-638, an ancestor of selinexor, was based on a phenotypic assay, rather than being structurally designed,
likely due to the lack of structural information for XPO-1 at the time [30]. Although not specified, it is reasonable
to guess that a library containing electrophiles might have been chosen due to the preceding understanding of
leptomycin B’s covalent mechanism. In fact, once the crystal structure of XPO-1 was reported [45], scientists at
Karyopharm followed up with computer-aided TCI discovery [46]. Finally, advances in genome editing techniques
confirmed the covalent mechanism of action of this clinical candidate and identified the labeling site unequivocally
as Cys528, a finding that was also supported by affinity pull-down experiments [47]. The drug was deemed safe in
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clinical trials and efficacious for the treatment of relapsed or refractory multiple myeloma [48]. Selinexor is being
assessed further in several clinical trials for application alone or in combination against other malignancies [49] as
well as for severe cases of COVID-19 [50]. While some reports claim the discovery of reversible inhibitors of XPO-1,
the presence of obviously reactive moieties (e.g., &,B-unsaturated enones) and the insufficient experimental proof of
reversibility make these claims dubious [51]. As a matter of fact, no reversible inhibitor against XPO-1 has reached
clinical efficacy to date, thus making TCI an advantageous option for the druggability of this target. The example
of selinexor is particularly suited to show both the slow progress in TCls over the last 20 years outside of the kinase
field, and the set of complementary techniques (e.g., gene editing, proteomics) that have developed in parallel and
now allow for precise target identification and selectivity profiling of TCls.

While the development of selinexor relied on a still-hybrid TCI approach, the eminent case of KRAS covalent
inhibitors currently in clinical trials can be used as a case study to highlight the current advances in designed
covalent inhibitors for tackling previously undruggable targets. The occurrence of malignant mutations of small
RAS GTPases (specifically KRAS, HRAS and NRAS) has been well known to scientists for over 40 years [52]. In fact,
almost 20% of all cancer patients are predicted to harbor a malignant mutation of one of these proteins [53]. Small
monomeric RAS GTPases function as molecular switches, cycling from a GDP-bound (inactive) to a GTP-bound
(active) state, in which they propagate signal by interacting with specific protein partners [54]. Posttranslational
lipidation of RAS is catalyzed by FTases, after which farnesylated RAS localizes to the cellular membrane, where it
detects and propagates activation of tyrosine kinase receptors downstream partners, ultimately leading to regulation
of gene expression for cell growth and differentiation (Figure 2B) [54]. Despite numerous efforts to target RAS with
different strategies — the most notable of which entailed indirect targeting with FTase inhibitors and failed at the
clinical stage — RAS-targeted drugs have yet to appear in cancer treatment [55]. The lack of suitable pockets on the
protein surface (with the exception of the nucleotide binding site) and the extremely high affinity to GTE, which
is also abundant in cells, have prevented the success of conventional drug discovery approaches. Moreover, side
effects due to affected collateral pathways are unavoidable when indirectly targeting RAS by inhibiting proteins
involved in its functioning. Given the strong implication of RAS in cancer, medicinal chemistry efforts to tackle
this target have never ceased. Thus, with the advent of TClIs, it did not take long before scientists started exploring
this strategy to drug the undruggable RAS. KRASG2¢ is the most common RAS mutant in lung cancer [56.
The Cys12 mutation offers a desirable platform for this strategy, as the target nucleophile will only be found
in malignant cells, while wild-type KRAS could potentially be left unaffected. The first report of a screen for
KRASG15¢ inhibitors dates back to 2013, when Ostrem ez a/. performed a disulfide tethering assay using a library of
480 fragments and mass spectrometry to detect cross-disulfide linking under reducing conditions between KRAS
and hit compounds [57]. Using KRAS,,; (which bears three native Cys residues) as a control, two hits showed
almost complete and selective KRASG12¢ engagement; specifically, the inactive GDP-bound conformation was
preferentially labeled by these compounds. Cocrystallization studies identified the binding site to be a previously
reported allosteric shallow pocket [57,58]. This pocket is located in the proximity of the nucleotide binding site
and is only available in GDP-bound KRASGi5¢ and could further open to accommodate covalent binders [59].
Successive SAR optimization studies replaced the sulfide moiety with an acrylamide, and the affinity element of these
compounds was tremendously improved in multiple steps of an intense medicinal chemistry campaign [57,60,611.
Indeed, the availability of precise structural information was pivotal for the rational and effective development of
these initial hits into a potent lead substance, namely ARS1620 (Figure 2C). Compounds of this class act as trapping
agents for the KRAS1,¢ inactive conformation, thus rebalancing the altered equilibrium of overactivated KRAS
found in cells expressing the malignant mutant. Interestingly, it was because of these molecules that the existence
of a shifted yet cycling equilibrium in KRAS malignant isoforms could first be described, disproving previous
theories of ‘constitutively active’ forms of RAS [62]. As already noted, the covalent handle was valuable for whole
proteome selectivity analyses [60,61]. Another advantage in the discovery of KRASG 2¢ covalent inhibitors was the
availability of homozygous and heterozygous KRASG15¢ cell lines, as well as KRAS,,, and cell lines expressing further
variants (e.g., KRASG12p) to confirm modification site identity and the selectivity of the therapeutic effects only in
KRASG12c-expressing cells, without the need to resort to more laborious gene-editing techniques. ARS1620 was
effective in reducing tumor growth and inducing tumor regression of 7 vivo xenograft mouse models harboring
the relevant KRAS mutant, with no toxicity even at higher doses (1000 mg/kg), thus offering great promise for
therapeutic application [61].

While the Shokat group was the first to publish covalent KRASG 2¢ inhibitors, successively liaising with
Wellspring Biosciences to develop improved molecules, the first candidate to win the race for clinical trials - AMG-
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NADH. Data source: Supplementary Table 1 (n = 88).

Sec: Selenocysteine.

510, which was also derived from ARS1620 — was reported by scientists at Amgen (Figure 2D) [59,63). This drug
has already shown promise in early Phase I studies [64]. In parallel, Mirati Therapeutics reported an improved
compound, MRTX-849, that entered clinical trials shortly afterward (Figure 2D) [65]. Eventually, Wellspring
Biosciences and Lilly joined this competition in the clinic (with drug candidates ARS-3248/JNJ-74699157 and
LY3499446, respectively; both structures undisclosed), and there is increased hope that one of these four clinical
candidates will succeed in the treatment of KRASG 2¢-harboring cancers [s6].

Shortly after the first account of KRASG15¢ allosteric inhibitors, the Gray group also reported covalent probes
that exploited the proximity of Cys12 to target the nucleotide binding site [67]. While these GDP-based probes
(Figure 2C, compounds SML-8-73-1 and SML-10-70-1) are likely to lack important pharmacokinetic properties
for application in the clinic (e.g., SML-8-73-1 is cell impermeable), they still remain valid as tool compounds.
Moreover, they consolidate the concept that even extreme endogenous competition of a reversible binder, such as
GTP, can be overcome by the introduction of a covalent modification, which over time can drive target occupancy
kinetically, if allowed by pharmacokinetic and pharmacodynamic aspects. In fact, if a cysteine at this specific
position is only found in the targeted GTPase, the cellular abundance of GTP is beneficial to prevent off-target
activity that might arise from noncovalent interactions within homologous pockets.

The case of KRASG12¢ covalent inhibitors shows the importance of careful design and a thorough compound
evaluation, which includes a deep understanding of the target protein’s lifecycle. While the accumulated knowledge
concerning RAS in cancer may be a one of a kind, due to the high occurrence of oncogenic mutations of this
protein, it still is encouraging for further TCI development. Other strategies to target KRAS are also currently
in the clinic; for example, KRAS-SOSI1 protein—protein interaction inhibitors from Bochringer Ingelheim (BI
1701963) [68] or anti-KRAS engineered T-cell receptor therapy from Gilead [69]. Nevertheless, the approval of a
covalent inhibitor for KRAS, even if limited to malignancies specifically harboring a KRASG ¢ mutation, would
be extremely significant for the advancement of TCIs. Furthermore, initial efforts are being made to expand
activity toward KRASG12p [701. Being able to target more abundant amino acids will be pivotal for increasing
the potential of TClIs to specifically target malignant mutations of proteins. For this reason, research for specific
warhead development has become more and more cutting-edge, as will be discussed in the following section.

Warheads: pushing new reactivities toward the clinic

Despite a steady success in the clinic, recent FDA-approved TCls mostly rely on acrylamides as warheads (Figure 3A),
recurrently targeting Cys residues (Figure 3B), except for the huge class of B-lactam antibiotics. This prevalence
might derive from three main considerations:

m Being the least common nucleophilic residue found in proteins, cysteines represent the ideal target for electrophilic
drugs. Moreover, the environment can greatly influence the reactivity of nucleophilic residues; for example, Lys
is usually protonated at endogenous pH, thus allowing a kinetic selection to occur in favor of Cys compared with
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Figure 4. Nonexhaustive collection of warheads used for TCl design. The warheads are grouped in panels by target
residues (Cys, pink; catalytic Ser/Thr, cyan; Lys, green; Tyr/His/Ser, purple; Asp/Glu, blue; His/Ser, orange). Some
warheads may be used to target multiple residues.

other nucleophilic amino acids. This is also true among different Cys residues; for example, buried and disulfided
Cys are unlikely to interfere, while pK, can vary greatly for solvent exposed Cys within different proteins [71].

m Acrylamides are considered to bear the best balance of reactivity as Michael acceptors — not inherently promiscu-
ous, yet sufficiently reactive when in proximity to a nucleophilic Cys — and thus offer a good starting point for a
selective warhead in TCI design. However, this is a quite imperfect view, as the nature of acrylamide substituents
can enormously affect reactivity [72,73].

m There is a more consolidated understanding of a,B-unsaturated carbonyls as acceptors of hetero-Michael addition
reactions, which has been built from the occurrence of such electrophiles in natural substances (74] and from the
literature output of the first decades of TCls [75).

The slow yet steady appearance of TClIs in the clinic in the last 7 years, albeit for a limited set of target moieties
and warheads (Figure 3), is indicative of their promise and potential. The possibility of targeting more represented
amino acids than Cys has opened new perspectives also in the field of kinase inhibition, allowing novel targets to be
tackled (e.g., Tyr227 on SRPK1/2) [76]. The covalent inhibition field is still in its infancy and therefore the chemical
armory is still expanding. Indeed, in 2017, a new warhead made it through FDA approval, with acalabrutinib relying
on a 2-butynamide moiety to covalently target Cys481 on BTK. Like acrylamides, this electrophile reacts with Cys
via Michael addition, but it offers a quite different geometry of both starting material and reaction product that
can be crucial for precise targeting of a specific residue, not to mention that it masks a second Michael acceptor. To
enhance the impact of TCls in the clinic, broadening the number of tractable warheads is essential, expanding both
on target scope and covalent mechanisms. Increasing the geometrical shapes available in the medicinal chemist’s
toolbox is also fundamental to allow for more accurate structure-guided design.

A selection of covalent warheads, including some of those most commonly found in FDA-approved drugs, is
shown in Figure 4. For a wider range of less common, emerging warheads the reader is directed to a compelling
perspective from Gehringer and Laufercan (7).
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The list shown in Figure 4 is nonexhaustive and represents a biased focus on the most promising moieties
currently in research. Each of these warheads has in fact shown some favorable properties that could be exploited
in the clinic, such as stability and selectivity. The biggest set is represented by Cys-targeting warheads, as expected
given that this is the most studied target residue for TCls. As mentioned, the suitability and versatility of Michael
acceptors is well known. The most represented ones are acrylamides (I), alkynylamides (IT), fumarate derivatives
(II) and vinylsulfones/sulfonamides (IV). Researchers are becoming aware of the significant effects of substituents
over the reactivity of these functional groups [72,78. While the selectivity of TCIs should mostly be driven by
the specificity of noncovalent interactions and the correct orientation of the electrophilic warhead to target a
nonconserved residue, reactivity tuning plays an important role not only in preventing promiscuity but also in
enhancing on-target efficacy. Additionally, the importance of TCI kinetic selectivity should not be underestimated.
In this regard, the introduction of strategic metabolic labilities to alter warhead reactivity, as pioneered by Zaro
et al., opens a new and promising perspective [79]. Designed perturbation of warhead groups can be used in favor of
desired reactivity tuning. For example, less reactive a-fluoroacrylamides (V) have recently become more common,
as seen for the warhead of a KRASG5¢ clinical candidate (MRTX849, Figure 2D) (65,80]. The chemical basis for
the reduced reactivity of this warhead is not yet clear and whether this effect can be associated with reversibility of
the covalent bond has not been studied in detail. When a stronger electron-withdrawing group such as cyanate (VI)
is introduced at the same position, the acidity of the adduct a-proton favors retro-Michael addition; thus covalent,
yet reversible, inhibitors can be designed (s1]. Pinner-type addition to cyanamides (VII) has been also used for the
design of reversible TClIs (82-84]. Similarly, Cys can be added to activated heteroaryl alkynes (conjugate addition),
while catalytic Cys residues have also recently been reported to react with nonactivated alkynes (VIII) (s5]. The
latter warhead offers extreme selectivity, the reactivity of alkynes in cells being so rare that they are considered
bioorthogonal functional groups, highly exploited in click chemistry. Alternative mechanisms, such as nucleophilic
substitution (Sx2) of a-chloroacetamides (IX, n = 0), despite being in use, are often considered too promiscuous for
drug design. Also in this case, introduction of further substituents on the a-carbon has been explored; for example,
a sterically hindering methyl group (IX, n = 1) or an electronic-altering fluoride (X), both of which resulted in
enhancement of desired properties [73,86]. Finally, efforts toward the expansion of the Cys-targeting armory recently
led to the design of alkynyl benzoxazines (XI) (87]. However, further applications are needed to assess the tractability
of this warhead.

Many successful covalent drugs target catalytic Ser and Thr, relying mostly on B-lactams (XII) and
carbamates/esters (XIII) for the former residue and boronic acids (XIV) for the latter. All these warheads, de-
spite having shown good properties in terms of selectivity and pharmacokinetics, are too unreactive to be used to
target these residues unless they are activated by their environment (e.g., an enzyme catalytic site, which favors
deprotonation and consequent increased nucleophilicity of Ser/Thr). In their native state (i.e., not deprotonated),
both Ser and Thr are significantly less nucleophilic than Cys; furthermore, they have a much higher pK,, so that
even the correct orientation of a mildly reactive electrophile might be insufficient to trigger a covalent reaction.
Thus only a few preliminary accounts have successfully targeted noncatalytic Ser [88], and specific warheads for
these residues are needed, possibly catalyzing their deprotonation to favor reactivity.

The second most nucleophilic among noncatalytic residues is Lys, and increasing efforts are being pushed toward
the design of selective electrophiles for this amino acid. Most Lys residues exposed on protein surfaces are protonated
at physiological pH and contribute to enhanced protein solubility. However, Lys buried in protein pockets can have
lower pK,, thus allowing for nucleophilic reactivity to be targeted. This phenomenon makes Lys residues attractive
targets despite their abundance in proteins, as selectivity can be tuned by the site environment. For this reason,
databases and prediction software for the pK, of specific residues are extremely relevant [89].

Currently, there are no FDA-approved TCls targeting Lys despite increasing efforts in research (90). While some
of the Michael acceptors used against Cys can potentially (albeit less readily) react with Lys as well, protonation of
the resulting amino-adduct favors retro-Michael addition, thus making this product less stable. Interestingly, vinyl
sulfones/sulfonamide compounds (IV) tend to react faster with nitrogen nucleophiles, possibly due to a harder
character of the conjugated acceptor in response to the higher delocalization of electrons toward the sulfur center.
Thus these warheads have the potential to be optimized for lysine targeting (91,92].

Sulfonyl fluorides (XV, X = CH,) have been revived as click reagents for amines by Sharpless ¢¢ /., and their
intrinsic relative stability even in water has fostered application in biological systems [93]. However, in this complex
environment many nucleophiles may be sufficiently reactive toward sulfonyl fluorides, and so far this functional
group has been found to be able to react with Lys, Tyr, Ser, Thr, Cys and His [94,95]. On the other hand, the cognate
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fluorosulfate warhead (XV, X = O) is remarkably less reactive and thus offers much more promise in TClIs. In fact,
this functional group has higher plasma stability and appears to be almost inert, so that only optimal proximity and
orientation toward a sufficiently nucleophilic residue can trigger reactivity [94]. In addition to Lys, also Tyr and Ser
have been targeted with this warhead, but its intrinsic reactivity is extremely low and promiscuous binding in the
presence of an affinity element is rarely observed [88,96]. Recently, scientists at AstraZeneca have also demonstrated
interest in covalently targeting Lys [97]. In an attempt to increase the effectiveness of a MCL-1 protein—protein
interaction inhibitor, a reversible carbonyl warhead combined with a coordinating boronic acid (XVI) was used.
This warhead proved effective in generating a long-lived covalent bond with a noncatalytic Lys that ultimately
improved the cellular potency of the parent compound. Despite the absence of pharmacokinetic and selectivity
data in this study, this warhead encompasses two functional groups already represented in the clinic, suggesting it
might be viable in terms of safety and stability.

Meanwhile, cutting-edge research is further advancing the field by targeting residues that are not conventionally
considered nucleophilic, such as Asp and Glu. Although these studies are still in their infancy, it is noteworthy to
mention the N-methyl isoxazonium warhead (XVII) that was successfully used to modify noncatalytic Asp and
Glu residues [70,98]. Although its use is still limited for chemical biology research, due to instability and reactivity
concerns, this warhead has been also reported in this context to highlight the existence of another powerful TCI
tool. Substantial advances in reactivity, chemical stability and selectivity will be required for actual targeting of
Asp/Glu in more translational applications. Sporadic examples have also appeared recently for targeting Met with
epoxides (XVIII, X = O) [99]. Although this warhead, and the cognate aziridine (XVIII, X = N), does not usually
present the optimal mild reactivity and can thus be promiscuous, it has been applied in approved drugs and could
in principle be exploited to target less nucleophilic amino acids, provided that high selectivity can be obtained by
the affinity element and reactivity can be tuned by warhead substituents.

Systematic studies on warhead reactivity, including the development of i silico predicting tools [100], have
appeared in recent literature [72,73,78]. However, these studies remain sparse and difficult to compare as varying
assay conditions have been employed. As a further advancement in the development of TCls, it will be important
to establish clear rules to predict warhead reactivity in order to minimize the need for case-by-case optimization.

Accessible resources for TCl discovery

Initial examples of TCIs — that is, kinase inhibitors — have adopted the late-stage introduction of an electrophilic
warhead in optimized noncovalent lead compounds. This approach is preferable to limit warhead tuning efforts
during SAR studies and has been more successful in the clinic to date [39]. However, as shown in some of the ex-
amples above (e.g., KRASG12¢ covalent inhibitors), the reverse approach can be significantly more straightforward,
especially in the discovery of weak binders for challenging targets. Many pharmaceutical companies, as well as com-
mercial vendors and academic laboratories, have developed proprietary electrophile libraries including subspecific
selections of compounds for specific target residues or warheads. Both small molecule and fragment libraries are
available for 7z silico and in vitro screening, with fragment-based drug discovery showing the highest promise in
TCls [11,101]. Covalent DNA-encoded libraries have also started appearing [102]. Guiding principles for the assembly
of electrophilic fragment libraries have been described recently elsewhere [103]. In combination with increasing inter-
est in TCI discovery, novel screening platforms have thus been developed with the aim of simplifying, accelerating
and enhancing the accessibility of TCI drug discovery.

Mass spectrometry (MS) remains the leading detection method for protein covalent modification (e.g., via
intact protein MS) as well as identification of peptide modification by tryptic digestion (Figure 5A). However,
multiplexing strategies to reduce the times and costs associated with this technique are emerging [104]. One such
example is the tethering assay used to discover KRAS5¢ covalent inhibitors (Figure 5B). In this method the target
protein, usually containing a single available Cys, is incubated under reducing conditions with multiplexed hit
compounds containing a disulfide warhead; thus the formation of covalent disulfide bonds will be reversible under
the assay conditions. Compounds that have enhanced affinity to the proximity of the Cys will more favorably bind
to the target, thus being prevalently detected in the covalent adducts by MS analyses. The tethering assay was
initially developed to discover weak binders against challenging proteins, often by introduction of a mutant Cys
at the desired site, but it is straightforward to see how this method was directly applicable for covalent fragment
screens. However, less common disulfide libraries are usually required to exploit the equilibrium selection obtained
with the reversible covalent reaction under reducing conditions. Thus the tethering assay concept has often diverted
from its origin in TCI discovery to allow for employment of more convenient electrophile libraries [105].
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Figure 5. Overview of available screening platforms for the discovery of novel TCls. (A) Intact protein mass spectrometry: binding is
shown by a shift in the measured protein MW. (B) Fragment tethering: hits are selected by favorable affinity under thermodynamic
equilibrium conditions. (C) Proteomic profiling: targeted proteins are identified by the decrease in signal detected upon pull-down with
broad spectrum covalent probes. (D) gIT assay: a fluorogenic substrate (CPM) is used to monitor the labeling reaction. (E) Covalent
docking: hits are selected by in silico simulations. KRASg12¢c with ARS1620 in Molecular Operating Environment (MOE, Chemical
Computing Group, Montreal, Canada) was used as an example to show the covalent docking interface (PDB: 5V9U). (F) X-ray
crystallography: structural information of covalent fragment binding is generated. The structure shown derives from the Nir London lab’s
recent effort for the COVID Moonshot campaign (fragment 1351 binding to COVID-19 M”° catalytic Cys).

When large amounts of purified protein are difficult to access and selectivity issues have to be addressed as
early as possible, proteomic techniques can provide a better platform (Figure 5C). Interestingly, this approach
is largely unbiased, and both ligands for a specific target and targets that can be specifically liganded can be
discovered [11,106,107). Although profiling compound behavior in cells is highly advantageous in terms of selectivity
and early assessment of pharmacokinetics, this technique requires more laborious sample preparation and specific
instrumentation and thus is not accessible to every laboratory. Moreover, the technology is mostly incompatible with
high-throughput screening. Nevertheless, studies on nucleophilic residues’ reactivity across the whole proteome
have shown interesting results in terms of specific reactivities that have the potential to be targeted with carefully
designed TClISs [108,109].

An orthogonal approach recently devised by Craven et al. offers a more accessible alternative to MS-based
screens [110]. The quantitative irreversible tethering assay, or qI'T, exploits a fluorogenic coumarinophenyl maleimide
(CPM) that develops enhanced fluorescent signal upon Michael addition reaction (Figure 5D); thus the labeling
rate of electrophilic compounds toward targets containing a single free Cys can be readily monitored by decrease
in measured fluorescence over time. Despite requiring higher amounts of protein compared with MS, this assay
offers the advantage of affordably screening large libraries of compounds 77 vitro. Furthermore, glutathione or other
nucleophiles of choice can be used to discriminate between affinity-enhanced labeling rates and promiscuously
highly reactive electrophiles that might be present in the library. However, orthogonal confirmation of hits by intact
protein MS is required for assay result validation and to identify potential PAING.

The most affordable approach may be represented by covalent docking (Figure 5E). Virtual screening tech-
nologies for the identification of new covalent ligands have been steadily improving with the implementation of
new standalone software, protocols and web servers [111,112]. These include AutoDock [113], CovalentDock [114],
CovDock (115, DOCKovalent [116], MOE (Figure 5E) and GOLD [117], most of which have been analyzed in
comparative studies [118,119]. In addition to the obvious need for structural information concerning the target, the
major limitation of covalent docking lies in the requirement for specific ligand and protein preparation, an often
lengthy process that cannot always be automatized; results are thus inapplicable to large libraries [111]. Moreover,
accounting for the energy gain associated with covalent bond formation can be tricky, and only warheads that share
the same reaction mechanism can be productively ranked in a screen [118]. Nevertheless, selection of promising
covalent hits from large libraries has been achieved with immense reduction in wet lab costs, as evidenced by
numerous recent publications [120-122]. Moreover, iz silico prediction tools represent a straightforward means to
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detect potential pseudopockets on a protein of interest; hence the increasing number of works relying on these
calculations [123,124] and the appearance of free web servers such as the FTMap family [125]. Previously undruggable
protein sites are now being reconsidered for TCI if they lie in the vicinity of a nucleophilic amino acid, and virtual
interrogation is not uncommonly the first step in this re-evaluation process.

Actual structural information can instead be acquired by performing x-ray crystallography screening (Figure 5F).
While this technique is usually associated with higher costs and presents a strict requirement for pre-existing and
consolidated protein crystallization protocols, it offers the best starting point for rational TCI design. A remarkable
example of this approach in covalent fragment-based drug discovery has been widely advertised among scientists and
in social media for the structure-based discovery of inhibitors against COVID-19 M. In particular, Nir London’s
lab contributed to the COVID Moonshot campaign (@covid_moonshot) by screening a library of >1000 covalent
fragments, following the elucidation of the structure of this virus main protease by Diamond Light Source [126,127].

In addition to the discussed screening approaches, other drug discovery methods that have not yet been extensively
explored, such as NMR, could also be used for TCI. As already stressed, the need for structural information remains
fundamental in TCI discovery, as the careful design of a correctly placed electrophile can be impossible without
previous understanding of its binding mode. However, significant advances in structural biology have been made in
recent years, including improvement of homology modeling software and the advent of CryoEM. The availability
of these resources will be invaluable for the success of TCI approaches in drug discovery.

Afterword: be alert & learn from unpredicted reactivity

Some of the assays discussed above involve the use of end point measurements, which can be used throughout
inhibitor development to rank derivatives. A full characterization of reaction mechanism and kinetics will often
be conducted retrospectively and only on a handful of the most promising substances. The covalent KRASG12¢
inhibitors are a prominent example of this general trend: while the compounds are quickly progressing in clinical
trials, only recently have full reaction mechanism studies been reported [128,129]. Interestingly, the role of Lys16 was
found to be essential to trigger the highly favorable covalent reaction; we could technically say that KRAS catalyzes
the reaction with its own inhibitor, by orienting the Michael acceptor and stabilizing the reactive intermediate [130].
Even though the ARS compounds were discovered serendipitously, it is becoming clear that the existence of such a
specific mechanism is a major contributor to the success of these molecules. While the presence of this sweet spot
for covalent inhibition via Michael acceptors on KRAS would have been hard to predict, we can retrospectively
learn from this case and use the findings to produce better TCls.

Another peculiar case was recently presented by Bashore and colleagues, who developed a series of
cyanopyrrolidine-based covalent inhibitors of USP7 [131]. In this work, while investigating TClIs against the
catalytic Cys of this protein, the authors came across an unusual desulfhydration mechanism, which was caused by
the cyanopyrrolidine warhead and was specific for USP7 (compared with, say, USP30). This mechanism is perhaps
an extreme example, but it shows that unpredictable products and reactivity, albeit uncommon, could result from
TClIs. Thus investigation cannot stop after obtaining complete labeling of a protein; the mechanisms and kinetics
of adduct hydrolysis should be always considered and excluded before considering a TCI truly irreversible. Surely
further unpredicted mechanisms lie behind many of the TClIs currently studied, thus these cases are reported as a
reminder against common traps of simplistic assumptions.

Conclusion

The current perspective was intended to provide an informative view of the current status of TCIs on the drug market
and of the steps made toward the translation of research advances in the clinic. TCIs have fascinating potential to
tackle challenging targets, including small GTPases, protein—protein interactions and nonprotein cell components,
all of which represent cutting-edge quests in medicinal chemistry. Particularly, even if TCls do not eventually
revolutionize the clinical landscape, they serve as powerful tool compounds that are key to harnessing complex
biological questions in basic and applied research. Undoubtedly, the last decade has seen a significant increase in
academic research devoted to the investigation of covalent inhibitors, and great promise has been translated from
industrial settings to the clinic, as seen for the KRASG12¢ inhibitors. While previous concerns regarding the safety
of these molecules for human application were certainly justified, it is true that many physiological pathways
are governed by covalent reactions, and many natural bioactive compounds were found to be safe despite being
irreversible modifiers of proteins (e.g., B-lactam antimicrobial substances). It is difficult to predict how the future of
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TCI will look in 10 years” time, but it is clear that these powerful molecules will accompany the field of medicinal
chemistry for a long time and will be pivotal to significant chemical biology discoveries.

Future perspective

As anticipated by many medicinal chemists, the field of TCIs has shown a clear growth over the last decade. The
efficacy of these inhibitors was shown in the clinic, with a rising number of new FDA-approved entities acting via a
rationally designed covalent mechanism. While the advantages over reversible inhibition therapy need to be further
investigated, TClIs will surely remain indispensable tools for chemical biology and a continuous expansion of this
field is foreseeable for the near future. It is also possible that the development of novel TCls will allow tackling
more challenging therapeutic targets.

Executive summary

e A resurgence of covalent drugs is in place, with scientists showing a better grasp of safety issues and the potential
of careful covalent inhibitor design.

e At least eight targeted covalent inhibitors (TCls) have been approved by the US FDA since 2013.

e Research is exploring a variety of warheads beyond canonical acrylamides, and trying to target a wider range of
nucleophilic residues beyond cysteine.

e Several platforms for TCI discovery have been developed.

e Overall progress is exemplified by well-known cases currently in the clinic; for example, KRASg12c inhibitors, used
here as a case study.

e Further efforts should be devoted to understanding and devising new mechanistic strategies for TCls, with the
aim of increasing the potential of these powerful tools.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-
science.com/doi/suppl/10.4155/fmc-2020-0236
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