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Abstract Covalent targeting has experienced a revival in the last decade, especially
in the area of protein kinase inhibitor development. Generally, covalent inhibitors
make use of an electrophilic moiety often termed “warhead” to react with a nucle-
ophilic amino acid, most frequently a cysteine. High efficacy and excellent selectiv-
ity in the kinome have been achieved by addressing poorly conserved, non-catalytic
cysteine residues with so-called targeted covalent inhibitors (TCIs). Despite the
challenges associated with covalent modifiers, application of the TCI approach for
the discovery of new treatments has been very successful with six covalent kinase
inhibitors having gained approval in the last few years. A multitude of reactive
chemical probes and tool compounds has further been developed. Beside cysteine,
other nucleophilic amino acids including tyrosine and lysine have also been
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addressed with suitable electrophiles and covalent-reversible chemistry has recently
complemented our toolbox for designing covalent kinase inhibitors. Covalent
ligands have also been used in the framework of chemical-genetics approaches or
to tackle allosteric pockets, which are often difficult to address.

This chapter aims at providing a general introduction to covalent kinase inhibitors
and an overview of the current state of research highlighting major targeting
strategies, developments, and advances in this field. More detailed information on
certain targets and approaches can be found in dedicated chapters of this book.

Keywords Chemical probes, Electrophilic warheads, Kinase inhibitors, Structure-
based drug design, Targeted covalent inhibitors

1 Introduction

Covalent inhibitors have a long history in medicinal chemistry and various covalent
modifiers, such as aspirin, f-lactam antibiotics or omeprazole, to name just a few,
have been among the most frequently used drugs for decades [1]. However, many of
the drug classes acting via a covalent mechanism have been discovered serendipi-
tously. Due to concerns about their potential for haptenization and idiosyncratic
toxicity as well as side effects or toxicity arising from irreversible off-target labeling,
reactive compounds have long been regarded with skepticism by pharmaceutical
companies [2, 3]. Since the beginning of the twenty-first century, however, we have
seen a resurgence of covalent targeting strategies in medicinal chemistry. Targeted
covalent inhibitors (TCIs) which have been defined as “inhibitors bearing a bond-
forming functional group of low reactivity that, following binding to the target
protein, is positioned to react rapidly with a specific non-catalytic residue at the
target site” [1] are now becoming more and more common especially in the field of
protein kinase drug discovery [4-7].

The renewed interest in covalent inhibitors is based on the growing awareness
that a well-designed TCI can offer a variety of benefits over classical, non-covalently
binding molecules (an excellent review summarizing the opportunities and pitfalls
associated with the development of covalent-modifier drugs has recently been
provided by De Cesco et al. [8]). Currently, most TCIs address non-catalytic cysteine
residues with an electrophilic headgroup termed “warhead” [9], which is highlighted
in red throughout this chapter. Thereby, TCIs can make use of the combined
specificity of two orthogonal selectivity filters: (1) reversible recognition and
(2) the covalent bond-forming reaction. Consequently (and counterintuitively),
covalent targeting can increase selectivity provided that the intrinsic reactivity of
the warhead is low enough to hit only residues juxtaposed by the reversible binding
event [3, 7]. This second selectivity filter is particularly useful when targeting the
protein kinases’ ATP pocket, which features a high overall similarity throughout the
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kinome but a relatively low degree of conservation in the so-called cysteinome (i.e.,
the entire set of cysteines present in the kinome) [7]. In addition, irreversible
covalent binding eliminates the competition with natural ligands, substrates or
co-factors (i.e., ATP in the case of kinases) thereby increasing overall efficacy
[7]. Given the low millimolar ATP concentrations in cells, the lack of competitivity
after covalent bond formation is a key advantage. Due to their time-dependent
binding behavior, efficient irreversible inhibitors can achieve full target occupancy
even at very low concentrations, provided that the exposure time is long enough.
Thus, lower doses may be sufficient to achieve equivalent therapeutic efficacy
compared to reversibly binding drugs. At the same time, the target protein remains
inhibited until its function is restored by de novo synthesis. If the re-synthesis rate is
not too high, persistent target engagement leads to a decoupling of pharmacokinetics
(PK) from pharmacodynamics (PD) which can translate into prolonged dosage
intervals even for high-clearance compounds and a lower side effect burden due to
a decreased overall exposure [2]. Since covalent bond formation can be used as a
powerful promoter of potency and selectivity, it can also enable the reduction of
molecule size and lipophilicity. Thereby, molecular obesity [10] may be prevented,
and physicochemical properties be improved.

Covalent-reversible targeting strategies can be a viable alternative when off-target
labeling, GSH-mediated clearance, or haptenization is an issue, when sustained
target engagement causes mechanism-based side effects, but also when high turn-
over targets need to be addressed. Ideally, the unmodified inhibitor dissociates after
protein degradation to be “recycled” by engaging with a newly translated target
protein. Moreover, this approach offers the potential to benefit from advantages of
irreversible covalent inhibitors (e.g., prolonged target occupancy, increased potency,
and selectivity) at a decreased risk of drug safety issues [11]. Remarkably, the target
residence times of covalent-reversible inhibitors can be fine-tuned by both warhead
chemistry and stabilization of the complex via non-covalent interactions, thus
providing tailor-made solutions for the desired application. However, although
these features hold the promise of enabling the design of better and safer
kinase-targeted drugs, no covalent-reversible kinase inhibitors have been approved
so far and critical evaluation of the benefit-risk balance in comparison to traditional
non-reactive ligands will still be necessary.

As mentioned above, irreversible covalent inhibition is a non-equilibrium pro-
cess. Due to its time-dependent nature, it can be accurately described neither by the
equilibrium dissociation constant K; (= kog/kop) nor by ICs values [1]. TCI binding
usually involves two steps (Fig. 1). In the first step, the inhibitor reversibly binds the
target while covalent bond formation takes place in the second step. Importantly,
only the first of these two steps is ATP-competitive. For irreversible covalent
binders, the (reversible) binding affinity is described by the constant K being the
inhibitor concentration required to achieve the half-maximal rate of covalent inac-
tivation (= kjpa/2). It should be noted that K; does not equal K; although these
values converge for kin..i << kog. The first-order rate constant k;,,. defines the
maximal potential rate of covalent inactivation, i.e., the rate of covalent bond
formation at full occupancy with the reversibly bound ligand. Accordingly, ki,ac
represents a measure for the efficiency of the covalent inactivation step. kijac
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Fig. 1 (a) General mechanism of irreversible and reversible covalent target engagement by TClIs.
An initial reversible binding event takes place and positions the reactive warhead (red) close to its
target amino acid (dark blue). Covalent trapping represents the second step described by the rate
constant k.. The rate of the reverse reaction (defined by k,.,) is negligible for (quasi)-irreversible
inhibitors while being significant for covalent-reversible inhibitors. (b) General mechanism of
one-step non-covalent (reversible), covalent-irreversible and covalent-reversible binding

depends on several factors including the intrinsic reactivity of the warhead and the
target nucleophile, but also the accurate positioning of both reactive groups in terms
of distance and angle to favor the reaction. The appropriate measure for the overall
efficiency of the two-step binding event is the quotient k;,../Kj that is the second-
order rate constant of covalent target inactivation [12]. The above descriptions refer
to (quasi)-irreversible binders where the rate constant of covalent bond cleavage
(denoted here as k,.,) approximates zero. However, k.., can vary over a large range
for covalent-reversible ligands, whose binding kinetics shall not be further discussed
here. An in-depth description of the binding kinetics of both covalent-reversible and
irreversible ligands is beyond the scope of this chapter and can be found elsewhere
[8, 12, 13]. However, it should be noted that although k;,,./K] is the recommended
potency measure for irreversible covalent inhibitors, the bulk of literature in the
protein kinase field still relies on ICs, data which is much easier to obtain. Compar-
ing covalent inhibitors on the basis of apparent ICs, values can be useful to deduce
early SAR within a series provided that all compounds were tested in the same assay
system under identical conditions. Nevertheless, it should be kept in mind that
apparent ICs, values, which are determined at a single point in time, do neither
provide a quantitative picture of a covalent inhibitor’s overall efficiency nor allow
for the deconvolution of contributions from reversible and covalent binding. Thus,
caution should be exercised when comparing covalent inhibitors merely on the basis
of ICsq data [13].

As mentioned before, the by-far most common residues to be addressed by TCIs
are non-catalytic cysteines. The cysteine side chain (pK, ~ 8.5) [14] can readily be
deprotonated to form a strongly nucleophilic thiolate which has a much higher
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reactivity than the neutral thiol form. Notably, cysteine has the strongest intrinsic
nucleophilicity among the proteinogenic amino acids except the rare selenocysteine.
While catalytic cysteines, that occur for example in cysteine proteases or phosphates,
are pK,-depressed to favor the more nucleophilic deprotonated form, the neutral thiol
is often dominant for non-catalytic cysteines at physiological pH making them more
difficult to address.

Recent computational studies have suggested that most cysteine residues in
kinases’ active sites have even higher pK,’s than the aforementioned reference
value rendering those moieties comparably weak nucleophiles [14]. Nevertheless,
even cysteines with a very high predicted pK, of >20 (e.g., Cys814 in PDGFRa or
Cys788 in c-KIT [14]) have been amenable to covalent targeting [15]. It should also
be taken into account that the kinase conformation but also the presence of the ligand
itself can influence a cysteine’s pK, and thereby its reactivity [16]. Moreover, not
only the distance but also the orientation between the electrophilic warhead and the
nucleophilic amino acid as well as the flexibility of the latter two are important
determinants for the efficiency of covalent bond formation and may require further
consideration in the design process [17, 18].

The prototypical warhead type for targeting non-catalytic cysteine residues are
acrylamides and analogous attenuated Michael acceptors (vide infra). Usually,
rational TCI design starts from an appropriate non-reactive ligand which is equipped
with a warhead to target a proximal nucleophilic amino acid residue [19]. The design
process is normally guided by structural information from X-ray crystallography
allowing for the rational selection of suitable linkers and attachment points to install
the reactive group. On the other hand, the off-target profiles of known covalent
ligands can be used to identify starting points for re-design and optimization
[6]. Alternative TCI discovery strategies that have recently been pursued include
fragment-based approaches employing electrophiles of low structural complexity
[20-22], which can then be optimized to become potent and specific TCIs. More-
over, DNA-encoded libraries featuring reactive compounds may be screened
[23, 24]. A schematic overview of these strategies is depicted in Fig. 2.

In order to be useful for TCI design, warheads must fulfill several criteria. Ideally,
reactivity is just sufficient to ensure rapid, proximity-driven covalent bond formation
with the targeted residue while being too low for promiscuous bonding to other
physiological nucleophiles. Since the requirements vary between different targets,
the reactivity of the employed functional groups should be tunable over a wide
range. An appropriate balance between target engagement and promiscuity needs to
be found for each individual application. Moreover, warheads (and their metabolites)
should be non-toxic and sufficiently stable against metabolic degradation. In some
cases, however, rapid warhead depletion may be beneficial to make use of kinetic
selectivity while minimizing off-target modification, especially if more reactive
electrophiles are employed. As mentioned, a,f-unsaturated amides have been most
frequently used as cysteine-targeted warheads since they feature a relatively low
intrinsic reactivity, which can be adjusted by the addition of steric bulk or by tuning
the electronic properties of the amide N-substituents [25]. Such moieties rapidly
react with cysteine thiol(ate)s (Scheme 1la), and less frequently with other
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a) Acrylamides: irreversible thiol-Michael addition
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Scheme 1 Mechanisms of covalent cysteine modification by acrylamide-derived Michael accep-
tors. (a) (Quasi)-irreversible reaction of regular acrylamides with cysteine side chains via thiol-
Michael addition. (b) Reversible reaction of a-cyanoacrylamides with cysteine side chains. The
reverse f-elimination reaction is facilitated by the increased acidity of the Ca-proton arising from
the additional electron-withdrawing Ca-substituent (exemplified by a nitrile group)

nucleophilic amino acids, e.g., lysine [9], if the latter are located nearby in the
binding pocket and possess sufficient nucleophilicity and conformational flexibility
to hit the electrophilic f-position via a favorable trajectory. Non-specific reaction
with ubiquitous thiols, e.g., in glutathione (GSH) or cysteines from other proteins
must be much slower to prevent premature inhibitor depletion and off-target-medi-
ated side effects. Nucleophilic addition of the cysteines’ thiol group leads to f-
thioether adducts, which are generally stable with respect to the half-life of most
target proteins.

An interesting recent development are TCIs with reversibly binding warheads
[26]. For addressing cysteines transiently, a-cyanoacrylamides and analogous
“hyper-activated” Michael acceptors have proven suitable. Although the dual acti-
vation by two electron-withdrawing group increases the intrinsic reactivity of such
Michael acceptor systems, it also causes a thermodynamic destabilization of the
addition product along with an increased a-CH-acidity promoting reversibility by
favoring the elimination of the corresponding thiolate anion (Scheme 1b)
[27, 28]. Hence, the half-life of the covalent adduct largely depends on stabilizing
interactions with the protein’s binding pocket and steric shielding of the Ca-proton.
Ideally, off-targets, GSH, or the degraded target protein would not provide sufficient
thermodynamic stabilization of the covalent complex, thus rapidly liberating the
unmodified ligand while the ligand would bind the intact target in a quasi-
irreversible fashion. Reactivity and dissociation rates of such dually activated
Michael acceptors can readily be tuned by adjusting the activating group (e.g.,
acrylonitriles equipped with amides and similar —-M-substituents or with electron-
deficient heterocycles) [28] and by modulating the steric bulk at the f-position
[11]. Other covalent-reversible warhead types employed to address kinases include,
for example, cysteine-targeted cyanamides [17] or aldehydes [29] and carboxylate-
targeted boronic acids [30]. Moreover, chlorofluoroacetamides have very recently
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Fig. 3 Selected examples of reversibly and irreversibly binding warheads for TCIs

been shown to react with cysteines to form products that can be readily hydrolyzed to
the corresponding (hydrated) glyoxamides [31].

The growing toolbox of novel or re-purposed warheads for targeting cysteines
and other residues has recently been reviewed [9]. A representative selection of such
headgroups is depicted in Fig. 3.

2 Covalent Protein Kinase Inhibitors

2.1 The Protein Kinases’ Cysteinome

Protein kinases feature a deep and highly conserved ATP binding cleft. This pocket
is perfectly ligandable and designing potent (typically low nanomolar),
ATP-competitive kinase inhibitors is not considered a major challenge anymore.
In contrast, achieving selectivity within the kinome, which includes more than
500 different protein kinases, can be very difficult due to the conserved nature of
the ATP binding pocket [32]. Classical strategies for obtaining selective active site
ligands, which are discussed by Knapp and co-workers in a dedicated chapter of this
book, exploit subpockets that are not addressed by ATP (such as the hydrophobic
clefts often referred to as hydrophobic regions I and II [33, 34]) since those regions
are considerably less conserved. Moreover, inactive kinase conformations that are
unique by themselves or that expose non-conserved regions can be addressed
[35, 36]. Although poorly conserved allosteric pockets can also be targeted, this
strategy is challenging due to the comparably shallow topology and the plasticity of
these binding sites. Since most protein kinase inhibitors address the ATP pocket,
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Fig. 4 Cysteine positions potentially amenable to covalent targeting according to Chaikuad et al.
[7]. Cysteines were mutated in silico into the X-ray crystal structure of cAMP-dependent protein
kinase catalytic subunit a in complex with ATP (PDB-code: 1ATP) and depicted as spheres with the
side chains highlighted as sticks. Colors and indentifiers were assigned according to the regions
where the cysteines are located. Orange glycine-rich loop/P-loop, pink gatekeeper residue, /ime
hinge region, red front region, magenta pre-DFG motif, salmon backpocket, brown roof region,
cyan activation segment, blue outside the ATP-pocket, dark-green/deep-teal positions exposed in
inactive kinase conformations and additional positions (non-exhaustive). Positions are labeled
according to the nomenclature used by Chaikuad et al [7]. Position A1 has been complemented
according to ref. [38]

therapeutic targeting is complicated by the high intracellular ATP concentrations
(generally in the low millimolar range [37]) competing with the ligand. Covalent
inhibitors hold the potential to address the aforementioned challenges as they
combine the use of an additional selectivity filter with limited ATP-competitivity.
Protein kinases possess neither a catalytic cysteine residue nor any other highly
activated nucleophile in the active site. Instead, they feature only non-catalytic
cysteines that may have regulatory functions but are not directly involved in
phosphate transfer. Collectively, these cysteine residues have been denominated
the protein kinases’ cysteinome [5, 6]. Cysteine residues are distributed at various
locations inside and around the ATP pocket that could potentially be tackled by
TClIs. According to a recent analysis by the groups of Koch, Laufer, and Knapp,
there are at least 18 positions or subsites (a subsite includes several spatially similar
positions) inside or proximal to the ATP pocket harboring cysteines with a high
probability of being addressable by electrophilic inhibitors (see Fig. 4) [7]. Addi-
tional cysteine positions become accessible in inactive conformations (e.g., DFG-out
or aC-out) [15]. Cysteines are very unevenly distributed among these locations (see
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Table 1). For example, over 80 protein kinases feature a cysteine at the hinge
region’s H2 position (see Fig. 4 and Table 1) while only five kinases with a cysteine
at the neighboring H1 position were identified [7]. Moreover, there is a bias in the
availability of inhibitors targeting individual positions or subsites. While several
locations have remained completely unaddressed so far, 8 out of 11 kinases with a
cysteine at the F2 position (aD — 1) were targeted with covalent inhibitors when this
manuscript was written (February 2019). In the following sections, representative
inhibitors engaging cysteine residues at the respective locations will be highlighted
and the underlying design principles be discussed.

2.2 Approved Covalent Protein Kinase Inhibitors

So far, the bulk of efforts in covalent kinase inhibitor discovery has been directed
toward kinases involved in cancer [39, 40]. The tremendous interest in covalent
kinase targeting is highlighted by over 60 patents disclosed only between 2010 and
2013 [41]. Currently, six covalent kinase inhibitors are approved by the FDA
(Fig. 5): afatinib (BIBW-2992, 1), dacomitinib (PF-00299804, 2), neratinib
(HKI-272, 3), osimertinib (AZD9291, 4), ibrutinib (PCI-32765, 5), and acalabrutinib
(ACP-196, 6). Among these, the first one to gain FDA approval (07/2013) was
afatinib, a gefitinib (7)-derived second-generation EGFR/ErbB(HER) family kinase
inhibitor (vide supra) developed by Boehringer Ingelheim, which is used in the
therapy of metastatic non-small-cell lung cancer (NSCLC) driven by activating
EGFR-mutations [42]. This compound hits a cysteine in the F2 position of the
EGFR kinase domain (Cys797), which is also present in ErbB2 and ErbB4 but not
in the pseudokinase ErbB3. Later in 2013, ibrutinib, an inhibitor addressing an
equivalently positioned cysteine in Bruton’s tyrosine kinase (BTK), was approved
for the treatment of mantle cell lymphoma. The marketing authorization was later
expanded to other conditions including chronic lymphocytic leukemia (2014) and
chronic graft versus host disease (2017) [43] making ibrutinib one of the few small
molecule kinase inhibitors therapeutically used for the modulation of immune
response in a non-oncology setting. Osimertinib, a third-generation mutant-selective
EGFR inhibitor, was approved in 2015 for metastatic NSCLC haboring the EGFR-
T790M resistance mutation [44]. In July 2017, the FDA granted approval to
neratinib, a quinoline-derived pan-ErbB-inhibitor for adjuvant treatment of early
stage HER2-positive breast cancer. In October 2017, acalabrutinib, an ibrutinib-
derived second-generation BTK inhibitor featuring a but-2-yne amide warhead,
gained marketing authorization for the treatment of mantle cell lymphoma
[45]. The sixth and most recently approved covalent kinase inhibitor is dacomitinib,
a close structural analog of afatinib developed by Pfizer and employed in the
treatment of metastatic NSCLC with activating EGFR mutations (L858R) or exon
19 deletions [46].
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Table 1 Localization of cysteine residues according to the classification scheme by Chaikuad
etal. [7]

Site Position/ Relative Eiiises
Subsite Position )
P fp"':ljl:‘r::;"_ CKIyl, CK1)2, CK1p3, ERK3, PEAKI(SgK269), PRAG1(SgK223), ZAK, ZAPTO, ROR,
o of I SuRTK 106
rich loop P2 tip-1 FGEFR1, FGFR2, FGFR3, FGER4, LIMKL, SRC, FGR, SBK2(Sgk069), TNK{, YES
(P-loop) P3 tip of the loop | CHK2, MKK7, SuRTK106, VACAMKL (tip +1)
P4 tip+3 MSKI_domain_2, NEK2, PLKI, PLK2, PLK3, RSKI| domainl, RSK2 domain2,
MEKK], MSK2 domain2, RSK3 domain2, RSK4_domain2
Roof region | R1 B3+3/5 HERS(ErbB3) [+3], WNKI [+5], WNK3 [+5], WNK2 [+3], WNK4 [+3]
Gatekeer Gl GK residuc__| MOK, SgK494
H1 GK+2 FGFRY, MAPKAPK2, MAPKAPK3, TTK, p70S6K(
AAKI, BIKE, BRAF, CDKS, CDK9, CDKLI, CHKI, DLK{ZPK), FAK, FLTI, FLT3,
Fms(CSFR), GAK, HGK(ZCl), HPKI(MAP4K1), IKKA, IKKa, [IREI(ERNI),
KDR(VEGFR2), KHS2(MAP4K3), Kit, KSR2, LKBI, LOK, MELK, MSTI, MST2,
MYTI, NEKI, NEK2, PDGFRa, PEK, PKR, PKGI(PRKG1), PLK1, PLK2, PLK3, PLK4,
Hinge . — RAF1, RNAscL, ROR2, SLK, TAO3, TBK1, TLK1, TNIK(ZC2), ULKI. ULK2, ULK3,
Reghon Weel, Weelb, ARAF, CDK10, CDKL4, CLIKI, CLIKIL, FLT4, GCK(MAP4K2), GCN2,
HRI, HUNK, IKKi(IKKe), IRE2, KHSI(MAP4KS), KSR, Lmrl, Lmr2, Lmr3, LZK.
MAP3K4, MINK(ZC3), MYO3A, MYO3B, NEK3, NEK4, NEKS, NEK9, NEKII,
NRK(ZC4), Obsen_domaini &2, PDGFRP, PKG2(PRKG2), SPEG_domainl &2, STK33,
TAOI, TAO2, TLK2
- — FLT3 [+4], Fms(CSFR) [+4], KIT [+4], Ron [+4], TBKI [+3], FGR {+4], Sek494 [+4],
4 BubR1 [+5], Sgkl10 [+5]
Fl ab-2 EpHB3 [GK+6], LKB1 [GK+3]), PINKI[GK+5]
o 55 i BMX, BTK, EGFR, HER2(ErbB2), HERA(ErbB4), ITK. JAK3(catalytic domain), MKK7,
Region BLK, TEC, TXK,
F3 ab+2 JNKI, JNK2, INK3
F4 aD+6 PI3Ka(PIK3CA), AMPKal AMPKaZ2, STLK5(STRADA)
AAKI, BIKE, CDKLI, CDKL2, CDKL3, CDKLS, ERKI, ERK2, FLTI, FLT3, GAK,
GSK3f, KDR(VEGFR2), KIT, MAP2K4, MEK |, MEK2, MKK6, MKK7, MNK1, MNK2,
DFGregion| DI SR NIK, PBK, PDGFRe, PRP4, RSK1_domain2, RSK2_domain2, TAKI, TGFBR2, ZAK,
CDKLA, ERK7, FLTS, Fused (STK36), GSKig, MAP2KS, MAPKAPKS, MKK3, NLK, Ob-
sen_domainl, PDGFRE, PKDI (PRKDI), PKD2 (PRKD2), PKD3 (PRKD3),
RSK3_domain2, RSK4_domain, SPEG_domain!
& b;f‘l“i“g:kbz‘lo":‘ EGFR. MELK, PI3Ka (PIK3CA), PI3Kf (PIK3CB), PI3K5 (PIK3CD), PI3Ky (PIK3CG),
aK TTBKI, PI3KC2a (PIK3C24), PI3KC2f (PIK3C2B)
AKTI, AKT2, DMPK, IREI, MELK, MRCKS, NDR1, PT0S6K, PAKI, PAK3, PAK4,
- DFG+12 | PAKS(PAKT), PAK6, PKCa, PKCB, PKCy, PKCL PRK1, PRK2, ROCKI, ROCK2,
Others SGK1, AKT3, DMPK2, IRE2, LATSI, LATS2, MAP3K4, MOK, MOS, MRCKa, NDR2,
PT0S6KB, PAK2, PINK1, PKCy. PKCS, PKCe, PKC{, PKN3, SGK2, SGK3. SgKk496
"““‘t‘"";“ S8 | AKT1, AKT2, MAP2K6, MELK, MKK7, MSK1_domainl, P70S6K, PKCa, PKCF, PKC,
o | = ‘;’ hor. | PKCt PRKI, PRK2, ROCKI, ROCK2, SGK1, AKT3, MOS. P70S6Kp, PKCY, PKCS,
alter phospior= | prce pKCE PKN3, SGK2, SGK3
vylation site)
special position
(.'E;Ti‘:l‘;, s1 (outside ATP | CDK7, CDKI12(CRKT), CDK13(CHED)
+ pocket)”
'sr:::':‘:r' &, various KIT (11, Cys788), PDGFRa (11, Cys814), IKKa, IKKS (12, Cysd6),
additional Al positions® FAK (Al, C427)

The positions or subsites (including several spatially similar locations) are assigned according to the
identifiers provided in Fig. 4. The list is based on the analysis of Chaikuad et al. [7] and has been
updated according to the literature available at the time of writing. The analysis did not include
atypical kinases while lipid kinases from the phosphoinositide 3-kinase family (PI3Ks) were
included. Assignments were made on the basis of respective X-ray crystal structures while cysteine
locations in kinases without an available X-ray crystal structure (shown in italics) were assigned by
sequence alignments. Kinases which have been targeted with covalent ligands are highlighted in
magenta and only examples where covalent binding was experimentally proven by either X-ray or
MS were included.

“Non-exhaustive, only positions/kinases that were already covalently addressed have been
considered
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itor, is depicted as the structural template for the design of covalent (second generation) ErbB family
kinase inhibitors

2.3 Natural Products as Covalent Protein Kinase Inhibitors

Natural products have been a rich source of covalent ligands [47] and such com-
pounds have been known as covalent kinase inhibitors for more than two decades
[48-50]. For example, hypothemycin (8, Fig. 6) and analogous resorcylic acid
lactones (RALSs) incorporating an endocyclic cis-enone motif engage cysteine resi-
dues preceding the conserved DFG motif (D1 position, e.g., Cys166 in ERK2 or
Cys174 in TAK1). Equivalent cysteine residues are present in about 50 kinases from
several distinct families [5-7] many of which are covalently inhibited by
hypothemycin [51, 52]. Modification occurs via hypothemycin’s reactive enone
moiety while the epoxide, which is also present, behaves as a bystander electrophile
in this context. LL-Z1640-2 (FR148083, 5Z-7-oxozeaenol, 9), a close analog of
hypothemycin binds kinases such as ERK1/2 and TAK via the expected cysteine
residues in the D1 position [53]. Despite the presence of a D1 cysteine, a distinct
binding mode is observed for mitogen-activated protein kinase kinase MKK?7
(MAP2K?7). Here, a cysteine in the F2 position of the solvent-exposed front region
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Fig. 6 Selected natural products or natural product derivatives covalently targeting kinases. The
reactive moieties involved in covalent bond formation are highlighted in red

b)

Cys276 (MKK7) = gl
Cys174 (TAK1) sl

Fig. 7 Overlay of the X-ray crystal structures of 9 covalently bound to MKK7 (gray, both cysteine
side chains depicted in the ball and stick representation; PDB: 3WZU) and TAKI1 (cyan, cysteine
side chain shown as sticks; PDB: 4GS6). While the cysteine moitey at the D1 position, which is
common to both kinases is adresssed in TAK1, an alternative binding mode engaging a distinct
cysteine in the front region of the ATP cleft (F2 position) is observed in MKK?7. (a) Top view. (b)
Front view

is modified (see the overlay in Fig. 7a, b) [54]. LL-Z1640-2 was further developed to
clinical candidate E6201 (10), a potent MEK/FLT3 inhibitor, by researchers from
Eisai [55, 56]. The compound was efficacious in in vivo models and moved to phase
II clinical studies for the treatment of psoriasis (NCT01268527, NCT00539929),
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Fig. 8 Wortmannin (13), a lysine-targeted PI3 kinase inhibitor. (a) Mechanism suggested for the
reaction with PI3Ky-Lys833. (b) Binding mode of 13 in the ATP-pocket of PI3Ky confirming the
ring opening and the covalent binding to the Lys833 e-amino group (PDB: 1E7U)

hematologic malignancies with FLT3 and/or Ras mutations (NCT024 18000, termi-
nated), and recently for melanoma CNS metastases (NCT03332589). Further natural
products that are known to covalently engage protein kinases via cysteine adduction
include, for example, cyclopentenone prostaglandins (e.g., PGA, 11) targeting the
activation loop cysteine (Cys178/179) in IKKa/f [57] or pyranonaphthoquinones
(e.g., lactoquinomycin, 12) targeting Cys296 and Cys310 (O2-position) in the
activation loop of AKT1 [58].

Wortmannin (13), a natural product belonging to the viridin furanosteroids is a
potent inhibitor of the lipid kinases from the phosphoinositide 3-kinases (PI3Ks)
family. In contrast to the cysteine-targeted enones discussed above, this and analo-
gous compounds covalently modify the conserved catalytic lysine (Lys833 in
PI3Ky) [48]. Attack by the lysine’s e-amino group occurs at the unsubstituted carbon
atom of the dually activated furan ring [59]. The furan undergoes a ring opening,
presumably via an intermediate enolate, to form a conjugated enamine (see the
mechanism and binding mode in Fig. 8a, b). Opening the ring with diallylamine
furnished PX-866 (14), an analog with improved PK properties that moved to
clinical trials. In contrast to the addition products of primary amines, which feature
an inactive Z-configured enamine that is stabilized by an intramolecular hydrogen
bond with the lactone’s carbonyl oxygen atom, secondary amine-derived adducts
retain inhibitory activity. The latter undergo exchange reactions with primary amines
while the inverse reaction could not be observed [60]. Compound 14 alone or in
combination was tested in phase II clinical trials for the treatment of different cancer
types including prostate cancer (NCT01331083), glioblastoma (NCT01259869),
and non-small cell lung cancer (NSCLC) (NCT01204099).
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2.4 Development of Inhibitors Targeting Cysteines
in the Front Region

2.4.1 Inhibitors Targeting the F2 Position

So far, the most extensive research efforts have been directed toward kinases featuring
a cysteine residue at the F2 (aD — 1) position. Being located in the solvent-exposed
front region, F2 cysteines are common to 11 kinases, namely the ErbB family
members EGFR, ErbB2, and ErbB4 (but not the pseudokinase ErbB3), the TEC
family kinases (TEC, BTK, ITK, BMX, and TXK), the SRC kinase BLK, the Janus
kinase JAK3, and the MAP kinase kinase MKK?7. The most considerable drug
discovery efforts have been aimed toward Cys797 of the EGFR receptor tyrosine
kinase. As a member of the ErbB family, EGFR (also referred to as HER1 or ErbB1)
transduces growth signals either as a homodimer or as a heterodimer with other ErbB
family members. Aberrant EGFR activity is a common driver of non-small cell lung
cancer (NSCLC) and patients with certain activating EGFR mutations (e.g., L§58R
or exon 19 deletions) showed impressive response rates to first-generation (revers-
ible) EGFR inhibitors such as gefitinib (see Fig. 5) or erlotinib. Unfortunately,
secondary resistance mutations, most notably the T790M mutation of the gatekeeper
residue, appeared rapidly and rendered first-generation EGFR inhibitors virtually
inactive in approximately half of the responder population. In this light, second- and
third-generation EGFR inhibitors were developed to exploit the nucleophilic nature
of Cys797.

Pioneering work was reported already in the late 1990s by Singh, Fry, and
colleagues from Parke-Davis. They characterized 2’-thioadenosine (15, Fig. 9a)
[61] and the 4-aminoquinazoline-derived acrylamide PD-168393 (16) [62] as cova-
lent modifiers of EGFR-Cys797 and the analogous Cys805 in ErbB2 (and

a) NH,

HO H
(0] /\[(N \J\l HN \J\l
OH sH © N N0 N
o
15 16 17
2'-thioadenosine PD168393 Canertinib
797
Cys 797 797
b) bfé\—H R (‘:ySH R gysH !
O =R ~\-R
VAR o MR 8T
Do T O Wt
+NH #NH #NH

Fig.9 (a) Early covalent ErbB family kinase inhibitors targeting the cysteine in the F2 position. (b)
Mechanism of 4-(dialkylamino) crotonamide-assisted cysteine deprotonation/nucleophilic attack
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Fig. 10 Third-generation and more recent covalent EGFR/ErbB kinase inhibitors

presumably also Cys803 in ErbB4). Improved efficacy of 16 compared to the
biochemically almost equipotent propionamide analog was observed in a xenograft
model highlighting the potential pharmacological advantages of covalent inhibitors.
Further development of analogous compounds led to canertinib (CI-1033, 17), the
first irreversible pan-ErbB inhibitor entering clinical trials [63]. The development of
canertinib, however, was recently discontinued. Afatinib (1), the first approved
covalent ErbB inhibitor features a very similar structure. Besides modifications at
the quinazoline’s C7 substituent, a key difference consists in the replacement of
canertinib’s acrylamide warhead by an analogous 4-(dialkylamino) crotonamide to
assist the deprotonation of the cysteine’s thiol group (see the mechanism in Fig. 9b).
Although afatinib showed high efficacy in the treatment of NSCLC with activating
EGFR mutations, the drug suffered from dose-limiting side effects hampering its use
for overcoming the T790M resistance. Approval of the structural analog dacomitinib
(2) was delayed until recently since early trails did not prove superiority compared to
first generation EGFR inhibitors.

On the basis of the related quinoline scaffold, compounds featuring a carbonitrile
group at the C3-position of the heterocyclic core were developed in order to increase
ErbB2 inhibitory activity, the latter being frequently overexpressed in breast cancer
[64]. These efforts culminated in the recent approval of neratinib (3).

Third-generation EGFR inhibitors were designed to target resistant/activating
EGFR-mutants (e.g., EGFR L858R/T790M) while sparing the wild-type kinase to
decrease dose-limiting side effects, which constitute a key liability of the second-
generation drugs. The structure of such compounds does not rely on the prototypical
4-aminoquinazoline scaffold. WZ4002 (18, Fig. 10), the first third-generation irre-
versible ErbB kinase inhibitor, was reported in 2009 by researchers at the Dana-
Farber Cancer Institute [65]. This 2-aminopyrimidine derivative features a moderate
selectivity for EGFR with an activating L858R plus the aforementioned T790M
resistance mutation. An X-ray crystal structure of the compound bound to the EGFR
T790M mutant shows the formation of two hydrogen bonds between
the aminopyrimidine and the hinge region and confirms labeling of Cys797 by the
acrylamide warhead (PDB: 3IKA). Moreover, a hydrophobic contact between the
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Fig. 11 Development of irreversible BTK inhibitors from reversible inhibitor 21. The R-enantio-
mer of compound 5-rac equals ibrutinib

pyrimidine’s 5-chloro substituent and the sulfur atom of the gatekeeper methionine
residue is observed. The latter interaction, which also can be interpreted within the
conceptual framework of halogen bonding [66, 67], is thought to contribute to the
observed selectivity for the T790M mutant. Rociletinib (CO1686, 19), a structurally
related inhibitor developed by Clovis Oncology and tested in clinical trials up to
phase III (NCT02322281) was dropped in May 2016 for several reasons including
lower response rates and a less favorable benefit-risk profile compared to
osimertinib [68], which was simultaneously developed by AstraZeneca. Osimertinib
successfully gained fast track approval in 2015/16 [69].

Besides escape pathways (e.g., HER2 and MET amplification or PI3K/AKT/
mTOR activation), resistance to third-generation EGFR inhibitors is frequently
driven by mutation of the reactive cysteine to serine. The common L858R/T790M/
C797S triple mutant, for example, precludes covalent binding and is resistant against
all EGFR inhibitor generations. A new EGFR inhibitor type (exemplified by
GM-597, 20) that covalently binds gefitinib-resistant double mutants while
maintaining nanomolar reversible activity against EGFR L858R/T790M/C797S
has recently been described by Giinther et al. [70, 71].

The second class of clinically successful covalent kinase inhibitors addresses
Bruton’s tyrosine kinase (BTK), with two compounds being currently approved by
the FDA (vide supra). BTK is a cytoplasmic tyrosine kinase belonging to the TEC
family and plays a key role in B-cell receptor signaling. Due to its essential function
in B-cell development, BTK has been selected as a target not only for the treatment
of B-cell malignancies, but also for inflammatory and autoimmune disorders. Like
the aforementioned ErbB family kinases, BTK features a cysteine residue in the F2
position (Cys481). In 2006, the first covalent BTK inhibitors were reported by
researchers from Celera Genomics [72] and subsequently employed as tool com-
pounds [73]. A structure-based design approach was used to transform the potent
reversible BTK inhibitor 21 (Fig. 11) into reactive analogs addressing Cys481. Key
compound 5-rac, an inhibitor with subnanomolar potency featuring an acrylamide
warhead attached to a piperidin-3-yl residue, was capable of covalently modifying
BTK according to washout and MS-experiments. In this context, it is worth men-
tioning that aliphatic amine-derived acrylamides typically feature lower intrinsic
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reactivities compared to analogous anilides [74] which might translate into
decreased promiscuity. Compound 5-rac was effective in an arthritis mouse model
and the more potent R-enantiomer now known as ibrutinib (5, see Fig. 5) was further
developed by Pharmacyclics and Johnson & Johnson. Interestingly, ibrutinib was
later shown to potently inhibit most other kinases with an equivalently positioned
cysteine [45].

Acalabrutinib (6, see Fig. 5), an approved second-generation covalent BTK
inhibitor, features a related imidazo[1,5-a]pyrazine core [45]. In this case, a but-2-
ynamide warhead linked via the nitrogen atom of an S-configured pyrrolidin-2-yl
substituent was employed. While propiolamides are more reactive than analogous
acrylamides, but-2-ynamides are slightly less reactive [74] making acalabrutinib
more stable toward GSH when compared to ibrutinib (¢;, = 5.5 h vs. 1.9 h).
Acalabrutinib (IC5o®™ = 5.1 nM, kinuo/K; = 3.1 x 10* M~! s7") was shown to
be slightly less potent than ibrutinib (ICs® ™ = 1.5nM, kipae/ K1 =4.8 X 10° M~ 's71)
but relatively selective against most kinases harboring an F2 cysteine with only
ErbB4 (ICso = 16 nM), BMX (ICsq = 46 nM), and TEC (IC5y = 126 nM) being
significantly hit (MKK7 was not tested). The compound features a clean kinome
profile, oral availability, and durable target engagement in vivo (99% after 4 and
12 h, 100 mg p.o.) although being rapidly eliminated thus highlighting the discon-
nection between PD and PK, a key feature of many irreversible inhibitors.
Acalabrutinib showed a tolerable adverse effect profile and gained accelerated
approval by the FDA as second-line therapy for mantle cell lymphoma (MLL)
[75]. Several phase III studies for the treatment of chronic lymphocytic leukemia
(CLL) are ongoing. However, BTK C481S mutation renders both ibrutinib and
acalabrutinib ineffective at the recommended dosage since the decreased potency
in combination with the relatively fast clearance of these compounds precludes
sustained reversible target engagement [76].

Besides the two aforementioned drugs, many other irreversible BTK inhibitors
with distinct chemotypes and good or excellent selectivity profiles (e.g., CHMFL-
BTK-11 [77], branebrutinib [78], spebrutinib [45], or poseltinib [79], 22-25,
Fig. 12a) have been investigated in preclinical and clinical studies. A covalent-
reversible approach was chosen by researchers from the Taunton group and Principia
Biopharma [11], who generated a-cyanoacrylamide derivatives of ibrutinib to
engage BTK Cys481. Target residence times could be modulated as a function of
the f-substituent. For example, compound 26a (Fig. 12b) bearing a bulky tert-butyl
group in the f-position retained >50% cellular target occupancy 20 h after washout.
In contrast, occupancy of methyl-capped analog 26b was negligible under the same
conditions. The extended target residence time of compound 26a may be rational-
ized by additional thermodynamic stabilization of the covalent complex via hydro-
phobic interactions with the bulky ferz-butyl moiety, which simultaneously induces a
conformation with decreased a-CH-acidity while also shielding the Ca-proton from
water thereby impeding its abstraction (see PDB: 4YHF). Further optimization with
special emphasis on improving solubility and PK properties furnished a compound
series exemplified by 27a and 27b. While 27a (ICs5q = 0.7 nM, kipaed
K; = 1.9 x 10> M~ s7') had a residence time of 34 h, key compound 27b
(ICsp = 1.9 nM, kipae/ Ky = 4.3 x 10> M~! s7') behaved quasi-irreversible with a
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PF-303. (d) Mechanism of the reversible cysteine addition to cyanamides

residence time of approx. 1 week. In accordance with the applied design concept,
binding was rapidly reversible after proteolysis. Compound 27b showed sustained
target occupancy after clearance in vivo (as determined with a fluorescent covalent
probe) and had a relatively clean profile in a panel of 254 kinases. Nevertheless, five
other kinases sharing the combination of an F2 cysteine and a threonine gatekeeper
residue were strongly hit at 1 pM including BMX, which was even inhibited >90%
at 100 nM. The discussed compound series was further developed to drug candidate
PRN1008 (28, ICsy = 1.3 nM) [80], an orally available, covalent-reversible BTK
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inhibitor with a slow dissociation rate that recently entered phase III clinical trials for
the treatment of pemphigus (NCT03762265).

PF-303 (29, Fig. 12¢), a covalent-reversible BTK inhibitor from Pfizer, addresses
the same cysteine residue via a cyanamide group [81]. Cyanamides, a warheads class
known from cysteine protease inhibitors [82, 83], react with cysteines at similar rates
as acrylamides [74]. This Pinner-type addition results in the reversible formation of
isothiourea products (Fig. 12d). PF-303, which can be regarded as an ibrutinib
bioisostere, is a very potent BTK inhibitor (ICs5y = 0.64 nM, ki
Ki=144 x 10° M~} s_l) with a moderate dissociation rate (t;, = 5 h). While
being highly selective against JAK3, ITK (both >10,000-fold), and several related
kinases, PF303 inhibits TEC and BMX at similar potency as BTK. The compound
efficiently blocked anti-IgM F(ab’)2-mediated proliferation of murine B-cells
(ICs¢p = 2 nM) and showed in vivo activity in mice upon oral dosing.

Interleukin-2 inducible T-cell kinase (ITK) is closely related to BTK and features
an equivalently positioned cysteine (Cys422) that was suggested to possess a lower
nucleophilicity due to a pK, increase promoted by the proximal Asp445 [84]. As a
mediator of T-cell receptor signaling, ITK plays an important role in T-cell devel-
opment, differentiation, and function. It is considered a promising target in the
treatment of inflammatory and autoimmune disorders as well as T-cell malignancies.
Based on the fact that ibrutinib and similar BTK inhibitors show significant
off-target activity on ITK, researchers from Pfizer developed analogous compounds
to address this kinase. A structure-based design approach furnished acrylamide 30a
(PF-064654609, Fig. 13a), a highly potent ITK inhibitor (ICs5y = 2 nM at 1| mM ATP,
kinac/ K1 = 1.6 X 10* M~! sfl) [84]. Several alternative warheads were tested,
however, only the more reactive propiolamide 30b showed similar potency. Com-
pound 30a was potent in a human whole blood assay and showed sustained activity
in cells. Covalent engagement of Cys442 was confirmed for several analogs by
X-ray crystallography (PDB: 4HCT, 4HCV, 4HCU). However, 30a was also shown
to be an equipotent inhibitor of BTK. Selectivity against BTK seems to be difficult to
achieve not only because of the lower acidity of ITK’s F2 cysteine but also due to its
higher affinity toward ATP. Nevertheless, one compound with a moderate selectivity
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for ITK could be obtained (30c) albeit at the expense of potency
(ICs0™ = 60 nM vs. IC50®™ = 1,050 nM).

Another series of covalent ITK inhibitors exemplified by compound 31 (Fig. 13b)
was reported by researchers at GSK [85]. This key compound possessed high
potency (ICso = 5 nM at 1 mM ATP), a more pronounced selectivity against BTK
and a higher kj,,./K; ratio (5.2 x 10°M's™h compared to the aforementioned
inhibitors. Covalent binding was verified by jump-dilution, cellular washout, and
X-ray crystallography using a close analog (PDB: 4KIO). Compound 31 demon-
strated low reactivity toward GSH, favorable PK properties for inhaled dosing, and
prevented anti-CD3-induced T-cell activation in rat lung tissue (p.i.). In human
PBMC:s, the compound further suppressed the production of Tyl, T2, and Tyl7
cytokines.

Other kinases with a cysteine at the F2 position that have been addressed by
rationally designed covalent inhibitors include JAK3, BMX, and MKK?7. Efforts
toward highly isoform-selective JAK3 inhibitors culminated in the development of
the clinical candidate PF-06651600 (32, Fig. 14a) and have been summarized in a
separate chapter of this book and a recent review [86]. Notably, efforts published
very recently from researchers at Pfizer showed that JAK3 Cys909 is also amenable
to covalent-reversible targeting with cyanamides (e.g., compound 33a) [17]. The
latter compound features excellent isoform selectivity (>245-fold vs. other JAKSs at
1 mM ATP), high potency (ICso = 11 nM at 1 mM ATP), and efficient inactivation
kinetics (kinae/ K1 = 1.9 x 10° M~ s71) while being reasonably stable against GSH.
X-ray crystallography (e.g., with the analog 33b) unambiguously confirmed
isothiourea formation (Fig. 15a).

A distinct series of a-cyanoacrylamide-based covalent-reversible JAK3 inhibitors
(exemplified by 34a and b) with excellent isoform and kinome selectivity has been
developed by Forster et al. [87, 88]. Remarkably, both the covalent and the
non-covalent complexes coexist in the X-ray crystal structure of 34b bound to
JAK3 (Fig. 15b). The nitrile substituent of these compounds opens up a rare
induced-fit pocket formed by Arg911, Arg953, and Asp912 which constitutes an
additional selectivity filter contributing to the excellent selectivity of this compound
class in the kinome.

Covalent inhibitors for other kinases with an F2 cysteine have also been reported.
Inhibitors that target the kinase BMX include, for example, the dual BMX/BTK
inhibitor BMX-IN-1 (35, Fig. 14b) [89], or the type II inhibitor CHMFL-BMX-078
(36) [90] featuring increased selectivity against BTK. As mentioned before, the
MAP kinase kinase MKK7, one of the two activators of the c-Jun N-terminal kinases
(JNKs) features several cysteines in the active site: one at the F2 position (Cys218),
one at the D1 position (Cys276), one at the P3 position (Cys147), and one at the O3
subsite (Cys296). The F2 cysteine, which is also addressed by LL-Z1640-2 (9, see
Figs. 6 and 7), has recently been targeted by indazole-derived inhibitors exemplified
by 37 (MKK7-COV-2, Fig. 14c) discovered in a virtual screening campaign using
DOCKovalent [91, 92]. Even more recently, ibrutinib-derived 1,2,3-triazoles (e.g.,
38) addressing MKK7-Cys218 have been reported by the Rauh group [93].



64 M. Gehringer

N
NH N 33a:R= X pyg N
0 © A
N7 NN 33b:R=H |
> _ N

A\
| N
N H LN H H
32 34a (FM-381): R = H
PF-06651600 34b (FM-409): R = Me

i o o)
\)kNH j@\ o)
(0] A P
H o vkN N7 N7 ONH o~
N g H H | o

=
- 36 ICs0 (BMX) = 11 nM
CHMFL-BMX-078  |Cq, (BTK) = 437 nM

35 ICs0 (BMX) = 8 nM

BMX-IN-1 1Cs50 (BTK) = 10 nM
¢}
d)

37 38
MKK7-COV-2

Fig. 14 (a) Examples of irreversible and covalent-reversible JAK3 inhibitors. (b) Irreversible
covalent BMX inhibitors. (¢) Irreversible covalent MKK7 inhibitors. (d) Disulfide-tagged covalent
PDK1-E166C inhibitor 39

An engineered cysteine at an equivalent position in PDK1 (E166C) has been
addressed by Erlanson et al. using an acrylamide-based “extender” (39, Fig. 14d)
equipped with a (di)sulfide-tag. A subsequent fragment-based disulfide tethering
screen enabled the generation of potent reversible PDK1 inhibitors [94]. Moreover,
the introduction of analogous engineered cysteines has been used in the context of
chemical-genetics approaches to generate probes for kinases such as Aurora kinase
[95] and c-SRC [96].

2.4.2 Inhibitors Targeting the F3 Position

The three c-Jun N-terminal kinases (JNK1-3) are the only kinases known to feature
an accessible cysteine in the F3 position of the aD-helix (aD + 2), eight amino acids
after the gatekeeper residue. This cysteine has been targeted by imatinib-derived
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Fig. 15 (a) Binding mode of cyanamide-based covalent-reversible JAK3 inhibitor 33b (PDB:
6DB4). The formed isothiourea is involved in several direct and water-mediated hydrogen bonds
contributing to the stabilization of the covalent complex. In the hinge region and the P-loop region,
side chains were omitted for clarity. (b) Binding modes of a-cyanoacrylamide-based covalent-
reversible JAK3 inhibitor 34b (PDB: 5LWN). The simultaneous presence of both, the covalently
and the non-covalently bound compound (highlighted in cyan and yellow, respectively) is observed
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Fig. 16 (a) Imatinib-derived covalent JNK inhibitors. (b) Pyridinylimidazole-derived covalent
JNK inhibitors

covalent inhibitors serendipitously discovered by Gray and co-workers [97]. These
researchers initially aimed to address cysteines located in the catalytic loop of the
PDGFR and c-KIT receptor tyrosine kinases being only accessible in the DFG-out
conformation (subsite I1, see Fig. 4 and Table 1). However, the designed compound
JNK-IN-1 (40, Fig. 16a) showed strong off-target activity on JNKs [15]. Structure-
guided optimization of this initial hit furnished the potent pan-JNK inhibitor
JNK-IN-8 (41, ICs¢ = 4, 19, and 1 nM for JNK1-3, respectively), a compound
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with an excellent selectivity in the kinome and reasonable cellular potency. Covalent
modification of Cys154 (JNK3 numbering) was shown for some close analogs by
MS and X-ray crystallography (see PDB: 3V6R and 3V6S).

Structurally distinct pyridinylimidazole-derived covalent JNK inhibitors (e.g.,
42a and b, Fig. 16a) were developed from reversible p38a MAP kinase inhibitors
in the groups of Koch and Laufer using a structure-based approach [98]. Both
compounds potently block JNK3 enzymatic activity with ICsqy values bordering
the picomolar range. The inhibitors covalently labeled JNK3 as confirmed by MS
experiments while leaving the C154A mutant unmodified. However, while the tetra-
substituted imidazole 42a retained significant (reversible) inhibitory activity on p38a
(ICs5¢ = 36 nM), N-desmethyl analog 42b displayed an approx. 1,000-fold selectivity
window over the latter enzyme. Both compounds showed a relatively clean profile in
a panel of 410 kinases. More detailed information on covalent and non-covalent INK
inhibitors can be found in a dedicated chapter of this book and in recent reviews
[99, 100].

2.4.3 Inhibitors Targeting the F1 and the F4 Position

Further cysteines in the front region of protein kinases that have proven amenable to
covalent targeting are located at the F1 (aD — 2) and the F4 (aD + 6) positions.
According to the underlying analysis, an F1 cysteine occurs in the three kinases
EphB3, LKB1, and PINK1 but it has only been addressed in the EphB3 receptor
tyrosine kinase so far. In a series of 4-aminoquinazoline-derived inhibitors evaluated
by Kung et al., different electrophiles were tested and chloroacetamide 43a
(Fig. 17a) potently blocked Eph3B kinase activity (ICsy = 55 nM). Compound
43a was devoid of significant inhibitory activity on the EphB3 C717S mutant and
the related kinases EphA4 and EphB4 [101]. The analogous a-chloromethyl ketone
43b showed an even higher apparent potency (ICso = 6 nM), presumably due to the
increased intrinsic reactivity of this electrophile, and both compounds were active in
cells. In contrast, analog 43c lacking a leaving group showed only negligible
inhibitory activity (ICso > 10 pM). Covalent modification of Cys717 was confirmed
by washout experiments, mass spectrometry, and X-ray crystallography (PDB: SL6P
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Fig. 17 (a) Covalent Eph3B kinase inhibitors. (b) Covalent PI3K« inhibitor 45
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and 5L60). However, compound 43a inhibited EGFR more potently than EphB3.
The optimized analog 44 at 50 nM possessed a clean profile in a panel of 98 kinases
while fully abrogating EphB3 activity. No substantial inhibition of LKB1 also
possessing an F1 cysteine was observed. In this context, it is worth mentioning
that although cysteines in LBK1 and PINK1 are positioned at F1 (i.e., two residues
before the start of the aD helix), the hinge region of these kinases is shortened by one
amino acid (GK + 5 position vs. GK + 6 in EphB3). Consequently, these cysteine
residues adopt different orientations in the latter two kinases. A clickable analog of
compound 44 suggested cellular target engagement and limited off-target modifica-
tion at concentrations below 100 nM. Noteworthily, inhibitor 44 was used as a
covalent probe for EphB1 in a chemical-genetics-based study where EphB1 was
engineered to feature an equivalent cysteine (G703C mutant). An analogous
approach was also applicable to the kinases FGFR4, ABL, and RAF [102].

Being among the few kinases known to harbor a cysteine residue in the F4
(aD + 6) position, the lipid kinase PI3Ka was addressed with inhibitor CNX-1351
(45, Fig. 17b) [103]. This compound potently hits PI3Ka (6.8 nM) with good
selectivity against some other PI3Ks. It caused prolonged inhibition of PI3Ka
signaling in cells and target engagement was demonstrated in vivo. Despite being
equipped with an enone warhead, inhibitor 45 possessed only low reactivity toward
GSH and several plasma proteins, showcasing that the f,f#-dimethyl substitution
efficiently attenuates the enone’s intrinsic reactivity [25]. Covalent modification of
Cys862 was demonstrated by MS and X-ray crystallography (PDB: 3ZIM). Due to
the cysteine being located relatively far outside the ATP pocket, a long spacer was
required. Remarkably, the morpholine oxygen atom acts as the non-canonical hinge-
binding anchor of this compound.

2.5 Development of Inhibitors Targeting Cysteines around
the P-Loop and in the Roof Region

2.5.1 Inhibitors Targeting the R1 Subsite

ErbB3 (HER3), a pseudokinase which forms catalytically active heterodimers with
other ErbB kinases, is lacking the F2 cysteine residue common to the remaining
ErbB family members. However, this protein has recently been addressed via
Cys721, a cysteine located at the R1 subsite at the roof of the ATP binding cleft
[104]. R1-cysteines are only known in four other kinases (WNK1-4) [7]. In the
WNK family kinases, however, these moieties are located two positions further
C-terminally (#3 + 3 in ErbB3 vs. 3 + 5 in WNKSs) making the positioning of
Cys271 unique. A non-reactive screening hit was developed to the initial lead
compound TX1-85-1 (46, Fig. 18), a covalent ErbB3 ligand with nanomolar
potency. Unfortunately, 46 was inefficient in suppressing the proliferation of
ErbB3-addicted cell lines and ErbB3-dependent downstream signaling at concen-
trations that would fully label the target protein. However, transforming 46 into
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Fig. 18 Covalent ErbB3 ligand 46 and hydrophobically tagged degrader 47

(partial) ErbB3-degrader TX2-121-1 (47) by employing a hydrophobic tagging
approach resulted in a more pronounced reduction of ErbB3-dependent signal
transduction and proliferation. These effects were not observed for the ErbB3
C721S mutant. Consistently, an analogous non-reactive degrader proved to be less
efficient. In contrast to these data, covalent binding was recently found to impair
PROTAC-promoted degradation of BTK [105].

2.5.2 Inhibitors Targeting the Positions or Subsites P1-P4 and A1

Another series of cysteines amenable to covalent targeting is located in the glycine-
rich loop (P-loop) or the adjacent B-sheets (P1-P4). An additional cysteine (subsite
Al; not included in earlier analyses [5—7, 15, 18]) can also be covalently trapped
despite its orientation outward the ATP pocket as demonstrated by a recent study
(vide infra) [38].

In their pioneering work, Taunton and co-workers developed
fluoromethylketone-based inhibitor 48 (FMK, Fig. 19a) to address the C-terminal
kinase domain (CTD) of p90 ribosomal protein S6 kinases (RSKs) via a cysteine
located at position P4 [106]. The RSKs and the closely related mitogen- and stress-
activated protein kinases (MSKs) possess two functional kinase domains i.e. the
aforementioned CTD and an additional N-terminal kinase domain (NTD), with the
P4 cysteine being only present in the CTD. Besides the four RSKs (RSK1-4), only
7 other kinases (PLK1-3, NEK2, MSK1/2, and MEKK1) are known to possess an
analogous cysteine. In this approach, the relatively small threonine gatekeeper
residue, which among these kinases is only shared by the CTDs of RSK1, 2, and
4 (RSK3 has a methionine gatekeeper), was used as an additional selectivity filter.
Fluoromethylketone 48 is a potent RSK2-CTD inhibitor (ICsy, = 15 nM) with high
selectivity against the RSK2 C436V and the T493M gatekeeper mutant. In cells, the
compound inactivated both RSK1 and RSK2 and cellular selectivity was demon-
strated with a clickable probe in a subsequent study [107]. The same scaffold was also
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Fig. 19 (a) Irreversible and covalent-reversible RSK inhibitors. (b) Covalent NEK2 inhibitors
featuring a 6-ethynyl purine warhead. (¢) Irreversible NEK?2 inhibitor 51. (d) Electron-deficient
heteroarenes suggested to target PLK1 via reversible Meisenheimer complex formation

used in Taunton’s seminal work on dually activated Michael acceptors as tunable
electrophiles for reversible cysteine targeting [27]. Replacement of the above a-
fluoromethylketone by a f-linked a-cyanoacrylamide moiety furnished 49a, a
covalent-reversible inhibitor with a dissociation half-life of 245 min. As predicted,
protein labeling was rapidly reversible upon unfolding. Besides the RSK2-CTD
(ICs59 = 5 nM), compound 49a potently inhibited RSK1 and 4 (CTDs), while the
RSK?2 C436V mutation conferred resistance. In a large kinase panel, the compound
showed high selectivity and sustained RSK1 and RSK2 occupancy was observed in
cells. Covalent engagement of Cys436 was demonstrated for a close analog by X-ray
crystallography (PDB: 4D9U) while no adducts could be detected in MS experi-
ments. Modification of a second accessible cysteine (Cys560) located in the DFG-1
position was not observed. In a subsequent study, the above targeting concept was
extended to (hetero)aryl-activated acrylonitriles exemplified by inhibitors 49b and
49¢ (IC5RSK2CTD — 47 and 38 nM, respectively) [28]. The f-elimination rates of
such compounds spanned three orders of magnitude. It is worth mentioning that
Taunton and co-workers also identified a-cyanoacrylamide-based inhibitors for other
kinases harboring the P4 cysteine such as MSK1-CTD, NEK2, or PLK1 [91, 108].

Interestingly, Cys22, the equivalent cysteine in NEK2, was recently shown to
react with 6-ethynyl purines (e.g., compound 50, Fig. 19b) to form vinyl thioether
adducts [109, 110]. Furthermore, NEK2 has been covalently targeted by
propiolamide JH295 (51, Fig. 19c) [111]. PLK1 has also been addressed
non-canonically using electron-deficient heteroarenes exemplified by 52 (Fig. 19d)
[112]. These compounds, which resulted from a virtual screening campaign aiming
to identify non-covalent PLK1 inhibitors, presumably bind PLK1 Cys67 via the
reversible formation of a stable Meisenheimer complex.

While cysteines located at the tip of the glycine-rich loop (P3 position) have not
been deliberately addressed at the time of writing, a cysteine close to the end of the
P1-sheet (P1 subsite) has been shown to be trapped by ibrutinib in the MAP kinase
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Fig. 20 Covalent FAK inhibitor 54. (a) Design from unreactive reversible inhibitor TAE226. (b)
Binding mode of compound 54 covalently linked to FAK (PDB: 6GCR). Hydrogen bonds between
the backbone of 11e428 and the Arg426 side chain and the squaryldiamide linker favor an orientation
facilitating covalent bond formation

kinase kinase ZAK [113]. As mentioned above, a very recent study proved the
accessibility of a cysteine one position further N-terminally on the f1-sheet
(A1) present in few kinases including the non-receptor tyrosine kinase FAK (focal
adhesion kinase). The A1 position has not been part of recent analyses presumably
due to its unfavorable orientation pointing from the top of the f1-sheet away from
the ATP binding site. Design started from the structure of known reversible FAK
inhibitor TAE226 (53, PDB: 2JKK) and led to subnanomolar inhibitor 54 (Fig. 20a)
[38]. The key to achieve covalent engagement of the cysteine residue was the
employment of a squaryldiamide linker forming hydrogen bonds with the side
chain of Arg426 and the backbone of Ile428 directing the acrylamide warhead
toward Cy427 (Fig. 20b).

Clinical candidates have arisen from targeting fibroblast growth factor receptor
tyrosine kinases (FGFR1-4) all sharing a cysteine residue on the N-terminal side of
the P-loop’s tip (P2 position). An analogous cysteine has been identified in six other
kinases (SCR, LIMKI1, TNKI1, FGR, YES, and SgK069/SBK?2). FGFR tyrosine
kinases represent promising targets for the treatment of different cancer types. The
prototype covalent pan-FGFR inhibitor FIIN-1 (56, Fig. 21a) was designed in the
Gray lab from the reversible inhibitor PD173074 (585) [114]. However, mutation of
the gatekeeper valine moiety conferred resistance to this and other first-generation
FGFR inhibitors. Efficacy could be restored by second-generation compounds
exemplified by FIIN-2 (57) [115]. It is worth mentioning that the latter bind
FGFR4 in a P-loop-induced DFG-out conformation. The same scaffold has been
developed to phase I clinical candidate PRN1371 (58a; NCT02608125) by
researchers from Principia Biopharma [116] and a similar approach furnished a-
cyanoacrylamide 58b, a related covalent-reversible FGFR inhibitor. Moreover,
structurally distinct irreversible FGFR inhibitors such as TAS-120 (59, Fig. 21b)
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Fig. 21 (a) Irreversible and covalent-reversible FGFR kinase inhibitors derived from unreactive
inhibitor PD173074. (b) 1H-pyrazolo[3,4-d]pyrimidine-derived covalent FGFR inhibitors exem-
plified by clinical candidate TAS-120. (¢) Covalent c-SRC kinase inhibitors

[117], which is currently in phase I/II clinical studies (NCT02052778), have been
reported.

Covalent inhibitors of the proto-oncogene c-SRC have been generated, for
example, by Kwarcinski et al. via attaching electrophilic moieties to promiscuous
kinase inhibitor scaffolds [118]. These compounds exemplified by 60a and 60b
(Fig. 2lc; ICso = 91 and 93 nM; kpo/Ki = 1.7 x 10° M~ 's™' and
4.0 x 10> M~ 's™!) displayed good selectivity against the homologous kinases
c-ABL and HCK both lacking the P2 cysteine (Cys277 in c-SRC). As expected,
60a/b were found to strongly hit the c-ABL Q252C mutant where an equivalent
cysteine had been introduced. Remarkably, compound 60b inactivated c-ABL
Q252C and also c-YES with a roughly two times higher k;,,.. compared to c-SRC
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which was attributed to a kinked P-loop conformation in the former two kinases
positioning the cysteine in closer proximity of the warhead. Similar inhibitors were
designed from the scaffold of the c-SRC/BCR-ABL inhibitor dasatinib [118]. The
exemplary vinyl sulfonamide 61 is a potent inhibitor of the dasatinib-resistant c-SRC
T338M mutant (ICsy = 44 nM; kinae/ Ky = 4.0 x 10* M~ 's™") with good cellular
potency and increased selectivity compared to the relatively promiscuous template
dasatinib.

2.6 Development of Inhibitors Targeting Cysteines
in the Hinge Region

2.6.1 Inhibitors Targeting the H1 Position and the H3 Subsite

Among the four FGF receptor tyrosine kinases, FGFR4 stands out as the only family
member harboring a cysteine at the H2 (GK + 2) position in the middle of the hinge
region. Equivalent cysteines have only been identified in four other kinases, namely
TTK, MAPKAPK?2, MAPKAPK3, and p70S6Kp. This cysteine (Cys552) was first
covalently addressed by the inhibitor BLU9931 from Blueprint Medicines (62a,
Fig. 22), another compound related to the FIIN series albeit with the warhead
attached via the quinazoline C2-position [119]. Being a potent FGFR4 inhibitor
(ICsp = 3 nM; kinac/Ki = 0.6 x 10° M~"' s71), BLU9931 showed high selectivity
within the FGFR family, but also against several kinases with an equivalently
positioned cysteine and the remaining kinome. It further demonstrated activity in
cells and antitumor activity in hepatocellular carcinoma (HCC) xenograft models.
Close analog BLUS554 (62b) and the distantly related inhibitor H3B-6527 (63) from
Eisai [120] entered phase I clinical trials (NCT02508467, NCT02834780) as poten-
tial oral treatments for patients with FGF19/FGFR4-driven HCC. These compounds
feature an interesting binding mode with a U-shaped arrangement between the
hinge-binding motif, the spacer moiety, and the warhead (Fig. 23a, b) directing the
electrophile toward the cysteine sulfur atom. This conformation is stabilized by a
bidentate hydrogen bond between the two ortho-amino groups of the
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Fig. 22 Selected irreversible FGFR4 inhibitors
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Fig. 23 (a) Schematic binding mode of prototypical covalent FGFR4 inhibitor BLU9931 (62a)
deduced from the X-ray crystal structure of the covalent complex (PDB: 4XCU). (b) X-ray crystal
structure of 62a covalently bound to the FGFR4 ATP pocket. A U-shaped conformation is adopted
to hit Cys552 located in the hinge region. A water-mediated H-bond of the inhibitor’s amide oxygen
atom and Arg483 was omitted for clarity

1,2-phenylenediamine spacer and the backbone carbonyl oxygen of Ala553. In the
case of BLU9931, an additional ortho-methyl group forcing an “out-of-plane”
conformation of the phenyl ring is required to obtain an optimal balance of
FGFRA4 potency and selectivity against FGFR1-3 [119]. A water-mediated hydrogen
bond of the acrylamide oxygen atom with Arg483 may further assist in orienting the
warhead to be attacked by Cys552.

Non-canonical approaches to address FGFR4-Cys552 have been reported by
Fairhurst and colleagues from Novartis [121]. In an HTS campaign, they identified
6-chloro-3-nitropyridine 64 (Fig. 24a) as a potent inhibitor of FGFR4 (ICsy = 32 nM,;
kinac/Ki = 3.0 x 10* M~ ' s ') sparing FGFR1-3. The compound binds Cys552 via
SnAr-displacement of the chloride from the pyridine C6-atom as shown by X-ray
crystallography (PDB: 5NUD). The same screening campaign identified
2-formylquinoline amide 65 (Fig. 24b) as an FGFR4 inhibitor (IC5y = 65 nM)
engaging Cys552 by highly reversible hemithioacetal formation. The latter com-
pound was further developed to clinical candidate FGF401 (66), an orally available
inhibitor with a favorable preclinical profile currently undergoing phase I/II studies
(NCTO02325739) as a potential treatment of FGFR4/$-klotho-positive HCC and solid
tumors.

No reports describing the covalent targeting of other kinases with an H1 cysteine
could be identified at the time of writing. Similarly, cysteines in the H2 position
(GK + 3), which are present in a large set of kinases, have remained unaddressed so
far. This is presumably owed to the H2 cysteines’ limited flexibility and their
location underneath the region that is usually occupied by the hinge-binding motif,
which is difficult to reach with typical type I inhibitor scaffolds. However, a cysteine
located at the H3 subsite (GK + 4/5) has recently been engaged in Fms-like tyrosine
kinase 3 (FLT3) by 4-(dialkylamino)crotonamide-based inhibitor FF-10101 (67,
Fig. 24c) [122]. Notably, this kinase representing a validated target in the treatment
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Fig. 24 (a) Irreversible FGFR4 inhibitor 64 engaging FGFR4-Cys552 via an SyAr-electrophile.
(b) Covalent-reversible FGFR4 inhibitors relying on an aldehyde warhead. (¢) Covalent FLT3
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of acute myeloid leukemia features two other cysteines (D1 and H2 position) which
could potentially be addressed. FF-10101 potently inhibits wild-type FLT3
(IC50 = 0.2 nM) and shows a high activity against a variety of leukemia cell lines
including those harboring quizartinib-resistance mutations. Along with several other
kinases, the compound potently hit the two related kinases KIT and FMS
(ICs¢p = 0.9 nM and 2.0 nM, respectively) and, to a lesser extent, the non-receptor
tyrosine kinase FGR (ICsy = 12 nM), all sharing a H3-GK + 4 cysteine. Binding to
Cys695 was demonstrated by X-ray crystallography (PDB: 5X02) and confirmed by
a set of experiments using the FLT3 C695S mutant and an unreactive analog.
FF-10101 showed promising effects in preclinical models and entered phase /I
clinical trials as a potential treatment for patients with relapsed or refractory hema-
tological malignancies (NCT03194685 and NCT02193958).

2.7 Development of Inhibitors Targeting Cysteines Around
the DFG Motif and in the Activation Segment

The activation segment is located between the conserved DFG and APE motifs and
contains the activation loop and the P + 1 loop. It represents a very flexible region
and is often poorly resolved in X-ray crystal structures. Thus, exhaustive analysis of
cysteine positioning and accessibility is complicated and structure-based design
approaches can be difficult to accomplish. A large set of kinases possesses cysteine
moieties in direct neighborhood to the DFG motif, either at the O2 subsite (DFG + 1/
2) or in the D1 position (DFG-1). Another set of cysteines can be found at the
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Fig. 25 (a) Irreversible ERK1/2 inhibitors including clickable TCO-probe 70. (b and ¢) Covalent
TAKI1, dual EGFR/VEGFR2, and GSK-34/CK-16 inhibitors

activation segment’s O3 subsite, frequently two residues after the phosphorylation
site. Further accessible cysteines are located in the activation loop. Examples are
Cys178 and 179 in IKKa and g, which have been identified as the target of natural
products and endogenous ligands like PGA1 (vide supra) [5]. However, proper
assignment of the activation loop cysteines is impeded by the highly plastic nature
and the variable length of this region [5].

A cysteine located at O2 (Cys296, DFG + 2 position) in the protein kinases B
(PKBs, also known as AKTs) is addressed by allosteric inhibitors (vide infra) and
presumably also by pyranonaphthoquinones (vide supra) while many kinases with a
DI cysteine are targeted by the aforementioned resorcylic acid lactones like
hypothemycin, LL-Z1640-2, and analogs thereof (see Fig. 6), albeit with limited
specificity. D1 cysteine residues have also been tackled by rational design efforts.
Although there are many kinases (= 10% of the kinome) featuring such a cysteine,
these targets are distributed over almost all kinase families suggesting that distinct
structural features may readily be exploited as additional selectivity filters. For
example, Ward and co-workers from AstraZeneca reported on covalent ERK1/2
inhibitors derived from several reversible inhibitor classes using a structure-based
approach [123]. The most promising series was based on a 2,4-diaminopyrimidine
scaffold (exemplified by 68a and 68b, Fig. 25a). The study identified highly potent
compounds covalently engaging Cys166 in ERK?2 (see, for example, PDB: 4ZZ0)
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with good selectivity against several other kinases of this subset and in the kinome.
CC-90003 (69) [124], a structurally related covalent ERK1/2 inhibitor from
Celgene, was investigated in phase I clinical trials (NCT02313012) which were,
however, terminated in 2016 due to lack of response, an inappropriate PK-profile,
and neurotoxicity [125]. Analogous probe 70 (see also PDB: 5L.CJ) enabled imaging
of ERK1/2 in living cells by employing trans-cyclooctene (TCO)/tetrazine (Tz) click
chemistry [126].

Covalent TAK1 targeting was accomplished by Gray and co-workers with
closely related inhibitors such as 71a (ICso = 5.1 nM) and 71b (ICs5y = 50 nM,;
inac/ Ky = 6.9 x 10° M~' s71) shown in Fig. 25b. Inhibitor 71b hit multiple kinases
in a panel among those being 10 kinases with a cysteine at the D1 position. However,
both compounds possessed a moderate selectivity against MEK1 and ERK2 also
sharing this cysteine. Interestingly, replacement of the acrylamide warhead by a
shorter chloroacetamide moiety led to a strong increase in selectivity against the
latter two kinases, which was accompanied by a rearrangement of the DFG motif in
TAK as observed by X-ray crystallography (see, for example, the PDB structures
5JH6 vs. SE7R).

Various warhead chemistries were evaluated by Yang et al. to covalently trap
GSK-3p4 [127]. Out of their series, one of the most promising inhibitors was
fluoroacetamide 72 (Fig. 25c; ICso = 17 nM). Labeling of Cys199 was suggested
by experiments with a fluorescent competitor probe and by digestion/MS using an
acrylamide-based analog. In contrast, two derivatives equipped with
2-chloropyridine moieties as SyAr-type warheads proved to be reversible inhibitors
albeit with similar biochemical potency. Another interesting study was conducted by
Wissner et al. who installed two independent warheads on a quinazoline scaffold to
generate dual irreversible inhibitors of EGFR and vascular endothelial growth factor
receptor 2 (VEGFR2, also termed KDR) as exemplified by compound 73
[128]. While the 4-(dimethylamino)crotonamide residue was directed toward the
aforementioned F2 cysteine in EGFR, the substituted benzoquinone moiety was
meant to target Cys1045 located at the D1 position of VEGFR2, presumably via a
radical-based reductive addition mechanism. Very recently, a-cyanoacrylamide 73
has been described as dual GSK-35/CK-16 inhibitor [129]. While being only
moderately potent, the compound covalently modified GSK-3/4 as shown by X-ray
crystallography (PDB ID: 6HOU) while no covalent interaction can be assumed for
CK-16, which is devoid of cysteine moieties in the active site.

2.8 Development of Inhibitors Targeting Remote Cysteines or
Inactive Conformations

Remote cysteines are located outside of the regular kinase domain. Such cysteines
may also be amenable to covalent targeting with ATP pocket ligands, provided that
the cysteine of interest is positioned in spatial proximity to ATP binding cleft. A first
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the X-ray crystal structure of THZ531 covalently bound to CDK12 (PDB: 5ACB)

study employing this approach was reported in 2014 by researches from the Dana-
Farber Cancer Institute and MIT [130]. A screening campaign identified THZ1 (75a,
Fig. 26a) as low nanomolar inhibitor of the cyclin-dependent kinase CDK7. Since
saturation of the reactive a,f-unsaturated amide moiety led to a strong loss in anti-
proliferative and biochemical activity, a covalent binding mode was assumed, which
was confirmed with a biotinylated analog. Subsequent MS experiments confirmed
Cys312, a residue located in a C-terminal extension traversing the ATP pocket, as
the site of modification. As expected, mutation of the target cysteine to serine
prevented labeling. Besides several kinases that were hit reversibly, higher inhibitor
concentrations also affected CDK12 and CDK13 possessing cysteines that occupy
spatially similar locations. Optimization toward these kinases furnished THZ531
(75b), a CDK12/13 inhibitor with ICs values in the mid-nanomolar range and good
selectivity against CDK7 and CDK9 [131]. The compound demonstrated high
specificity in a cellular KiNativ screen which was corroborated in cell lysates by
means of a biotin-labeled probe. In contrast, several off-targets were hit in a large
kinase panel. Remarkably, potent binding to JNKs was observed. JNKs feature a
cysteine in the F3 position on the first turn of the aD-helix which can probably be
reached by the same warhead/spacer combination. As confirmed by X-ray crystal-
lography and MS, covalent modification of CDK12 occurred at Cys1039 while the
CDK12-C1039S mutant resisted covalent labeling in cells. Interestingly, two differ-
ent binding modes were observed in which both, the loop bearing Cys1039 and the
piperidine-linked amide moiety, adopted distinct conformations to enable covalent
bond formation (Fig. 26b). Compound 75b strongly inhibited the expression of
DNA damage response (DDR) and super-enhancer genes in cells and induced
apoptosis. Since resistance to the THZ-series of compounds was acquired by
up-regulation of ABC-transporters, the structurally unrelated follow-up CDK12
inhibitor E9 (76) was developed to escape ABC-transporter-mediated efflux [132].
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Plasticity is a key regulatory feature of the kinases’ catalytic domain. However,
only few cysteines accessible in inactive conformations have been targeted to date.
In their seminal work analyzing cysteines available in DFG-out and aC-helix-out
conformations, Leproult et al. also designed imatinib-derived electrophilic inhibitors
to target the kinases KIT and PDGFRa (platelet-derived growth factor receptor a)
via cysteine moieties in the catalytic loop (Cys788 and Cys814, respectively)
[15]. Despite its relatively weak apparent potency, key compound 77 (Fig. 27)
labeled the predicted cysteines as shown by MS and hit only seven other targets
(PDGFRJ, INK 1-3, DDR1, BRAFV600E, and CSF1R) in a panel of 440 kinases.
Notably, the panel contained 17 out of 20 kinases sharing an equivalently positioned
cysteine of which (besides KIT and PDGFRa) only PDGFRfS and CSFIR were
potently bound.

2.9 Development of Inhibitors Targeting Cysteines
in Allosteric Pockets

Besides ligands addressing the ATP pocket, covalent kinase inhibitors engaging
allosteric sites have also been identified. As an example, covalent allosteric inhibi-
tion of RSKs and MSKs has been suggested to contribute to the biological activity of
dimethyl fumarate (78, Fig. 28), a reactive low molecular weight drug used in the
treatment of psoriasis and multiple sclerosis [133]. The complex natural product (+)-
ainsliadimer A (79) featuring two Michael acceptor moieties has also been shown to
act as a covalent kinase inhibitor targeting IKKa and IKK/ via a (putative) allosteric
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pocket involving Cys46 [134]. Recently discovered acrylamide-based covalent
allosteric inhibitors include the AKT inhibitor borussertib (80) [135] and the frag-
ment 81 addressing CDK?2 [136]. Moreover, chemical-genetics approaches have
been used to enable covalent targeting of non-canonical binding sites via the
introduction of cysteines. For example, Bithrmann et al. recently identified probes
covalently binding to a lipid pocket of p38a MAP kinase cysteine mutants (S251C
and S252C) without labeling the wild-type enzyme [137]. It should, however, be
noted that ligands addressing allosteric- and other non-canonical binding sites are
often identified serendipitously since such pockets tend to be highly plastic and are
frequently not observed in the apo-structures.

2.10 Development of Inhibitors Targeting Lysine or Tyrosine

As mentioned before (see Sect. 2.3), natural products covalently engaging kinases
via lysine residues are well-known. In addition, lysine and tyrosine moieties have
been addressed with synthetic small molecules. For example, activated esters have
been employed to target the catalytic lysine in PI3KS by researchers at GSK
[138]. Since the sulfonamide substituent of the reversible PI3Ké inhibitor
GSK2292767 (82, Fig. 29a) interacts with the e-amino group of PI3K4§-Lys779,
replacement of this moiety by activated phenolic esters was considered as a strategy
to address the amino nucleophile. Biochemical potencies of the generated com-
pounds roughly correlated with the leaving group properties of the corresponding
phenolates reaching down to the subnanomolar range for the most activated deriv-
ative (83a, ICso = 0.6 nM; kipao/K; = 1.9 x 10° M~ ! s71). Interestingly, analysis of
binding kinetics revealed that k;,,., was relatively constant in the series while
differences in the overall potency seemed to be mainly driven by K. This finding
was attributed to a more complex reaction mechanism as compared to the canonical

b)
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GSK2292767

83b:R=F

Fig. 29 Examples of lysine-targeted covalent kinase inhibitors. (a) Design of activated esters
addressing the catalytic lysine in PI3Ké. (b) Vinyl sulfones targeting the solvent-exposed Lys89
in CDK2
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two-step model (see Fig. 1). Notably, the analogous non-activated methyl ester
bound only reversibly to the enzyme. Key compound 83b showed high activity in
the enzymatic assay (ICso = 8 nM; kinac/ K1 = 2.1 X 10*M™! sfl) and in human
whole blood (ICsy = 13 nM) while being selective against other PI3K isoforms
(ca. three orders of magnitude against PI3Ka/f/y) and in a larger kinase panel. A
clean chemoproteomic profile was shown for an analogous azide-labeled probe.
Exclusive labeling of Lys779 was further demonstrated by MS analysis and X-ray
crystallography (see Fig. 31a). The inhibitor also showed a selectivity window in
which PI3Ké was covalently inhibited while PI3Ka and f engagement was
reversible.

Michael-acceptor chemistry was used by Anscombe et al. to obtain an irreversible
CDK?2 inhibitor [139]. Starting from non-covalently binding sulfonamide NU6102
(84a, Fig. 29b), replacement of this functional group by an electrophilic vinyl
sulfone furnished covalent analog NU6300 (84b). In this context, it is worth
mentioning that previous model experiments by Dahal et al. demonstrated vinyl
sulfones and vinyl sulfonamides to have a certain preference to react with lysine over
cysteine [9, 140]. Covalent binding of compound 84b to Lys89 located in the front
region of the ATP pocket was suggested by MS experiments and confirmed by X-ray
crystallography (PDB: 5CYI). The inhibitor, however, featured only moderate
reversible binding affinity (K; = 1.31 pM) and showed relatively slow inactivation
kinetics, presumably due to the solvent-exposed nature of the target lysine favoring
the protonated state.

Sulfonyl fluorides have frequently been used to address the lysines [9]. For
example, ATP-derived probe 5’-O-4-((fluorosulfonyl)benzoyl)adenosine (p-
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Fig. 30 Lysine and tyrosine-targeted sulfonyl fluorides. (a) p-/m-FSBA and analogs. (b) Broad-
spectrum kinase probe X044. (c¢) Tyrosine-targeted SRPK1/2 inhibitor SRPKIN-1
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FSBA, 85, Fig. 30a) acts as a non-selective covalent kinase inhibitor typically
modifying the catalytic lysine. While investigating the reactivity of sulfur
(VD) fluorides, Mukherjee and colleagues from AstraZeneca tested meta-substituted
FSBA analogs (m-FSBAs, general structure 86) with a variety of additional sub-
stituents in the 4-position of the phenyl ring (—R, ortho to the sulfonyl fluoride
warhead) as inhibitors of the kinases FGFR1 and SYK. Covalent binding of the two
analogs 86a and 86b to Lys514 in FGFR1 was shown by X-ray crystallography
(PDB: 5049A and 504A) and only a single product was observed in MS. The rate of
covalent complex formation correlated reasonably with the 6, parameter of the
substituent —R and also with the reactivity data previously determined using model
amino acids. In contrast, negligible covalent modification was observed for two
analogous aryl fluorosulfates derived from m- and p-FSBA, respectively, which is in
line with the very low intrinsic reactivity described for this electrophile.

An interesting application for sulfonyl fluoride-based probes was recently
reported by Zhao et al. [141]. Pyrimidinyl 3-aminopyrazole X044 (87, Fig. 30b)
was designed as a clickable broad-spectrum kinase ligand enabling chemoproteomic
selectivity profiling. As predicted, the compound specifically labeled the catalytic
lysine (Lys295; see Fig. 31b) in the model kinase c-SRC. A similar binding mode
was observed in the EGFR kinase domain (PDB: SUSL). At a concentration of 1 pM,
X044 inhibited 219 of 375 protein kinases in a panel (>50%) and captured
133 kinases in Jurkat T-cells. Although many non-kinase off-targets were also
modified, kinases accounted for most of the signal intensity in MS experiments.
Using the poorly selective reversible kinase inhibitor dasatinib as a competitor,
compound 87 was validated as a probe enabling cellular selectivity profiling.

A very recent example of a tyrosine-targeted covalent kinase inhibitor was
provided by Hatcher et al. [142]. After discovering that the approved reversible
anaplastic lymphoma kinase (ALK) inhibitor alectinib (88a, Fig. 30c) strongly

Fig. 31 (a) Inhibitor 83b covalently bound to Lys779 of PI3Ké (PDB: 6EYZ). (b) Probe X044
covalently bound to chicken c-SRC-Lys295 (PDB: 5K9I)
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inhibits the SR-protein kinase SRPK1 (IC5y = 11 nM), an m-phenylsulfonyl fluoride
moiety was introduced to address Tyr227, a unique tyrosine adjacent to the solvent-
exposed front region of the SRPKI1 active site. The obtained inhibitor SRPKIN-1
(88b) showed similar SRPK1 activity (ICsq = 36 nM) while retaining only moderate
potency on ALK (ICsy = 195 nM). No kinetic analysis was provided to deduce the
contribution of covalent bond formation to the observed activity. However, washout
experiments supported a covalent binding mode and MS experiments confirmed the
predicted labeling of Tyr227. Cellular profiling revealed good selectivity for SRPK1
and SRPK2 and the inhibitor suppressed neovascularization in a choroidal
neovascularization (CNV) model.

3 Summary and Outlook

The field of covalent protein kinase inhibitor research has matured over the last
years. Covalent targeting strategies have enabled the design of chemical probes with
excellent selectivity in the kinome and the benefits of TCIs have successfully been
implemented in drug discovery. Covalent approaches have been used, for example,
to boost potency and break resistance (e.g., with covalent EGFR inhibitors), to
achieve durable target occupancy (e.g., with covalent BTK inhibitors), or to promote
excellent selectivity over closely related enzymes (e.g., with covalent JAK3 or
FGFR4 inhibitors). The recent FDA approval of six irreversible kinase inhibitors
impressively highlights the utility of covalent design strategies for the discovery of
new medicines. Although covalent kinase inhibitors have almost exclusively been
approved for cancer treatment so far, substantial efforts are currently being made to
develop such drugs for non-oncology indications, especially for the treatment of
inflammatory and autoimmune disorders.

In the current practice, covalent kinase targeting largely relies on limited warhead
chemistry. Generally, attenuated Michael acceptors such as a,f-unsaturated amides
are used to address non-catalytic cysteines in a (quasi)-irreversible fashion. How-
ever, more diverse warhead types are increasingly receiving attention [9]. Most
notably, covalent-reversible targeting approaches relying, for example, on dually
activated Michael acceptors, but also on other electrophiles such as cyanamides or
aldehydes, are gaining importance as highlighted by the inhibitors PRN1008 and
FGF401 (see Figs. 12b and 24b) which are currently under clinical investigation.
Furthermore, attempts to address other nucleophilic amino acids inside or proximal
to the ATP binding pocket (e.g., Lys and Tyr) or cysteine moieties at allosteric sites
have recently been successful and such approaches are expected to gain traction in
the near future. Although the structure-guided modification of known reversible
inhibitors, which is facilitated by the steeply increasing amount of publicly available
X-ray crystal structures, is still by far the most common strategy for the discovery of
kinase TCIs, alternative concepts such as the screening of reactive fragments or
DNA-encoded libraries show great promise. Methods for estimating the extent of
specific and non-specific labeling by irreversible covalent inhibitors in living
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systems have also advanced. Especially MS-based chemoproteomic approaches are
now enabling a more complete understanding of the cellular labeling profiles of
covalent inhibitors while biotinylated or fluorescent covalent probes have also been
used as valuable tools to monitor target occupancy in cells or in vivo.

Nevertheless, we still face many challenges in the realm of covalent kinase
inhibitor discovery, especially, when aiming for clinical applications. A general
limitation of the TCI approach, especially in oncology, consists in its vulnerability
to resistance development by mutation of the nucleophilic amino acid (e.g., cysteine
to serine). This is an intrinsic liability since TCIs target non-conserved residues,
which are typically not crucial for protein integrity and function. On the other hand,
when aiming for other therapeutic areas beyond oncology where resistance muta-
tions are less likely, an even more stringent benefit/risk assessment is required. The
latter, however, is currently complicated by a lack of reliable models to predict
toxicity and immune-mediated adverse events including idiosyncratic drug reac-
tions, which may only become apparent in late stage clinical trials or even after long-
term therapeutic application. Beside the frequently discussed issue of permanent
off-target modification, we also lack a comprehensive understanding of how revers-
ible interactions with unintended targets contribute to the biological profiles of
reactive inhibitors, a fact that is rarely alluded to in the current literature. Similarly,
covalent modification of non-protein off-targets (e.g., DNA or RNA) by kinase TCIs
remains widely unexplored.

As mentioned in the introduction, a detailed analysis of target-binding kinetics is
still not performed by default. Thus, the contribution of the covalent binding event to
the observed overall biological effects often remains incompletely understood
[13]. Further exploration of warhead chemistry to enable the generation of inhibitors
with tailored reactivities specifically matching the requirements of the target of
interest represents another future challenge [9]. There is also an increasing awareness
of cysteine oxidation as a posttranslational modification, which may regulate kinase
function and impair covalent binding [13]. The influence of the “cysteine redoxome”
and its dynamics on the efficacy covalent inhibitors clearly merits further investiga-
tions which may have an important impact on our perspective on covalent cysteine
targeting. Finally, and despite the success of covalent approaches in the development
of chemical probes and drugs, the coverage of the kinases’ cysteinome by suitable
inhibitors is still low and several of the presented cysteine locations (see Fig. 4 and
Table 1) have not yet been targeted at all. While a thorough examination of the
protein kinases’ lysinome and tyrosinome remains to be performed, it also unclear,
how many ligandable cysteine locations, especially in inactive states or induced/
allosteric pockets have not been captured in the published analyses. The latter may
open up new avenues for covalent ligand design.

Despite the many challenges associated with covalent inhibitor development, a
bright future can be expected for protein kinase TCIs. Since many kinases are still
understudied and lack suitable chemical probes required for investigation of their
function, there is a large and untapped potential for covalent kinase inhibitor
discovery, which will inspire continuing research efforts. Moreover, a multitude of
covalent protein kinase inhibitors are currently in clinical development for
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application in cancer therapy and beyond. Therefore, we can expect many more
success stories from this field lying ahead of us.
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