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ABSTRACT

Because aberrations of protein kinase activity play causal roles in several human diseases, this family of enzymes
is one of the most important drug targets of the 21st century. Of the 88 protein kinase antagonists that are
approved by the FDA, eleven of them form irreversible covalent complexes with their target enzymes. The
clinical efficacy of ibrutinib, a Bruton tyrosine kinase blocker, in the treatment of mantle cell lymphoma
following its 2013 approval helped to overcome a general bias against the development of irreversible drug
inhibitors. Other approved targeted covalent inhibitors include acalabrutinib and zanubrutinib, which also block
Bruton tyrosine kinase. Afatinib, dacomitinib, lazertinib, mobocertinib, and osimertinib inhibit members of the
epidermal growth factor receptor family (ErbB1/2/3/4) and are used in the treatment of non-small cell lung
cancers. Neratinib inhibits ErbB2 and is used in the management of ErbB2/HER2-positive breast cancer. Futi-
batinib blocks the fibroblast growth factor receptor family and is prescribed for the treatment of chol-
angiocarcinoma while ritlecitinib, which inhibits JAK3, is used in the management of alopecia areata. The eleven
drugs considered in this review have a common mechanism of action involving the addition of a protein cysteine
thiolate anion (protein—S: ) to an acrylamide or an acrylamide-like derivative producing a thioether. The
development of targeted covalent inhibitors is gaining acceptance as a valuable component of the medicinal
chemist’s toolbox and has made a significant impact on the development of protein kinase antagonists and re-
ceptor modulators.

1. Targeted covalent inhibitors including protein kinase

antagonists

protein-tyrosine kinase (the principal biochemical lesion that causes
these leukemias) by imatinib.
More than 400 protein kinase inhibitors are under clinical investi-

Because of genetic alterations and overexpression including muta-
tions and translocations, the dysregulation of protein kinase activity is
involved in the pathogenesis of many diseases including cardiovascular,
inflammatory, nervous, and autoimmune diseases as well as cancer.
Consequently, the protein kinase superfamily is one of the most
important drug targets in the 21st century [1,2]. The pursuit of orally
effective therapeutic protein kinase inhibitors was motivated in large
part by the success that imatinib demonstrated in the management of
Philadelphia chromosome-positive chronic myelogenous leukemia,
which led to its FDA approval in 2001 [3]. This result was achieved
owing to the inhibition of the activated chimeric BCR-AbIl

gation worldwide [4,5]. Furthermore, there are 88 FDA-approved pro-
tein kinase blockers that target about two dozen different enzymes
(Supplementary material). However, the current targets represent a
small fraction of the protein kinase superfamily and many other protein
kinases are potential therapeutic entities. Although the medical com-
munity was rather cautious in developing irreversible covalent drugs for
the management of diseases, the success of ibrutinib in the treatment of
mantle cell lymphomas stimulated interest in the development of tar-
geted covalent protein kinase inhibitors [6].

Manning et al. found that the human protein kinome consists of 518
members including 478 typical and 40 atypical enzymes [7]. These
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proteins mediate the following reaction;
MgATP!" + protein-O:H — protein-0:PO%~ + MgADP + H'

Note that the phosphorylium ion (:PO%") and not the phosphate (:
0OPO03) group is transferred from ATP to the protein substrate. Based
upon the nature of the phosphorylated ~OH groups, these enzymes are
classified as protein-tyrosine kinases (90 members), protein-tyrosine-
kinase-like enzymes (43), and protein-serine/threonine kinases (385).
The protein-tyrosine kinases consist of both receptor (58) and non-
receptor (32) enzymes. A small group of kinases including MEK1/2
catalyze the phosphorylation of threonine and then tyrosine residues
within the activation loop of their target protein kinases; these are
classified as dual specificity kinases. Assuming a human genome com-
plement of 20,000 genes and a human kinome of about 500 genes, then
protein kinases represent about 2.5 % of all genes. Manning et al. re-
ported that 244 protein kinases map to cancer amplicons or to disease
loci [7] so that we can expect an increase in the number of therapeutic
protein kinases that will be targeted for the treatment of additional
diseases [8].

Drugs that form irreversible covalent adducts with proteins were
disfavored owing to toxicity and safety concerns [9]. Aspirin, however,
is a TCI that has been in the therapeutic armamentarium since 1899.
Roth et al. and Botting et al. reported that aspirin exerts its therapeutic
effect in humans by acetylating serine 530 of cyclooxygenase-1 [10,11].
Moreover, irreversible proton pump antagonists that decrease stomach
acid production such as esomeprazole, omeprazole, and lansoprazole
are safe, effective, and widely used in the treatment of dyspepsia and
gastroesophageal reflux [9]. That these three over-the-counter medi-
cines are available without a prescription indicates their measure of
safety. These agents react with a gastric proton pump (H'/K' ATPase)
cysteine to form an inactive product [12]. Furthermore, rasagiline and
selegiline, which are FDA approved for the treatment of Parkinson dis-
ease, represent additional examples of irreversible enzyme inhibitors
[13]. These acetylenic drugs, which inhibit type B monoamine oxidase
by forming a covalent complex with the N5 of its FAD cofactor, are
prescribed as a monotherapy in the management of early Parkinsonism
or as an adjunct therapy in advanced Parkinsonism [14]. The US FDA
has approved 45 drugs that form covalent bonds with their target pro-
tein since 2001 and fourteen drugs with this mechanism of action were
approved in the past decade [6].

Of the 88 small molecule protein kinase inhibitors approved by the
FDA as of May 2025, eleven of these drugs form a covalent bond with
their target protein [15,16]. The eleven targeted covalent inhibitors
(TCIs) of protein kinases include afatinib, dacomitinib, lazertinib,
mobocertinib, osimertinib (all five directed toward EGFR in NSCLC),
neratinib (targeting ErbB2 in HER2-positive breast cancers), acalabru-
tinib (directed toward BTK in mantle cell lymphomas, chronic
lymphoblastic leukemias, and small cell lymphomas), ibrutinib (tar-
geting BTK in mantle cell lymphomas, marginal zone lymphomas,
chronic graft vs. host disease, chronic lymphocytic leukemias, and
Waldenstrom macroglobulinemia), zanubrutinib (directed toward BTK
in mantle cell lymphomas), futibatinib (targeting FGFR2 in patients with
cholangiocarcinomas with FGFR2 gene fusions or rearrangements), and
ritlecitinib (directed toward JAKS in patients with alopecia areata). Note
that EGFR, ErbB2/HER2, and FGFR2 are transmembrane receptor
tyrosyl kinases and BTK and JAK3 are nonreceptor protein-tyrosine ki-
nases. According to Singh et al. [9], a TCI is “an inhibitor 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.”

Pharmacological Research 217 (2025) 107805
2. An overview of protein kinases
2.1. The EGFR family and their ligands

The EGFR protein-tyrosine kinases (ErbB1/2/3/4) and their down-
stream protein cascades are among the most studied signal transduction
modules in biology [17]. Stanley Cohen initiated the course of study
when he isolated the epidermal growth factor (EGF), its receptor
(EGFR), and described its many biochemical activities [18]. He
discovered that EGFR exhibited protein-tyrosine kinase activity, which
was unknown at the time, and not the well-known protein-ser-
ine/threonine kinase activity exhibited by PKA (see Ref. [19] for a his-
torical review). Cohen et al. demonstrated that a single 170-kDa
polypeptide chain bound EGF and catalyzed protein phosphorylation
[20]. Furthermore, EGFR was the first receptor that linked gene muta-
tions and protein overexpression with cancer [21]. This receptor
protein-tyrosine kinase family and its downstream components are
among the most studied signal transduction modules owing to their roles
in the pathogenesis of malignancies [22-25].

The human epidermal growth factor receptor (HER) lineage consists
of four members that belong to the ErbB family of proteins (ErbB1/2/3/
4) [23]. The ERBB gene nomenclature was derived from the related
avian viral erythroblastosis oncogene. The four constituents of this re-
ceptor gene lineage include: (i) EGFR/ERBBI1/HERI, (ii) ERBB2/-
HER2/NEU, (iii) ERBB3/HERS3, and (iv) ERBB4/HER4. Although there is
wide variation, the ErbB nomenclature is used in the biological sciences
while the HER nomenclature is used in clinical studies and reports.
Schechter et al. reported that several rat neuro/glioblastomas contain
the Neu oncogene, which is related to the rat Erbb2 gene of the EGFR
family [26]. This result argued for the putative role of the ErbB family in
the pathogenesis of various neoplasms, which led to the use of NEU in
human gene nomenclature. The ErbB family of receptors is universally
expressed in mesenchymal, epithelial, and neuronal cells as well as their
undifferentiated precursors.

Based upon the amino acid sequence of EGFR as determined by cDNA
analysis, Ulrich et al. proposed that this protein consists of an extra-
cellular ligand binding domain, a hydrophobic transmembrane segment,
and an intracellular protein kinase domain [27]. This prescient hy-
pothesis applies to nearly all receptor protein-tyrosine kinases. The
EGFR protein kinase family members possess an extracellular portion
containing four parts: domains I and III are related leucine-rich ligand
binding sections and domains II and IV are cysteine-rich sections that
contain about a dozen disulfide bonds [22-25]. Moreover, the second
segment participates in both homo and heterodimer formation with
EGFR family members, which is necessary for the activation of their
protein kinase activity [23,24]. The extracellular portion precedes a
single transmembrane segment containing 20-26 amino acid residues
and this is followed by an intracellular section containing about 550
amino acid residues that consists of (i) a small juxtamembrane segment,
(ii) a catalytic protein kinase entity, and (iii) an extensive C-terminal tail
(Fig. 1).

The ligands that bind to each of the ErbB proteins are enumerated in
Fig. 1. The ErbB3 receptor is kinase impaired as indicated by the stop
sign. Like other receptor protein-tyrosine kinases, the EGFR family
consists of functional dimers or higher oligomers [17]. There is a single
isoform of ErbB1, two ErbB2 isoforms that differ owing to alternative
mRNA splicing, and two ErbB3 isoforms, one of which is missing resi-
dues 1-59. Increasing the complexity of the EGFR family, there are two
different extracellular juxtamembrane versions (JMa and JMb) of ErbB4
and two different versions of the C-terminal tail (CTa and CTb) of this
receptor. Accordingly, there are four ErbB4 isoforms that result from
alternative splicing: JMaCTa, JMaCTb, JMbCTa, and JMbCTb. Experi-
ments indicate that ErbB2 is the preferred dimerization partner for the
other ErbB family members [28,29]. Moreover, Pinkas-Kramarski et al.
reported that ErbB2 in combination with ErbB1 or with ErbB3 possess
robust signaling activity [30]. That the heterodimer of ErbB2 (which
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Fig. 1. (A) Organization of the human epidermal growth factor receptor family members consisting of EGFR/ErbB1/HER1, ErbB2/HER2/NEU, ErbB3/HER3 and
ErbB4/HER4. The extracellular component of each receptor consists of four domains (I-IV). Domains I and III participate in ligand binding (except for those of
ErbB2/HER2, which are marked with the stop symbol), and domain II participates in homo or heterodimer formation. The ErbB3/HER3 protein kinase domain,
which is marked with the stop symbol, is catalytically impaired. The numbers represent amino acid residues of the nascent protein including the signal peptide
(which is not depicted); each number corresponds to the initial residue of the adjacent segment except for (i) the last residues of the extracellular domains and (ii) the
end of the proteins. The growth factor groups (1-4) that bind to the receptors are indicated. EGF, epidermal growth factor; AR, amphiregulin; EPG, epigen; TGFa,
transforming growth factor-o; BTC, betacellulin; EPR, epiregulin; HB-EGF, heparin-binding epidermal growth-like factor; Nrg-1/2/3/4, neuregulin-1/2/3/4. (B)
Organization of BTK (Bruton protein-tyrosine kinase). The relative size of each segment is indicated by the amino acid residue number given below the diagram.
Acalabrutinib binds covalently with C481. (C) Organization of the FGFR family. (D) Organization of the JAK family kinases. AS, activation segment; CL, catalytic
loop; PKD, protein kinase domain; PH, pleckstrin homology domain; pY, phosphotyrosine; WK, pseudokinase; TH, TEC homology domain; TM, transmembrane.

does not bind a growth factor) and ErbB3 (which lacks protein kinase
activity) exhibits robust signaling activity is paradoxical.

2.2. Structures of the small and large lobes and the protein kinase fold

The protein kinase catalytic domains contain ~ 250-300 amino acid

residues. Like other protein kinases, the EGFR protein kinase domain has
a small N-terminal lobe and large C-terminal lobe (Fig. 2 A) as first re-
ported for PKA by Knighton et al. (PDB ID: 2cpk) [31]. The small and
large lobes form a cleft that binds ATP. The N-terminal lobe contains a
flexible conserved glycine-rich loop (GRL) or ATP-phosphate-binding
loop (P-loop), which is near the phosphates of the ATP substrate. The
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Fig. 2. (A) Active EGFR and its spine residues (B). (C) Inactive BTK and its spine residues (D). (E) Model of the ATP-binding site of EGFR. (F) Catalytic mechanism of
action of EGFR. The chemistry occurs within the circle. AS, activation segment; CL, catalytic loop. P refers to P877, which serves as a platform for the protein-tyrosine
substrate (Tyr sub). Figs. 2, 3, and 7 were prepared using the PyMOL Molecular Graphics System Version 2.5.4 Schrodinger, LLC.

GRL contains a GxGx®G signature where ® refers to a hydrophobic
residue and is phenylalanine in EGFR. The GRL, which connects the p1-
and p2-strands, covers the ATP-binding site. The p1- and 2-strands of
the N-terminal lobe interact with the adenine portion of ATP and they
engage with small molecule inhibitors including those listed in Table 1.
The p3-strand contains a canonical Ala-Xxx-Lys signature, the lysine of
which in human EGFR (K645) forms an electrostatic bond with a
conserved glutamate that occurs near the center of the aC-helix (E762)
(Fig. 2 A). The formation of an electrostatic bond involving the $3-strand
lysine and the aC-helix glutamate is required for the generation of an
active enzyme conformation and this structure corresponds to the “aCi,”
conformation. In comparison, this salt bridge is lacking in many inactive
forms of protein kinases and such structures correspond to an inactive
“aCoyt” conformation as depicted for BTK (Fig. 2 C). The aC;, structure is
necessary, but not sufficient, for the expression of maximal enzyme
activity.

The carboxyterminal lobe contains a mobile activation segment (AS)
or activation loop (AL) with an unfolded or open conformation in active
enzymes (Fig. 2 A) and a closed conformation in inactive enzymes
(Fig. 2 C). The activation segment begins with a conserved DFG (Asp-
Phe-Gly) signature. The DF pair displays two different conformations. In
the active state, the aspartate side chain carboxylate moiety extends
toward the ATP-binding pocket and coordinates Mg?*. This structure
corresponds to the “DFG-D;,” conformation. In a dormant activation
segment structure, the aspartate carboxylate of the DFG sequence points
away from the active site in the “DFG-D,,;” conformation. The ability
(DFG-Dyp) or inability (DFG-Dgy) of the DFG-aspartate to bind to Mg2+
in the active site is the important difference. See Ref. [1] for an overview
of the two activation segment conformations. Although the activation
segment of protein kinases including the FGFR family and the JAK
family most often ends with APE (Ala-Pro-Glu), this segment ends with
SPE in BTK and ALE (Ala-Leu-Glu) in the ErbB family. The last eight
residues of the four ErbB family activation segments are made up of

PIKWMALE and this octet forms the protein-substrate positioning loop.
The R-group of proline in this sequence functions as a platform that
supports the tyrosyl residue of the protein substrate that is phosphory-
lated (Fig. 2F) [32]. Although the activation segment of the EGFR family
contains a tyrosine residue that can be phosphorylated, unlike many
other protein kinases, this phosphorylation is not required for enzyme
activation but it is required for signal transduction [33].

ErbB1/2/4 are functional protein-tyrosine kinases that occur in
active and inactive conformations [23]. In comparison, ErbB3 lacks a
critical catalytic residue and is thus enzymatically inactive. Further-
more, it assumes the conformation of an inactive protein kinase. The
C-terminal lobe of protein kinases is mainly o-helical with eight
conserved segments (aD—al and oEF1/2). The first protein kinase X-ray
crystal structure (PKA) exhibited two short helices proximal to the large
lobe aF-helix, which were unnamed at the time (PDB ID: 2cpk) [31].
However, the aEF1/2 helices occur in all active protein kinases and they
represent a seventh and eighth conserved helix in the carboxyterminal
lobe (Fig. 2 A). The activation segment of active EGFR is open and ex-
tends outward while that of dormant BTK is closed and more compact
(Fig. 2 A/C) [25]. The large lobe of active protein kinases contains four
short B-strands (f6-$9) (Fig. 2 A). The p6-strand, which is proximal to
the catalytic loop, interacts with the p9-strand of the activation segment.
The p7-strand is located between the catalytic loop and the activation
segment and it interacts with the adjacent distal p8-strand. The inactive
forms of all four EGFR family members contain the f7- and p8-strands,
but they lack the 6- and p9-strands. The important residues of the EGFR
family, the FGFR family, BTK, and JAK3 are provided in Table 2.

2.3. Structures of the hydrophobic spines in active and in dormant protein
kinase domains

2.3.1. The regulatory spine
Kornev et al. [34,35] examined the tertiary structures of functional
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Table 1
Orally effective FDA-approved irreversible small molecule protein-tyrosine ki-
nase inhibitors and their therapeutic indications.

Drug (Code) Trade Year Primary Therapeutic indications”
name approved targets”

Afatinib (BIBW 2013 ErbB1/2/ Mutant EGFR NSCLC
2992) Tovok 4

Dacomitinib 2018 ErbB1/2/ Mutant EGFR NSCLC
(PF002999804) 4
Visimpro

Lazertinib 2024 EGFR NSCLC with ex19 del or ex21
(GNS1480), L858R substitutions with
Lazcluze amivantamab

Mobocertinib 2021 EGFR NSCLC with EGFR-positive exon
(TAK-788) 20 insertions
Exkivity

Osimertinib 2015 EGFR Mutant EGFR NSCLC
(AZD—9292) T970M
Tagrisso

Neratinib 2017 HER2 HER2-positive breast cancer
(HKI-272)
Nerlynx

Acalabrutinib 2017 BTK Mantle cell lymphoma; CLL; SLL
(ACP-196)
Calquence

Ibrutinib 2013 BTK CLL; graft vs. host disease;
(PCI-32765) mantle cell lymphoma; marginal
Imbruvica zone lymphoma; SLL;

Waldenstrom
macroglobulinemia

Zanubrutinib 2019 BTK Mantle cell lymphoma
(BGB3111)
Brukinsa

Futibatinib 2022 FGFR1/ Cholangiocarcinomas with
(TAS—-120) 2/3/4 FGFR2 fusion proteins or other
Lytgobi rearrangements

Ritlecitinib 2023 JAK3 Alopecia areata
(PF—06651600)
Litfulo

@ Although some of these drugs are multikinase inhibitors, only the primary
therapeutic targets are given here.

b CLL, chronic lymphocytic leukemia; NSCLC, non-small cell lung cancer; SLL,
small lymphocytic lymphoma.
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and dormant structures of about two dozen protein kinases and they
found a group of catalytically important residues by a local spatial
pattern (LSP) alignment protocol. The residues that constitute the cat-
alytic and regulatory spines were determined by their three-dimensional
location based upon X-ray crystal structures and not by an amino acid
signature such as HRD or DFG. Their structural studies revealed a sup-
porting framework of eight hydrophobic residues that form a catalytic or
C-spine and four hydrophobic residues that form a regulatory or R-spine
(Fig. 2B/D). The R-spine contains a residue from the aC-helix and
another from the activation segment, whose structures are pivotal in
determining functional and dormant states. The C-spine facilitates ATP
binding and thereby mediates catalysis. The correct configuration of
both spines is required for the generation of an active enzyme.

The regulatory spine consists of a residue from the beginning of the
B4-strand (L777 for EGFR), from the carboxyterminal end of the aC-helix
(M766), DFG-F856, along with HRD-H835 of the catalytic loop. M766
and comparable residues from other protein kinases are four residues
carboxyterminal to the conserved aC-glutamate [25]. The backbone
N-H of RS1 (H835 in EGFR) is secured to the aF-helix by a hydrogen
bond to a side chain carboxyl group of a canonical aspartate residue
(D872). The activation loop, the protein-substrate positioning loop, and
the oHI loop of protein kinase domains, including the ErbB/HER family,
interact hydrophobically with the aF-helix [34,35].

2.3.2. The catalytic spine

The catalytic spine of protein kinases contains residues from the N-
terminal and C-terminal lobes as well as the ATP adenine [35,36]. The
two residues from the N-terminal lobe of EGFR that interact with the
adenine group of ATP include V726 (CS7) near the origin of the
p2-strand and A743 (CS8) from the conserved p3-strand Ala-Xxx-Lys.
Furthermore, L844 (CS6) from the middle of the B7-strand of the
C-terminal lobe binds to the ATP adenine of the active enzyme. V726
(CS7), A743 (CS8), and L844 (CS6) usually make hydrophobic contact
with the pharmacophores of ATP-competitive inhibitors and TCIs. V843
(CS4) and V845 (CS5), which are next to L844, interact with L798 (CS3)
at the beginning of the aD-helix. L798 (CS3) interacts hydrophobically
with L907 (CS1) and V843 (CS4) interacts hydrophobically with T903
(CS2) in the aF-helix. Note that both spines are anchored to the aF-helix,

Table 2
Important amino acid residues in selected human protein-tyrosine kinases.
EGFR ErbB2 ErbB3 ErbB4 BTK
Number of residues 1210 1255 1342 1308 659
Signal peptide 1-24 1-22 1-19 1-25 None
Extracellular segment 25-645 23-652 20-643 26-651 None
Transmembrane 646-668 653-675 644-664 652-675 None

segment
Intracellular portion 669-1210 676-1255  665-1342  676-1308  1-659

Protein kinase domain 712-979 720-987 709-966 718-985 402-655

The p3-K of K/E/D/D K745 K753 K742 K751 K430

oC-E of K/E/D/D E762 E770 H759 E768 E445

Gatekeeper residue T790 T798 T787 T796 T474

Catalytic HRD 837 845 N834 843 521
residue, the first D
of K/E/D/D

Catalytic loop N(HRD 842 850 839 848 526
(X)aN

AS?® DFG, the second D 855 863 852 861 539
of K/E/D/D

AS? phosphorylation Y869 Y877 Y868 Y875 Y551
sites

Molecular weight 134 138 148 147 76.3
(kDa)

UniProtKB ID P00533 P04626 P21860 Q15303 Q06187

FGFR1 FGFR2 FGFR3 FGFR4 JAK3 Functions

822 821 806 802 1124

1-21 1-21 1-22 1-21 None

22-376 22-377 23-375 22-379 None Ligand binding

377-397  378-398  376-396  370-390  None

398-822  399-821 397-806  391-802  1-1124 Catalysis and
signaling

478-767  481-770  472-761  467-755  822-1111  Catalyzes substrate
phosphorylation

K514 K517 K508 K503 K855 Anchors ATP a- and
B-phosphates

E531 E534 E525 E520 E871 Forms salt bridge
with p3-lysine

V561 V564 V555 V550 M902 Regulates access to
back pocket

623 626 617 612 949 Catalytic base
(abstracts proton)

628 631 622 617 954 Chelates Mg?*(2)

641 644 635 630 967 Chelates Mg2+(1)

Y653/4 Y656/7 Y647/8 Y642/3 Y980/1 Stabilizes

activation segment
91.9 92.0 87.7 87.9 125

P11362 P21802 P22607 P22455 P52333

#AS, activation segment.
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a very hydrophobic component that is entirely within the protein. The
core oF-helix buttresses both spines and they, in turn, secure the protein
kinase catalytic residues. See Table 3 for a list of the residues of the
spines of human ErbB1/2/3/4, BTK, FGFR1/2/3/4, and JAK3.

The protein kinase spines play a crucial role in the structure and
function of these enzymes and we are unable to overemphasize their
importance in the functioning of the protein kinase superfamily as well
as their interactions with small molecule kinase inhibitors. For a listing
of spine residues in various protein kinases, see Refs. [22-25] for the
EGFR family of protein-tyrosine kinases, Ref. [37] for the Bruton non-
receptor protein-tyrosine kinase, Ref. [38] for the fibroblast growth
factor receptor protein-tyrosine kinase family, Ref. [39] for the Janus
kinase (JAK) nonreceptor protein-tyrosine kinase family, Refs. [40,41]
for the ALK pleotrophin and midkine receptor protein-tyrosine kinase,
Ref. [42] for the Kit stem cell receptor protein-tyrosine kinase, Ref. [43]
for the MET hepatocyte growth factor receptor protein-tyrosine kinase,
Ref. [44] for the PDGFRa/p protein-tyrosine kinases, Ref. [45] for the
RET glial-cell derived receptor protein-tyrosine kinase, Ref. [46] for the
VEGFR1/2/3 protein-tyrosine kinase family, Ref. [47] for the ROS1
orphan receptor protein-tyrosine kinase, Refs. [48,49] for the Src non-
receptor protein-tyrosine kinase, Refs. [50,51] for the MEK1/2 dual
specificity protein kinases, Refs. [52,53] for the ERK1/2
protein-serine/threonine kinases, Refs. [36,54] for the cyclin-dependent
protein-serine/threonine kinases, and Refs. [55,56] for the RAF
protein-serine/threonine kinases.

2.3.3. The gatekeeper and other shell residues

Stemming from site-directed mutagenesis experiments, Meharena
et al. found three residues in protein kinase A (PKA) that stabilize the R-
spine which they named shell residues [57]. These authors called the
R-spine residues RSO, RS1, RS2, RS3, and RS4 as they went from the
aF-helix aspartate to the p4-strand at the top of the regulatory spine
(Fig. 2B). They designated the three shell residues as Sh1, Sh2, and Sh3
where Sh2 is the classical gatekeeper residue. The term gatekeeper de-
notes the function of these residues in regulating the entry of the ligand
into a hydrophobic back pocket next to the adenine binding site [58,59]
that is occupied by components of many small molecule protein kinase
inhibitors. Using their local spatial alignment results, Meharena et al.
found that only three of 14 amino acid residues adjacent to RS3 and RS4
of PKA are maintained and they reported that shell residues promote
R-spine stabilization [57]. A comparison of the regulatory spines of
active EGFR and those of inactive BTK demonstrates that RS3 of the
inactive enzyme is displaced outward when compared with active EGFR,
a result that is consistent with the idea that the aC-helix is displaced
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outward in dormant BTK (Fig. 2).

2.3.4. The binding pocket for ATP and small molecule inhibitors

The hinge-linker residues connect the amino-terminal lobe to the
carboxyterminal lobe [25]. The 6-amino group of ATP characteristically
forms a hydrogen bond with the backbone carbonyl group of the first
hinge residue; in EGFR it hydrogen bonds with the carbonyl oxygen of
Q791 (PDB ID: 2GS6). The N1 nitrogen of adenine hydrogen bonds with
the —-NH group of M793, the third hinge residue. The a-phosphate group
of ATP binds to AxK-K745 of the 3-strand, which in turn makes a salt
bridge with the aC-helix E762 (Fig. 2E). Moreover, the ATP y-phos-
phoryl group forms an electrostatic bond with Mg?*(1), which in turn
binds to DFG-D854 (not shown). Crystallographic studies show that the
adenine group extends to the f2-strand, but not to the p3-strand. In
contrast, most low molecular weight steady-state ATP-competitive in-
hibitors extend to the p3-strand and many extend even further toward
the aC-helix into the back pocket.

2.3.5. The catalytic loop and activation segment

Active protein kinases contain an amino acid signature made up of
K/E/D/D (Lys/Glu/Asp/Asp) and these residues play essential structural
and mechanistic roles (Table 2) [41]. The EGFR p3-strand K745 is the
first residue of this signature and it forms a salt bridge with the second
residue of this signature (xC-helix E762) [25]. The catalytic loop con-
tains eight residues with a conserved HRD(x)4N signature; the HRD-D
residue is the first D of K/E/D/D. This loop consists of an HRDLAARN
sequence in most receptor protein-tyrosine kinases including ErbB1/2/4
and FGFR1/2/3/4. On the other hand, catalytically deficient ErbB3
contains HRNLAARN with an asparagine (N) replacing aspartate (D).
The catalytic aspartate (HRD-D837) of EGFR serves as a Lowry-Bronsted
base that abstracts a proton from the protein substrate tyrosyl -OH
group (Fig. 2 F). Zhou and Adams suggested that the catalytic loop
protein kinase aspartate positions the substrate -OH group for an in-line
nucleophilic attack [60]. Additional experiments show that the
DFG-D855 of protein kinases at the beginning of the activation segment
binds Mg2+ (1) while the distal catalytic loop asparagine (N842) co-
ordinates a second Mg2"(2) as depicted in Fig. 2E. The activation loop
DFG-D is the second D of the K/E/D/D signature.

2.4. Bruton protein-tyrosine kinase (BTK)

BTK was recognized as a nonreceptor protein-tyrosine kinase in
1993; a deficiency of this gene product is found in patients with X-linked
agammaglobulinemia [61-64]. Individuals with this disorder display

Table 3
Spine and shell residues in selected protein-tyrosine kinases®”.

KLIFS No* ErbB1 ErbB2
Regulatory spine
p4-strand (N-lobe) RS4 38 L777 L785
C-helix (N-lobe) RS3 28 M766 M774
Activation loop (C-lobe) F of DFG RS2 82 F856 F864
Catalytic loop His (C-lobe) RS1 68 H835 H843
F-helix (C-lobe) RSO None D896 D904
R-shell
Two residues upstream from the gatekeeper Sh3 43 L788 L796
Gatekeeper, end of 5-strand Sh2 45 T790 T798
aC-p4 loop Shl 36 C775 S783
Catalytic spine
p3-AxK motif (N-lobe) CS8 15 A743 A751
p2-strand (N-lobe) CS7 11 V726 V734
p7-strand (C-lobe) CS6 77 1844 1852
p7-strand (C-lobe) CS5 78 V845 V853
p7-strand (C-lobe) CS4 76 V843 V851
D-helix (C-lobe) CS3 53 L798 L806
F-helix (C-lobe) CS2 None T903 T911
F-helix (C-lobe) CS1 None L1907 L1915

ErbB3 ErbB4 BTK FGFR1 FGFR2 FGFR3 FGFR4 JAK3
L774 L783 L460 L547 L550 L1541 L536 Y886
1763 M772 M449 MS535 M538 M529 M524 L875
F853 F862 F540 F642 F645 F636 F631 Fo68
H832 H841 H519 H621 H624 H615 H610 H947
D893 D902 D579 D682 D685 D676 D671 D1009
L785 L784 1472 V559 V562 V553 V548 L900
T787 T796 T474 V561 V564 V555 V550 M902
V772 V781 V458 1545 1548 1539 1534 V884
C740 A749 V416 A512 A515 A506 A501 V863
V723 V732 A428 V492 V495 V486 V481 A853
1841 L850 1528 L630 L633 1624 L619 L1956
V842 V851 V529 V631 V634 V625 V620 V957
V840 V849 C527 V629 V632 V623 V618 1955
L795 1804 1482 L569 L572 L1563 L558 L1910
T900 T909 L586 L689 L692 L1683 L678 V1016
L1904 1913 1590 1693 1696 1687 1682 L1020

# From Refs. [34-36], https://Klifs.net/, and https://www.uniprot.org/uniprotkb/.
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alterations in B cell function and this characteristic is in agreement with
the restriction of clinical features to B cell immunity. The Lyn and Syk
protein kinases of the Src family are upstream of BTK while phospholi-
pase y2 is downstream in the BTK signaling cascade leading to the
production of diacylglycerol and inositol trisphosphate [48]. The former
activates protein kinase C and the latter leads to the release of Ca*2 from
the endoplasmic reticulum. BTK belongs to the TEC family of
protein-tyrosine kinases including BTK, BMX (bone marrow-expressed
kinase), ITK (inducible T cell kinase), TXK (also known as RLK, resting
lymphocyte kinase), and TEC [7]. TEC (T-helper cell) kinase participates
in immune responses. BTK contains a short amino-terminal pleckstrin
homology (PH) domain, followed by a TEC homology (TH) domain, an
SH3 domain, an SH2 domain, and finally a C-terminal protein kinase
domain (Fig. 1B); these components are found in the other members of
the TEC family of protein kinases.

Like the EGFR family, BTK contain a glycine-rich loop (GRL) with a
GxGx®G signature (409GTGQFG414) [37]. @ refers to a hydrophobic
residue and is phenylalanine in BTK, the ErbB family, the FGFR family,
and JAK3. Owing to their role in ATP binding and ADP release, the
glycine-rich loops are pliant. As described for other protein kinases, BTK
contains a conserved p3-strand Ala-Xxx-Lys (*BATK*30) sequence and an
aC-helix glutamate (E445) that forms an electrostatic bond with a
conserved p3-strand lysine in the active enzyme conformation. BTK
contains the conserved !°HRDLAARN®?® sequence at the beginning of
the catalytic loop. It also contains the conserved >**DFG>* signature at
the beginning of the activation segment and a *>PPE>®” sequence at the
end of the activation segment.

All protein kinases including BTK have a small amino-terminal lobe
and large carboxyterminal lobe [1] (Fig. 2 C). Although both lobes
participate in ATP binding, the small lobe plays a major role in this
process. The BTK K430 e-amino group forms an electrostatic bond with
the aC-helix E445 carboxylate group (the E of K/E/D/D) that stabilizes
their interactions with the ATP phosphates [37]. The salt bridge
involving the p3-lysine and the aC-glutamate is required for the for-
mation of an active “aC-in” protein kinase conformation. On the other
hand, E445 and K430 of the inactive enzyme fail to interact and this
corresponds to an “aC-out” conformation (Fig. 2 C). The important
residues of BTK are given in Table 2 and the spine and shell residues are
provided in Table 3.

2.5. Fibroblast growth factors and their receptors

The human fibroblast growth factor (FGF) family is made up of 22
members [65]. Although these are identified as FGF1-23, factors 15 and
19 represent the same molecule giving 22 total factors. With the
exception of FGF11/12/13/14, the remaining factors are glycoproteins
that are secreted by exocytosis from the cell of origin and they interact
with the transmembrane fibroblast growth factor receptors (FGFRs). A
total of 18 of these factors are receptor ligands. The intracellular growth
factors (FGF11/12/13/14) interact with voltage-gated sodium channels.
The FGFs range in size from 155 residues (FGF1) to 288 residues (FGF2).
The FGFs contain a core domain with about 120 amino acid residues that
assume a globular structure that makes 12 p-strands arranged into three
groups of four-stranded p-sheets [66]. This core domain is bordered by
differing N-terminal and C-terminal sequences that account for the
specificity and selectivity of the growth factors.

The FGFRs consist of an extracellular portion containing three
immunoglobulin-like domains (D1/2/3), a transmembrane (TM)
segment, and an intracellular protein-tyrosine kinase domain (PKD)
(Fig. 1) [66]. An acid box containing a short stretch of glutamates and
aspartates is found between D1 and D2. FGFs bind to the region of the
extracellular segment involving D2, D3, and the D2-D3 linker.
Ligand-binding specificity of FGFR1/2/3 is regulated in part by alter-
native splicing in the D3 domain of these receptors. The amino-terminal
segment of D3 is encoded by exon Illa and the carboxyterminal portion
of D3 is encoded by one of two mutually exclusive exons (exon IIIb or
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exon Illc) where III refers to D3. Experiments indicate that alternative
splicing changes the sequence of key ligand-interacting residues to
confer FGF binding specificity. Such alternative splicing is cell and tissue
specific. FGFR4 mRNA fails to undergo alternative splicing of the
encoded D3 domains.

The binding of the FGFs to their receptors produces receptor
dimerization, transphosphorylation, and subsequent protein kinase
activation [17]. Six tyrosine residues of FGFR1 are sequentially phos-
phorylated to produce the fully activated enzyme [67]. Downstream
signaling by the FGFRs resembles that of most other receptor
protein-tyrosine kinases including EGFR/ErbB1/2/3/4. All four FGFRs
result in the activation of the Ras-Raf-MEK-Erk Map kinase signaling
cascade that regulates cell growth, cell division, and differentiation and
the PI3K/Akt module that regulates cell survival [66,68]. The activated
receptors also promote activation of phospholipase C and the generation
of inositol-trisphosphate and diacylglycerol, which stimulate cell
migration. The four enzymes also activate the STAT (signal transducer
and activator of transcription) pathway leading to the transcription of
numerous genes.

2.6. Janus kinases

The Janus kinases are large intracellular proteins containing about
1100 amino acid residues. They possess seven JAK homology modules
labeled JH7-JH1 going from the N-terminus to the C-terminus. These
proteins contain four functional domains [69]. The N-terminal JH7-JH6
module corresponds to a FERM domain (F for 4.1 protein, E for ezrin, R
for radixin and M for moesin); the FERM domain contains ~ 350 amino
acids and targets proteins to the plasma membrane. The JH5-JH3
segment represents an atypical SH2 domain that interacts with
protein-glutamate and fails to bind protein-tyrosine phosphate. The
JH5-JH3 segment is followed by a JH2 pseudokinase domain and the
C-terminal JH1 segment is the functional protein-tyrosine kinase
(Fig. 1 C).

The Janus kinase JH2 and JH1 domains contain a small amino-
terminal lobe and large carboxyterminal lobe that contains the canoni-
cal o-helices and f-strands first described by Knighton et al. for PKA in
1991 [31]. The K581 and E596 of the pseudokinase of the JAK2 JH2
domain fail to make contact and this corresponds to the inactive “aCqyt”
conformation (Fig. 2D) [39]. The following four amino acids, which are
part of a K/E/D/D core, characterize the mechanistic properties of the
JAK3 JH1 protein-tyrosine kinase domain. An invariant $3-strand lysine
(K855, the K of K/E/D/D) forms a salt bridge with the aC-glutamate
(E871, the E of K/E/D/D) and also the a- and p-phosphate groups of
ATP/ADP (not shown). The catalytic loop consists of HRDLAARN in
JAK1, JAK3 and TYK2 and HRDLATRN occurs in JAK2. The JAK3 JH2
pseudokinase domain contains ***HGNVSARK®®2. The catalytic aspar-
tate in JAK3 (D949), which is the first D of K/E/D/D, serves as a base
that accepts a proton from the tyrosyl-OH moiety. This residue in the
JAK pseudokinase domains is an asparagine, which cannot abstract a
proton from the phenolic hydroxyl moiety and contributes to the cata-
lytic latency of the pseudokinase domains. Several important human
JAK3 JH1 residues are listed in Table 2 and spine and shell residues are
provided in Table 3.

JAK1/3 signaling contributes to the development of inflammatory
diseases while JAK1/2 action contributes to the pathogenesis of
myeloproliferative neoplasms as well as lymphomas and leukemias.
JAK3 participates in the pathogenesis of alopecia areata, an inflamma-
tory disorder [15]. The JAK-STAT pathway conveys extracellular signals
from a variety of growth factors, chemokines, cytokines, and hormones
to the nucleus and is responsible for the expression of hundreds of
protein-encoding genes [70]. Numerous steps are required for the con-
version of an extracellular signal into a transcriptional response [71].
First, ligand binding produces conformational changes in the cytokine
receptors that lead to protein-tyrosine kinase activation produced by the
phosphorylation of two tyrosine residues within the activation segment
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of the JH1 domains as mediated by a partner Janus kinase JH1 enzyme.
Next, the JH1 protein kinase domains catalyze the phosphorylation of
cytokine receptor tyrosine residues that attract the SH2 domain of
STATs. The activated JH1 protein kinase domain then catalyzes the
phosphorylation of the STAT proteins. These phosphorylated STATS
then dimerize and are translocated into the nucleus where they regulate
the transcription of target genes.

3. Orally effective targeted covalent inhibitors (TCIs) of protein
kinases

3.1. Selected diseases related to the ErbB family of protein kinases

3.1.1. Classification and treatment of lung cancers

EGFR/ErbB1 mutations play an essential role in the pathogenesis of
many lung cancers. For example, Herbst et al. found that ErbB1 protein
kinase-domain mutations occur in about 10 % of NSCLC patients in the
United States and 30-50 % in Asian patients [72]. These authors re-
ported that the most common mutations include (i) a deletion of five
exon-19 residues (746ELREA750) that correspond to a location proximal
to the aC-helix and (ii) an exon-21 arginine for leucine substitution
(L858R) that is located within the activation segment. Although dozens
of ERBBI mutations have been discovered in NSCLC, these two muta-
tions account for more than 90 % of the activating EGFR mutations
found in these malignancies.

Activating mutations of oncokinases are commonly found in or near
important regulatory regions such as the glycine-rich loop, the aC-helix,
or the activation segment. A frequent process leading to the oncogenic
activation of the EGFR entails the destabilization of the dormant
enzyme. Yun et al. found that this mechanism responsible for the acti-
vation of the L858R EGFR mutant [73]. R858 follows $>°DFG® at the
beginning of the activation segment. The substitution of the hydropho-
bic leucine side chain with the larger positively charged arginine side
chain precludes the latter’s occurrence within the proximal activation
segment inhibitory aAL loop while an arginine is easily accommodated
in the open configuration of the active EGFR protein kinase domain.
Consequently, destabilization of the inactive structure of EGFR leads to
enzyme activation and neoplastic transformation.

Several orally bioavailable FDA-approved protein-tyrosine kinase
inhibitors target mutant EGFR and offer lasting disease control [74].
Treatment choices include: (i) first-generation erlotinib and gefitinib,
(ii) second-generation afatinib and dacomitinib, and (iii)
third-generation mobocertinib, lazertinib, and osimertinib [74]. Of
these antagonists, osimertinib offers longer progression-free and overall
survival, along with better intracranial activity. For patients relapsing
on first-line nonosimertinib options, circulating tumor DNA of the pro-
gressive tumor should be tested for the EGFR™™ mutation and, if
positive, treated with (i) osimertinib, (ii) erlotinib/bevacizumab com-
bination therapy, (iii) or gefitinib and chemotherapy. See Refs. [75,76]
for a summary of lung cancer treatment protocols.

3.1.2. Classification and treatment of breast cancers

Breast cancer is the foremost cause of death from malignancies pri-
marily (breast) or exclusively (uterine cervix, uterine corpus, and ovary)
affecting females in the United States and worldwide [77,78]. Breast
cancers are classified into three groups, which are not mutually exclu-
sive, for treatment strategies: these include (i) overexpression of the
ERBB2/HER2/NEU gene, (ii) hormone receptor-positive cancers, and
(iii) triple-negative breast cancers. Triple-negative breast cancers refer
to those (i) lacking progesterone receptors, (ii) lacking estrogen re-
ceptors, and (iii) without ERBB2/HER2 overexpression or amplification.
Wittliff found that ERBB2/HER2 overexpression occurs in about 20 % of
breast cancers while 10-20 % of breast cancers are triple-negative [79].
ERBB2/HER2 overexpression was associated with poor outcomes prior
to the initiation of ErbB2/HER2 targeted therapies. He also reported that
receptors for estrogen, progesterone, or both occur in about 80 % of all
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breast cancers. Furthermore, he reported that about 56 % of breast
cancers contain both the estrogen and progesterone receptors while
14 % contain only the estrogen receptor and 9 % contain only the pro-
gesterone receptor while 21 % of breast cancers lack both receptors
[79].

Surgery is the standard of care for localized breast cancer and is also
used for the management of many advanced breast cancers [80]. Other
treatment modalities include cytotoxic chemotherapy, radiotherapy,
targeted ErbB2/HER2 therapy, immunotherapy, and adjuvant hormonal
therapy (with tamoxifen or an aromatase inhibitor) for hormone
receptor-positive tumors [80,81]. Inmunotherapy and endocrine-based
therapy are not as effective in the management of HER2-positive breast
cancer as desired and chemotherapy is accompanied by considerable
toxicity. Numerous cytotoxic agents are used in the treatment of meta-
static breast cancers, especially those cancers that are hormone
receptor-negative or triple negative [82]. These cytotoxic agents include
cyclophosphamide, doxorubicin, and taxanes. Cyclophosphamide is an
alkylating agent that forms both intra and interstrand DNA cross links
that disrupt DNA base pairing and structure, replication, and tran-
scription. Doxorubicin is an anthracycline derivative that intercalates
with DNA, inhibits topoisomerase II activity, and creates
oxygen-dependent single and double stranded DNA breaks. Paclitaxel
and docetaxel are antimitotic taxanes that bind to and enhance micro-
tubule polymerization and obstruct their function. In addition to the
overexpression of wild type ERBB2 in breast cancers, Bose et al. reported
that approximately 1.5 % of breast cancer patients possess an ERBB2
mutation [83], which amounts to a few thousand new cases per year in
the United States.

About one-fifth of advanced breast carcinomas are HER2-positive
[79]. One standard first-line treatment for this disease includes the
combination of trastuzumab, pertuzumab, and a taxane [81]. The
former monoclonal antibody is directed against the extracellular domain
of ErbB2/HER2 and promotes HER2 internalization and
down-regulation and stimulates immune cells to kill the
HER2-expressing cells. Pertuzumab targets ErbB2/HER2 and precludes
its dimerization with other ErbB family members. A standard
second-line treatment consists of ado-trastuzumab emtansine; this
antibody-drug conjugate delivers the emtansine microtubule inhibitor
to ErbB2/HER-positive cells. One follow-up treatment includes the
trastuzumab deruxtecan antibody-drug conjugate as a monotherapy
following two previous treatments. Deruxtecan damages DNA and cau-
ses apoptosis. Another third-line treatment consists of tucatinib, a non-
covalent HER2 protein-kinase blocker, in combination with trastuzumab
and cytotoxic capecitabine. Additionally, the HER2-TCI neratinib in
combination with capecitabine is another third-line treatment option
[80,81].

3.2. Diseases related to Bruton tyrosine kinase over activity

Mantle cell lymphomas are B cell disorders that constitute about 6 %
of non-Hodgkin lymphomas and patients usually present with palpable
lymphadenopathy at a median age of about 65 years [84]. They are
more common in men than women with a ratio 4/1. More than
two-thirds of patients are at stage IV at the time of diagnosis. Prior to the
advent of ibrutinib therapy, the historical median overall survival in
patients with newly diagnosed disease was three to four years. Wang
et al. reported that ibrutinib produced an elevation of lymphoma cells in
the peripheral blood following 10 days of treatment followed by a
decrease to baseline values after 28 days of treatment [85]. This tran-
sient increase in cells was caused by their liberation from affected
lymphatic tissues. The authors suggested that ibrutinib monotherapy
was more effective and less stressful than previous standard therapies.
Based upon these clinical findings, the FDA approved ibrutinib for the
management of mantle cell lymphomas in 2013 [86].

Chronic lymphocytic leukemia (CLL) is a clonal B cell disorder that is
the most common type of leukemia in the Western hemisphere; it is
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responsible for about 40 % of all adult leukemias [87]. It accounts for
about 15,000 new cases per year in the United States corresponding to
an incidence rate of 4.5 per 100,000 people. The median age at the time
of diagnosis is about 70 years of age. Its diagnosis is oftentimes inci-
dental resulting from routine blood counts. In symptomatic patients, the
presenting features can include fever, fatigue, and infections. Clinical
studies demonstrated the effectiveness of ibrutinib in the management
of small cell lymphomas and chronic lymphocytic leukemias leading to
the FDA approval for the treatment of these maladies [88].

Waldenstrom macroglobulinemia is a B cell disorder linked with the
production of clonal immunoglobulin M secreting lymphoplasmacytic
cells [89]. The incidence rate is about 0.38 per 100,000 people in the
United States, which corresponds to about 1300 cases per year. The
median age at the time of diagnosis is about 70 years of age and the ratio
of men to women is about 1.5/1. The signs and symptoms of this disease
are variable and patients can present with fatigue, headaches, fever,
chills, recurrent sinus and bronchial infections, and gastrointestinal
distress. Hepatosplenomegaly and lymphadenopathy may also be found.
Increased IgM levels (>7 g/dL), which are more than 25 times greater
than normal, may occur. These high IgM levels raise serum viscosity,
which may produce transient episodes of blurry vision, headaches, and
mental confusion. Laboratory findings demonstrate that BTK is consti-
tutively activated in Waldenstrom macroglobulinemia cells and positive
clinical trials led to the FDA approval of ibrutinib for the treatment of
this illness. See Ref. [88] for a summary of the clinical efficacy of aca-
labrutinib, ibrutinib, and zanubrutinib in the treatment of B-cell lym-
phomas and see Refs. [90,91] for a synopsis of the treatment of
Waldenstrom macroglobulinemia with these TCIs.

3.3. FGEFR gene rearrangements and cholangiocarcinoma

Cholangiocarcinoma is an uncommon malignancy that arises from
epithelial cells of the extrahepatic and intrahepatic bile ducts. About
8000 to 10,000 people receive the diagnosis of this cancer each year in
the United States [92]. About two-thirds of these tumors are intrahepatic
and originate in the biliary tract within the liver and are considered
distinct from tumors that arise extrahepatically. Laboratory studies
indicate that various molecular tumor drivers occur in the intrahepatic
subtype. Cholangiocarcinomas have often metastasized at the time of
diagnosis with a five-year survival under 10 %. The previous
standard-of-care for patients with unresectable or metastatic disease was
combination therapy with gemcitabine and cisplatin. In people with
advanced disease and disease progression after prior treatment, the
median overall survival was about six months. FGFR2 fusions occur in
10-20 % of cholangiocarcinoma patients with most (87 %) of these
FGFR2 fusion-positive cases being intrahepatic. Patients with FGFR2
fusions appear to survive longer than those without fusion proteins.

Futibatinib is an inhibitor of the FGFR family, which make up a
group of receptor tyrosine kinases that play key roles in cell growth,
proliferation, differentiation, and survival [93]. FGFRs were investi-
gated as a therapeutic target because FGFR genomic aberrations and
deregulated FGFR signaling pathways were seen in various cancers
including cholangiocarcinoma and neoplasms of the urinary tract.
Futibatinib is a selective irreversible inhibitor of FGFR 1-4 with ICsq
values of less than 4 nM. Of 296 protein kinases examined, it had slight
activity against MAPK12 and the insulin receptor. It forms a covalent
bond with Cys491 in the ATP-binding pocket glycine-rich loop. After its
binding, futibatinib blocks FGFR2 autophosphorylation and the phos-
phorylation of FRS2; FRS2 is an adapter protein that links the activation
of FGFRs to downstream intracellular signaling pathways. The main
downstream signaling modules of the FGFRs include the (i)
PI3K/Akt/mTOR pathway and (ii) the RAS-dependent Raf-MEK-Erk
(MAP kinase) pathway. mTOR and Erk mediate the phosphorylation of
dozens of cytosolic proteins. Moreover, Erk is translocated into the cell
nucleus and catalyzes the phosphorylation and activation of many
transcription factors. Futibatinib reduces cell viability in cancer cell
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lines with FGFR dysregulation including FGFR amplifications, fusions,
rearrangements, and mutations.

3.4. JAK3 and alopecia areata

Alopecia areata is an autoimmune disorder that leads to hair loss in
the scalp and other regions of the body [94-98]. The ratio of men to
women with this disease is 1.7/1.0 and the median age of patients un-
dergoing treatment is 38 years. The JAK-STAT pathway, which controls
the levels of various inflammatory mediators, is associated with the
pathophysiology of this malady. This disorder, which is challenging to
manage, is characterized by recurring periods of hair loss and regrowth
[96]. It can be aggravated by anxiety and stress with an adverse effect on
the quality of life. People with alopecia areata exhibit scalp hair loss in
patches, while patients with more severe disease display complete scalp
hair loss (alopecia totalis) or entire body hair loss (alopecia universalis)
[99]. As noted above, the JAK family kinases activate STATs. The
JAK/STAT pathway increases the production of interferon-y and
interleukin-15 (IL-15), which activate CD8" T cells. These cells in turn
target hair follicle cells and this process participates in the pathogenesis
of alopecia areata [96]. The ritlecitinib blockade of JAK3 expressed in
hematopoietic cells blunts the immune attack of the hair follicles and
decreases the inflammatory response.

Topical corticosteroids were the primary treatments of mild disease,
while corticosteroids and the antimetabolites azathioprine or metho-
trexate were recommended for people with severe disease [97]. These
treatments are of low efficacy and better treatment modalities were
needed, prompting the development of JAK inhibitors such as the
FDA-approved ritlecitinib and deuruxolitinib. Meta analysis of the effi-
cacy of these two agents reveals that their clinical effectiveness is about
the same. Other JAK inhibitors are in clinical trials for the management
of alopecia areata include baricitinib, ruxolitinib, and tofacitinib (www.
clinicaltrials.gov); these three medicines are FDA-approved for the
management of other inflammatory diseases [16].

4. Protein kinase-inhibitor classification

Based upon the findings of other investigators [100-103], we
divided low molecular weight protein kinase inhibitors into six main
groups including reversible (Groups I—V) and irreversible agents
(Table 4). We incorporated the results of Liao [104], van Linden et al.
[105], and Kanev et al. [106] in depicting and describing drug-binding
pockets. A summary describing the location of various pockets and
subpockets is provided in Table 5. These authors divided the region
between the protein kinase amino-terminal and carboxyterminal lobes
into a front pocket or cleft, a gate area, and a back cleft. The back pocket
or hydrophobic pocket II (HPII) includes the gate area and back cleft.
The front cleft includes the glycine-rich P-loop, the adenine-binding

Table 4
Classification of small molecule protein kinase inhibitors".
Inhibitor Properties
type
1 Binds in and around the ATP-binding pocket of an active enzyme
12 A/B Binds in and around the ATP-binding pocket of an inactive DFG-D;,
enzyme
s A Extends into the back cleft
1% B Does not extend into the back cleft
11 A/B Bind in and around the ATP-binding site of an inactive DFG-Dy¢
enzyme
IA Extends into the back cleft
B Does not extend into the back cleft
111 Allosteric inhibitor bound near to the ATP-binding site
v Allosteric inhibitor bound far from the ATP-binding site
v Bivalent inhibitor spanning two kinase domain regions
VI Covalent inhibitor

% Adapted from Ref. [114].
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Table 5
Location of selected catalytic cleft residues®.

Description Location KLIFS residue no.
GxGx®G Front cleft 4-9

p2-strand V (CS7) Front cleft 11

p3-strand A (CS8) Front cleft 15

p3-strand AxK-K Front cleft 17

Catalytic loop: HRD(x)4N Front cleft 68-75
HRD with DFG-Dj, Front cleft 68-70
HRD(x)4N-N Front cleft 75
p7-strand CS6 Front cleft 77
oC-p4 back loop residue Gate area 36
Gatekeeper Gate area 45
Hinge Gate area 46-48
Linker Gate area 49-52
x of xDFG Gate area 80
DFG Gate area 81-83
oC-helix E Back cleft 24
RS3 Back cleft 28

2 klifs.net

pocket, the hinge, and the catalytic loop (HRD(x)4N). The gate area
includes the linker segment connecting the hinge to the large lobe
aD-helix and DFG of the activation segment. The back-cleft includes the
aC-helix glutamate and RS3. The components that occur in the front
cleft, gate area, and back cleft are depicted in Fig. 3 [106].

Van Linden and Kanev et al. formulated a general summary
describing ligand and drug interactions with more than 5200 human and
mouse protein kinase domains [105,106]. Their KLIFS (kinase-ligand
interaction fingerprint and structure) handbook contains a listing of 85
ligand interacting residues found in both the small and large lobes; this
directory expedites a comparison of drugs and ligands and aids in the
detection of unique and common interactions. Moreover, these authors
devised a standard amino acid residue numbering system that expedites
the comparison of various protein kinases. Table 3 correlates the KLIFS
database nomenclature and the R-spine, shell, and C-spine amino acid
residue numbering system and Fig. 4 illustrates the location of the KLIFS
residues within the protein kinase domain. Furthermore, these re-
searchers established an effective noncommercial and searchable web
site that describe the interaction of ligands and drugs with protein

(A) DFG-D,,
Hn3 Hn1
MGK aC-helix
H o
‘e BPIA
BP-II-A in
i B8 BP-II-B
BP-II-in
A
TN
‘ FP-Il ‘
Front Gate Back
cleft area cleft
or pocket Back pocket (HPII)

EGFR )
PDB ID: 1m14 /~
Active DFG-D, ™
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Fig. 4. The location of the KLIFS residues within a generic protein kinase
domain. Act Seg, Activation segment. Residues in gray circles are found in the
front cleft; blue circles, gate area; yellow circles, back cleft. The figure was
kindly provided by Prof. AJ Kooistra.

kinases (klifs.net).

Moreover, Carles et al. created an extensive catalog of protein kinase
inhibitors that have been approved by regulatory agencies or that are in
clinical trials [4]. They created a noncommercial and searchable web
site that is regularly updated and contains the structure of inhibitors,
their physical properties, protein kinase targets, therapeutic indications,

(B) Front cleft, gate area, back cleft

Gate area
in cyan

Front cleft
in blue

Hinge-linker

Activation
segment in black

Fig. 3. (A) Location of the protein kinase domain drug-binding pockets. Adapted from Liao [104], van Linden et al. [105], and Kanev et al. [106]. (B) Location of the
protein kinase front cleft, gate area, and back cleft. AP, adenine pocket; BP, back pocket; FP, front pocket; Hn, hinge; HPII, hydrophobic pocket II; GK, gatekeeper.
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year of first approval, and trade name (http://www.icoa.fr/pkidb/). The
Blue Ridge Institute for Medical Research supports a web site that
identifies FDA-approved protein kinase inhibitors and provides their (i)
structures, (ii) number of hydrogen bond donors/acceptors, (iii) log of
the distribution coefficient, (iv) number of rotatable bonds and rings, (v)
year of initial FDA approval, (vi) protein kinase targets, and (vii) clinical
indications. The site also provides a link to current FDA labels. The
address of this regularly updated web site is www.brimr.org/PKI/PKIs.
htm.

The eleven medicines reviewed in this article have a shared mech-
anism of action; the chemistry involves the combination of a protein
cysteine thiolate anion (protein—S: ) with an acrylamide or an
acrylamide-like derivative [107]. These reactions are generally called
Michael additions and the chemistry involves the formation of a cova-
lent bond between sulfur and carbon and the final product is a thioether
(Fig. 5A). Such Michael additions are irreversible. This process involves
two discrete steps; the first phase involves the reversible association of
the drug with its target enzyme so that a weakly electrophilic warhead
or reaction moiety binds near a properly positioned nucleophilic
cysteine. The dissociation constant for this part of the process is given by
the K; (Fig. 5B). In the second phase, a reaction between the warhead
and the target enzyme cysteine occurs to form a covalently modified and
inactive kinase and the rate constant for this reaction is given by kinact.
For this chemistry to succeed, the warhead must be appropriately
juxtaposed to the cysteinyl thiolate so that the covalent link can be
made. The overall velocity of covalent bond formation is given by the
second-order rate constant kinact/K; with units of moles per second (M/s)
[9].

5. Structures of drug-enzyme complexes
5.1. EGFR-drug complexes

Afatinib is a 3-chloro-4-fluoroanilino-quinazoline derivative
(Fig. 6A) that is FDA-approved for the first-line treatment of people with
NSCLC harboring EGFR-mutations or as a second-line treatment for in-
dividuals with squamous cell NSCLC progressing after platinum-based
chemotherapy [108-111]. Afatinib inhibits EGFR/ErbB1 irreversibly
in vitro with an ICsg value of 0.5 nM for wildtype EGFR, 0.4 nM for the
EGFR L858R mutant, 10 nM for the EGFR L858R/T790M double mutant,
14 nM for ErbB2/HER2, and 1 nM for ErbB4 (https://www.ebi.ac.uk/ch
embl/). Its X-ray crystal structure demonstrates that the quinazoline N1
hydrogen bonds with the EGFR M793 (the third hinge residue) N-H
group (Fig. 7A) [112]. The drug interacts hydrophobically with four
spine residues (RS3, CS6/7/8), two shell residues (Sh2/3), and the
KLIFS-3 p1-strand residue (Table 6). Afatinib interacts hydrophobically

(A)
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with K728 of the p2-strand, AxK-K745 of the $3-strand, E762 and M766
of the aC-helix, and L788 of the f5-strand. Furthermore, the medicine
interacts hydrophobically with 7*2LMPFGC”®” of the hinge-linker. The
medicinal also interacts hydrophobically with D800 of the aD-helix,
R841 of the catalytic loop, and T854 (the x of xXDFG) within the large
lobe. The medicine forms a covalent Michael adduct with C797 in the
linker segment proximal to the C-terminal lobe aD-helix. The quinazo-
line moiety is found in the adenine pocket and the 3-chloro-4-fluoroani-
lino group is found in the gate area (BP-I-A and BP-I-B).

Modi and Dunbrack described eight different protein kinase config-
urations and classified them based upon the conformation of the
phenylalanine rotamer (plus, minus, trans) and on the Ramachandran
regions (A, alpha; B, beta; L, left) of the xDF motif [113]. Their classi-
fication divides the DFG-Dj, configuration into six clusters including
BLAminus, which represents an active structure and five inactive con-
formations. Their DFGintermediate Structures are found primarily in the
BABtrans configuration and the DFG-D,,;; assemblies are found mainly in
the BBAminus conformation. Modi and Dunbrack created a useful
noncommercial and searchable web site (http://dunbrack3.fccc.edu
/kincore/) that allows one to determine whether a given protein ki-
nase structure corresponds to an active or inactive enzyme. We used this
web site to ascertain whether the structures of our drug-enzyme com-
plexes correspond to active (DFG-Dj,, BLAminus) or inactive (otherwise)
enzymes. Although afatinib binds to the active BLAminus conformation
of EGFR, it is classified as a type VI inhibitor because it is irreversibly
bound to its target enzyme [114]. For a summary of the clinical trials
that led to its approval, see Ref. [115].

Dacomitinib, like afatinib, is a 3-chloro-4-fluoroanilino-quinazoline
derivative and it forms a covalent adduct with EGFR/ErbB2/ErbB4
(Fig. 6B) [25]. The drug is approved for the first-line management of
people with metastatic NSCLC with an EGFR exon 19 deletion or the
exon 21 L858R substitution mutation [116-120]. Kooijman et al. re-
ported that the ICsg value of the drug for EGFR is 0.27 nM and those for
ErbB2/4 were an order of magnitude higher [121]. Gajiwala et al.
determined the X-ray crystal structure of dacomitinib with EGFR [122];
it shows that the N1 nitrogen of the quinazoline group hydrogen bonds
with the M793 N-H group (the third hinge residue) of the EGFR T790M
mutant (Fig. 7B). The drug interacts hydrophobically with four spine
residues (RS3, CS6/7/8), two shell residues (Sh2/3), and the KLIF-3
residue in the pl-strand. The medicine also makes hydrophobic con-
tact with the p3-strand 1744 and K745, 78 ITQLMPFGC’®” of the
hinge-linker segment, D800 of the aD-helix, T854 (the x of xDFG), and
DFG-D855. The dacomitinib acrylamide group of the drug forms a co-
valent Michael adduct with C797 within the kinase hinge-linker. The
medicine is found in the front pocket, gate area, and sub-pocket BP-I-B
(klifs.net). The drug binds to a BLAminus active enzyme with DFG-Dy,,

+ H
+H,0 +H,0 &
Enzyme Drug: Michael Drug-enzyme
Acceptor complex
K.
(B) E+| ¢ —— Ele?El
Non-covalent Covalent
complex complex

Fig. 5. (A) Michael addition reaction. (B) Two steps in the Michael addition.

11


http://www.icoa.fr/pkidb/
http://www.brimr.org/PKI/PKIs.htm
http://www.brimr.org/PKI/PKIs.htm
https://www.ebi.ac.uk/chembl/
https://www.ebi.ac.uk/chembl/
http://dunbrack3.fccc.edu/kincore/
http://dunbrack3.fccc.edu/kincore/

R. Roskoski Jr

(A) Afatinib
YT

g0

(F) Neratinib

(B) Dacomitinib

(E) Osimertinib

\ﬁ % ‘ :N o cl
/N@NFN N °Y
H-N o N/i\ \\N\ S ¢ NH
S a
(1) Zanubrutinib  (J) Futibatinib

(G) Acalabrutinib

Pharmacological Research 217 (2025) 107805

(D) Mobocertinib

7 ohe

/N\

(C) Lazertinib

o

N ﬁo

(H) Ibrutinib

*

N

\o
N</N

<,

N~

A\
N
H

Fig. 6. Structures of selected targeted covalent inhibitors. The asterisks indicate the site where the covalent modification with the protein-cysteine thiolate

anion occurs.

aCip, and an open activation segment [113]. Because it is bound irre-
versibly to its target, dacomitinib is grouped with type VI inhibitors
[114]. One mechanism of dacomitinib resistance results from an EGFR
C797S mutation [123], the serine of which is unable to form a covalent
adduct with the drug. For a summary of the clinical trials that led to the
FDA approval of dacomitinib, see Refs. [119,124].

Lazertinib is a pyrazole-pyrimidine derivative (Fig. 6C) and TCI that
is FDA-approved for the first-line treatment of adult patients with locally
advanced or metastatic non-small cell lung cancer (NSCLC) with an
epidermal growth factor receptor (EGFR) exon 19 deletion or an exon 21
L858R substitution mutation in combination with amivantamab [16].
Amivantamab is a monoclonal antibody that binds to both MET (the
hepatocyte growth factor receptor protein-tyrosine kinase) and EGFR
and blocks the binding of their activating ligands and stimulates re-
ceptor internalization and degradation. Heppner et al. determined the
X-ray crystal structure of the EGFR-lazertinib complex [124] and found
that the N1 pyrimidine nitrogen forms a hydrogen bond with the N-H
group of M793 - the third hinge residue — and the attached amino
moiety forms a hydrogen bond with the carbonyl oxygen of M793
(Fig. 7 C). Lazertinib interacts hydrophobically with four spine residues
(RS3, CS6/7/8), and the Klifs-3 residue. The drug also makes hydro-
phobic contact with the pl-strand L718 before the G-rich loop, the
conserved B3-strand AxK-K745, 791QLMP7?*, G796, and C797 of the
hinge-linker segment, D800 of the aD-helix, R841 and N842 of the
catalytic loop, T845 (the x residue of xDFG), and DFG-D855. Lazertinib
is found in the front pocket of a protein kinase in an active configuration
with DFG-Dj,, aCi,, and an open activation segment with an overall
active BLAminus conformation [113]; because of the irreversible nature
of the covalent modification of its target enzyme, it is classified as a type
VI inhibitor [114]. One benefit of lazertinib is that it is more effective vs.
the EGFR T790M mutant (K; = 2.7 nM) than the wildtype enzyme (K; =
34.6 nM). This characteristic decreases the potential for drug-induced
side effects. See Refs. [125,126] for a summary of the investigations
that led to the approval of this combination therapy for EGFR
mutation-positive NSCLC.

Mobocertinib is an anilino-pyrimidine derivative (Fig. 6D) that an-
tagonizes EGFR and is FDA-approved for the treatment of adult patients
with locally advanced or metastatic NSCLC with EGFR exon 20 insertion
mutations, as detected by an FDA-approved test, whose disease has
progressed on or after platinum-based chemotherapy (Supplementary
material). Mobocertinib potently inhibited the growth of Ba/F3 cells
with the activating EGFR deletion mutant (ICs value of 2.7 nM), the
L858R substitution mutant (3.3 nM), and the EGFR L858R/T790M
double mutant (21.3 nM) [127]. Significantly, mobocertinib blocked
these EGFR mutants with selectivity over wildtype EGFR (IC59 =
34.5 nM) that diminishes the potential for unwanted side effects [127].
The X-ray crystal structure [127] shows that the anilino N-H hydrogen
bonds with the carbonyl group of M793 and the N-H group of M793
hydrogen bonds with one of the pyrimidine nitrogen atoms (Fig. 7D).
The drug makes hydrophobic contact with three spine residues
(CS7/8/9), two shell residues (Sh2/3), and the Klifs-3 residue (Table 6).
The drug also interacts hydrophobically with G719 and F723 of the
glycine-rich loop, 1744 and K745 of the $3-strand, L788 of the p5-strand,
T790 (the gatekeeper residue), and residues L792, M793, P794, G796,
C797 of the hinge-linker segment. The drug is found in the front pocket,
gate area, and BP-I-A/B. The enzyme is in the active BLAminus
conformation with an open activation segment, «Cj,, and DFG-Dy, [113].
Owing to the irreversible nature of the inhibition, mobocertinib is
classified as a type VI inhibitor [114]. See Ref. [128] for a summary of
the clinical trials that led to the FDA approval of this medicine.

Osimertinib is an indole-pyrimidine derivative (Fig. 6E) that is FDA-
approved for the initial or first-line treatment of people with metastatic
NSCLC bearing an EGFR exon-19 deletion or an exon 21 L858R mutation
[129]. The agent is also approved for the second-line treatment of pa-
tients with metastatic EGFR T790M-positive NSCLC that has progressed
on or after EGFR small molecule inhibitor therapy. This was the first
targeted medicinal that was approved for patients with the gatekeeper
EGFR T790M drug-resistant variant [130]. Osimertinib is more effective
than either erlotinib or gefitinib in treating people with EGFR-positive
NSCLC brain metastases [111]. Osimertinib exhibits an ICsg of 12.9 nM
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Fig. 7. Structures of selected drug-enzyme complexes. The PDB ID is listed. The carbon atoms of the drugs are colored yellow. The dashes represent polar bonds. AS,

activation segment; CL, catalytic loop.

against EGFR cell lines carrying exon 19 deletions (https://www.ebi.ac.
uk/chembl/). It also inhibits cell lines with the EGFR L858R/T790M
double mutation with an ICsg of 11.4 nM. In contrast, osimertinib has a
much higher ICsq value (494 nM) against wildtype EGFR that decreases
the potential for adverse events owing to the blockade of wildtype EGFR.
The X-ray crystal structure reveals that a pyrimidine nitrogen forms a
hydrogen bond with the N-H group of the third hinge residue (M793)
and a drug amino N-H group forms a hydrogen bond with the carbonyl
group of this residue (Fig. 7E) [130]. The drug makes hydrophobic
contact with three spine residues (CS6/7/8) and with the KLIFS-3 res-
idue. It also makes hydrophobic contact with K745 of the $3-strand,
792LMP7?* of the hinge, G796 and C797 of the hinge-linker, and
DFG-D855. The acrylamide group forms a covalent Michael adduct with
C797. Osimertinib binds chiefly within the front pocket of a protein in a
dormant conformation (DFG-Dj,, aCou, and a closed activation
segment). According to the Modi and Dunbrack classification, the pro-
tein assumes the inactive BLBtrans conformation [113]. Osimertinib is
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classified as a type VI inhibitor because it forms a covalent bond with its
target protein kinase (Table 4) [114]. Drug resistance mutations occur in
almost all cancer patients treated with protein kinase inhibitors [1] and
osimertinib is no exception. One mechanism of osimertinib resistance
results from a C797S mutation [122].

Neratinib is an anilino-quinazoline derivative (Fig. 6F) that irre-
versibly inhibits ErbB2 and is FDA-approved for the extended adjuvant
management of adult patients with early stage ErbB2-overexpressed/
amplified breast cancers following adjuvant trastuzumab-based treat-
ment [131-134]. The drug is a potent inhibitor of EGFR (ICs¢ value of
1.1 nM), the EGFR T790M mutant (1.5 nM), the EGFR L747-T751
deletion mutant (1.0 nM), the EGFR G719S substitution mutant
(0.91 nM), HER2 (6.0 nM), and ErbB4 (2.4 nM) (https://www.ebi.ac.
uk/chembl/). Although there are no X-ray crystal structures of ner-
atinib bound to ErbB2, its presumed primary target in patients with
breast cancer, we have the structure of the antagonist bound to the EGFR
gatekeeper (T790M) mutant (PDB ID: 2jiv) and the EGFR L858R/T790M
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Table 6
Drug-enzyme hydrophobic (®) interactions based upon their common KLIFS residue numbers™".
PDB ID RS1 RS2 RS3 RS4 Shl Sh2

KLIFS no. — 68 82 28 38 36 45
Drug-enzyme |
EGFR complexes
Afatinib-EGFR 4g5j @ )
Dacomitinib-EGFR 4i23 o] 0]
Lazertinib-EGFR 7ukv o]
Mobocertinib-EGFR 4t4i o}
Osimertinib-EGFR 6jxt
ErbB2/HER2-like complex
Neratinib-EGFR 2jiv o] P P
BTK complexes
Acalabrutinib-BTK 8fd9 o] o] (o] (0]
Ibrutinib-BTK 5p9j o] o] P P
Zanubrutinib-BTK 6j6m (] (] 0] 0]
FGFR1 complex
Futibatinib-FGFR1 6mzw o] o] (o] 0]
JAK complex
Ritlecitinib-JAK3 5toz 0] (0]

Sh3 CS5 Cs6 Cs7 Cs8 KLIFS—3° c’/pe KLIFS pockets

43 76 77 11 15 3

0] [ 0] ] o] in/in F, G, BP-I-A/B

o] ] 0] ] (o] in/in F, G, BP-I-A/B
o] o] o] (o] in/in F

P o] P ] P in/in F, G, BP-I-A/B
(0] () (0] (o) out/in F

P o] P ] P out/in F, G, B, BP-I-A/B

o] (o] o] (o] ] o] out/in F, G, BP-I-B

(o] o] P ] o] out/in F, G, B, BP-I-B

0] o] 0] ] 0] out/in F, G, B, BP-I-B

(o] o] o] ] (o] in/in F, G, B, BP-I-A/B
] (0] ] 0] in/in F

? Klifs.net

b Drug-enzyme hydrophobic (®) interactions

¢ KLIFS-3, kinase-ligand interaction fingerprint and structure residue
4 oCin/out

¢ DFG-Din/out

double mutant (PDB ID: 3w2q) [135,136]. The N1 of neratinib hydrogen
bonds with the N-H group of M793 (the third hinge residue) of the
double mutant (Fig. 7F). The medicinal also forms two hydrogen bonds
with AxK-K475 of the p3-strand. The drug makes hydrophobic contact
with five spine residues (RS3/4 and CS6/7/8), two shell residues
(Sh2/3), and the KLIFS-3 residue (Table 6). The drug also interacts
hydrophobically with the p3-strand 1744 and K745, aC-helix residues
1759, E762, and A763, the p4-strand L777, hinge residues
791QLMPFGC797, the aD-helix residue D800, and R841 of the catalytic
loop. The drug binds to the front pocket, gate area, back pocket, and
BP-I-A/B (Klifs.net). The drug binds to an inactive BLBplus conformation
of the enzyme with aCoyt, DFG-Djy, and a disordered activation segment
[113]. Neratinib binds irreversibly to its target and is classified as a type
VI inhibitor [114]. It is likely that this drug binds to ErbB2, its presumed
therapeutic target, in a similar fashion. For a discussion of the clinical
trials that led to its approval, see Ref. [137].

To recap this section, the medicines that bind to EGFR form a
hydrogen bond with the third hinge residue and they make hydrophobic
contact with the p1-strand L718, the p2-strand V726 (CS7), the 3-strand
A743 (CS8), L792 (the second hinge residue), and the p7-strand L844
(CS6) on the floor of the adenine pocket (Table 6). The six medications
occur in the front pocket and only neratinib extends into the back
pocket. With the exception of mobocertinib, the medicines interact
hydrophobically with RS3. Afatinib, dacomitinib, mobocertinib, and
neratinib occupy the BP-I-A and BP-I-B subpockets in the gate area.

5.2. Bruton tyrosine kinase-drug complexes

Acalbrutinib is a targeted covalent inhibitor and amino-pyrazine
derivative (Fig. 6G) that blocks BTK (ICsg value of 3 nM) and is FDA-
approved for the treatment of mantle cell lymphoma, chronic lympho-
cytic leukemia, and small lymphocytic lymphoma (Supplementary ma-
terial). Lin and Andreotti determined the X-ray crystal structure of the
drug covalently bound to mouse BTK [138]. The protein kinase domain
of the mouse enzyme (residues 401-655) differs by only three residues
from that of the human protein and we assume that the mouse enzyme
represents an appropriate surrogate for the human protein. The X-ray
structure indicates that the amino group attached to the pyrazine moiety
forms hydrogen bonds with the side chain of T474 (the gatekeeper) and
the carbonyl group of E475 (the first hinge residue). A pyrazine nitrogen
hydrogen bonds with the carbonyl group of M477 (the third hinge
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residue). The pyridine nitrogen of the drug hydrogen bonds with the
backbone carbonyl group of DFG-D539 (Fig. 7G). The drug makes hy-
drophobic contact with six spine residues (RS2/3/4, CS6/7/8), two shell
residues (Sh2/3), and the Klifs —3 residue. The drug interacts hydro-
phobically with “°>GTG*!! of the G-rich loop, R430 of the $3-strand,
M449 of the aC-helix, L460 of the p4-strand, 1472 of the p5-strand, Y476,
M477, G480, C481 of the hinge-linker segment, R525 and N526 of the
catalytic loop, S538 (the x of xDFG), DFG-D539, DFG-F540, and M542 of
the activation segment. The drug occupies the front pocket, the gate
area, and BP-I-B. The enzyme exists in an inactive BLBplus configuration
with aCgyy, DFG-Djy, and a closed activation segment [113]. Owing to
the covalent nature of the inhibitor, acalabrutinib is classified as a type
VI inhibitor [114]. See Refs. [139-141] for synopses on the use and
efficacy of acalabrutinib.

Ibrutinib is a pyrazolo[3,4-d]pyrimidine derivative (Fig. 6H) that
inhibits BTK (ICsg value of 0.5 nM) and is FDA-approved for the man-
agement of the six disorders that are listed in Table 1 [142]. The X-ray
crystal structure [143] shows that the N3 pyrimidine form a hydrogen
bond with the backbone N-H group of the third hinge residue (M477)
and the 4-amino group hydrogen bonds with the —OH group of the
threonine gatekeeper residue (T474) and the carbonyl group of the first
hinge residue (E475) (Fig. 7H). The drug carbonyl group also forms a
hydrogen bond with the C481 residue within the hinge-linker immediate
before the aD-helix. The acrylamide group forms a covalent Michael
addition product with the same C481. The medicinal makes hydropho-
bic contact with five spine residues (RS2/3 and CS6/7/8), three shell
residues (Sh1/2/3), and the KLIFS-3 residue preceding the glycine-rich
loop (Table 6). The agent also makes hydrophobic contact with the
first residue of the glycine-rich loop (G409), the f3-strand AxK-K430,
the hinge-linker residues Y476, M477, and C481, the aD-helix N484,
S538 (the x of xDFG), DFG-D539, DFG-F540, and L542 of the activation
segment. The drug occupies the front and back pockets, the intervening
gate area, and BP-I-B. Ibrutinib binds to an inactive BLBplus enzyme
with aCoyt, DFG-Djp, and a closed activation segment [113]. Ibrutinib is
classified as a type VI inhibitor owing to the formation of a covalent
bond with its drug target [114]. See Refs. [6,37,85,142] for a summary
of the clinical trials that led to the approval of this medicine.

Zanubrutinib is a 4,5,6,7-tetrahydropyrazolo[1,5-a]pyrimidine de-
rivative (Fig. 6I) that inhibits BTK (IC5¢p = 1.5 nM) and is FDA-approved
for the treatment of mantle cell lymphoma [144,145]. The X-ray crystal
structure shows that the N-H group of the pyrimidine forms a hydrogen
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bond with the carbonyl group of the third hinge residue (M477) and the
carboxamide carbonyl moiety forms a hydrogen bond with the N-H
group of this same residue [146]. The carboxamide N-H moiety
hydrogen bonds with the carbonyl group of E475 and the ~OH group of
the gatekeeper T474 (Fig. 71). The drug makes hydrophobic contact with
five spine residues (RS2/3 and CS6/7/8), three shell residues (Sh1/2/3),
and the KLIFS-3 residue preceding the glycine-rich loop. The antagonist
also makes hydrophobic contact with the p3-strand AxK-K430, the
gatekeeper T474, hinge-linker residues Y476, M477, G480, C481, and
aD-helix residues 1L.483 and N484, catalytic loop residue R525, S538 (the
x of xDFG), DFG-D539, DFG-F540, and L542 of the activation segment.
The drug forms a covalent bond with C481 at the end of the hinge-linker
segment. Like ibrutinib, zanubrutinib occupies the front and back
pockets, the intervening gate area, and BP-I-B. The drug binds to an
inactive BLBplus enzyme with aCgy, DFG-Dyy,, and a closed activation
segment [113]. Zanubrutinib is classified as a type VI inhibitor owing to
the formation of a covalent bond with its medicinal target [114]. See
Ref. [147] for a summary of the clinical trials that led to the approval of
this medicine.

5.3. Futibatinib-FGFR1

Futibatinib is a pyrazolo[3,4-d]pyrimidine product (Fig. 6J) that
blocks FGFR1/2/3/4 with ICsy values of 3.9/1.3/1.6/8.3 nM, respec-
tively; consequently, the drug is classified as a pan-FGFR antagonist
[148]. The drug is FDA-approved for the treatment of adult patients with
previously treated, unresectable, locally advanced or metastatic intra-
hepatic cholangiocarcinomas harboring fibroblast growth factor recep-
tor 2 (FGFR2) gene fusions or other rearrangements (Supplementary
material). Kalyukina et al. determined the X-ray crystal structure of this
medicine covalently attached to C488 within the glycine-rich loop of
FGFR1 [148]. The structure shows that the 4-amino group of the py-
rimidine forms a hydrogen bond with the carbonyl group of E562 (the
first hinge residue) and N3 forms a hydrogen bond with the N-H group
of A564 (Fig. 7J). A methoxy oxygen atom forms a hydrogen bond with
the backbone N-H group of DFG-D641. Futibatinib interacts hydro-
phobically with five spine residues (RS2/3 and CS6,/7/8), all three shell
residues (Sh1/2/3), and the KLIFS-3 residue (Table 6). The compound
also makes hydrophobic contact with F489 of the glycine-rich loop, the
p2-strand V492, the p3-strand AxK-K514, the aC-helix E531 and M535,
Y563 of the hinge, A640 (the x of xDFG), and DFG-D641. We assume
that its interaction with FGFR2 is similar. The compound occupies the
front cleft, gate area, back cleft and BP-I-A/B. The drug-enzyme complex
assumes an inactive BLAplus conformation with aC;j,, DFG-Dy,, and a
disordered activation segment [113]. As an irreversible kinase antago-
nist, we classify it as a type VI inhibitor [114]. Like the FGFR inhibitor
erdafitinib, futibatinib produces hyperphosphatemia, which can lead to
soft tissue mineralization and calcification [149]. See Ref. [92] for a
summary of the clinical studies that led to the FDA approval of
futibatinib.

5.4. Ritlecitinib-JAK3

Ritlecitinib is a pyrrolo[2,3-d]pyrimidine derivative (Fig. 6K) that
blocks the action of JAK3 (ICsq value of 0.4 nM) and is FDA-approved for
the treatment of severe alopecia areata in adults and adolescents 12
years and older [150]. The X-ray crystal structure shows that the pyrrole
N-H forms a hydrogen bond with the backbone carbonyl oxygen of E903
(the first hinge residue) and a pyrimidine N forms a hydrogen bond with
the N-H group of L905 (the third hinge residue) [151]. The drug forms a
hydrogen bond and a covalent bond with C909 at the end of the
hinge-linker (Fig. 7 K). The drug makes hydrophobic contact with three
spine residues (CS6/7/8), two shell residues (Sh1/2), and the Klifs-3
residue (Table 6). Ritlecitinib also interacts hydrophobically with
G821 of the glycine-rich loop, M909 (the gatekeeper), and Y904 and
L905 of the hinge-linker segment. The drug occupies the front pocket.
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Modi and Dunbrack classify the enzyme as a member of the active
BLAminus conformation with aCj,, DFG-Dj,, and an open activation
segment [113]. Owing to the covalent interaction of the drug with its
target, we classify ritlecitinib as a type VI inhibitor [114].

6. Epilogue

Targeted covalent inhibitors possess several potential advantages
which include high potency, efficacy at low doses (100 mg or less daily),
and sustained inhibition that requires protein biosynthesis de novo to
restore target enzyme action [152]. Moreover, targets for these drugs
include enzymes, receptors, and proteins with shallow binding sites not
responsive to conventional approaches. The potential to block targets
previously considered to be undruggable due to the lack of a
small-molecule binding pocket has been applied to the formulation of
antagonists of the KRAS protein (Kirsten rat sarcoma viral oncogene
homolog, which was discovered by Werner H. Kirsten — an Assistant
Professor of Pathology at the University of Chicago — in 1967).

RAS mutations are the most common oncogenic alteration in human
cancers [153,154]. These proteins are small 21 kDa GTP-binding pro-
teins that function within intracellular signaling cascades resulting from
receptor protein-tyrosine kinase activation. KRAS mutations are the
most prevalent followed by NRAS; mutations of HRAS are comparatively
rare [155]. More than 80 % of pancreatic cancers and more than 30 % of
bile duct, colorectal, and lung carcinomas possess activating mutations
of the KRAS gene. Exon 2 substitutions are the most common KRAS
modification and involve the transformation of glycine-12 to aspartate,
alanine, arginine, cysteine, serine, or valine. The KRAS G12C mutation
occurs in about 35 % of lung and ovarian carcinomas, 20 % of endo-
metrial and cholangial malignancies, and 5 % of colorectal cancers.
KRAS mutations increase the cellular level of the active GTP-bound state
and promote cell growth, proliferation, and survival.

The absence of an appropriate small molecule binding pocket in
KRAS makes the fabrication of small molecule antagonists difficult. The
KRAS G12C mutant protein contains a pocket next to the GTP-binding
site the modification of which has the potential to lock the protein
into an inactive state with GDP-bound. One strategy to inhibit KRAS
mutants is to employ a GDP-mimetic inhibitor to covalently lock the
protein in an inactive GDP-bound state by targeting the Cysl12 -SH
group. See Ref. [156] for a review of the development of various KRAS
TCIs that have achieved considerable clinical success.

In the protein kinase arena, afatinib, dacomitinib, and lazertinib are
effective in the treatment of patients harboring EGFR exon 19 deletions
and L858R mutants that are not inhibited by first-generation reversible
antagonists including erlotinib, gefitinib, and lapatinib. Osimertinib is
the treatment of choice for those patients bearing the EGFR T790M
mutation. This mutant has a lower Ky, value (higher steady-state affin-
ity) for ATP than the wildtype enzyme and this property blunts the
inhibitory efficacy of reversible EGFR antagonists [135]. This differen-
tial becomes inconsequential following the covalent inhibition of the
T790M mutant because ATP cannot bind to the modified enzyme.

TCIs have been fabricated by incorporating an electrophilic warhead
into compounds that bind to the desired target with high affinity[157].
Many warheads can react with protein-bearing nucleophiles such as
aspartate, cysteine, lysine, or tyrosine. The Michael addition is the most
widely used procedure for forming covalent linkages with target pro-
teins. Functional groups that undergo such reactions include acrylam-
ides such as futibatinib, ibrutinib, lazertinib, mobocertinib, osimertinib,
ritlecitinib, and zanubrutinib, p-substituted acrylamides including afa-
tinib, dacomitinib, and neratinib, and alkynyl amides such as acalab-
rutinib (Fig. 6). Jackson et al. reported that substituents at the a- or
B-position of the Michael acceptor influence the rate of thioether for-
mation [157]. Electron withdrawing moieties at the a-position increase
the rate of addition. Conversely, electron donating fragments including
electron-rich alkyl or aryl groups at the a- or p-position decrease the rate
of thiol addition in comparison with unsubstituted Michael acceptors.
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Besides Michael acceptors, activated acetylenes, epoxides, azir-
idines, vinyl sulfones, and a-haloketones are warheads that can function
as irreversible inhibitors following a reaction with cysteinyl residues
[158-161]. On the other hand, aldehydes, carbonitriles, a-ketoamides,
ketones, cyanamide, a-cyanoacrylamide, o-ketoheterocycles, and
boronic acid derivatives are warheads that function as reversible cova-
lent protein-cysteine inhibitors. Warheads have been developed to form
covalent bonds with residues other than cysteine. These include vinyl
sulfones and vinyl sulfonamides that react with protein-lysines and
cysteines while sulfonimidoyl fluorides, sulfonyl fluorides, and aryl
fluorosulfates react with protein-lysines and tyrosines. Sulfonyl fluo-
rides can also modify serine, threonine, and histidine residues. More-
over, N-Acyl-N-alkyl sulfonamides react with surface-exposed
protein-lysines and 2-carbonylarylboronic acids are reversible inhibitors
that form covalent adducts with protein-lysines. N-methyl isoxazolium
derivatives react with protein-aspartates, glutamates, and cysteine while
oxaziridine complexes combine with protein-methionines. See Refs.
[159,160] for an all-inclusive list showcasing warhead structures, clas-
ses, and properties.

One of the possible unwanted side effects of covalent inhibitors is the
potential to generate immune-mediated adverse events initiated by the
modification of target or off-target proteins [158,159]. Although the
drug and its protein target alone may not be immunogenic, the resulting
complex can become immunogenic by a process called haptenization
where the covalently attached drug is the hapten. On rare occasions,
covalent drug-protein products are immunogenic and produce idio-
syncratic reactions, often weeks or months after the initiation of therapy
[158]. Notwithstanding matters connected to the creation of potentially
harmful immunogenic drug-protein covalent complexes, the develop-
ment of effective covalent-based therapies has led to the identification of
medicinal properties that minimize the risk of targeted covalent therapy.
These properties include (i) minimizing formation of reactive metabo-
lites from cytochrome P450-mediated oxidations and (ii) promoting
high selectivity in target engagement allowing for increased potency
[161].

In an analysis of the protein kinase cysteinome, Liu et al. examined
targetable residues in and around the ATP-binding site [152]. These
authors described six cysteinyl targets including one at the hinge-linker
end that occurs (i) in the EGFR family members ErbB1/2/4 (corre-
sponding to EGFR C797), the TEC family including BTK, BMX, TEC, TXK,
and ITK, Blk (a Src family member), JAK3, MKKa7, and (ii) within the
glycine-rich loop of FGFR, (iii) in the solvent area found in JNKs, (iv) in
the roof of the pocket found in the NEK2 and RSK enzymes, (v) in the
catalytic loop of PDGFR and Kit, and (vi) immediately preceding the
DFG of VEGFR, ERK2, and GSK3p. Cysteines represent advantageous
targets because they constitute a small fraction (~2.2 %) of amino acid
residues found in proteins [162] (decreasing the possibility of adventi-
tious reactions) and they are not conserved as are the HRD, DFG, or the
APE signatures.

Similarly, Zhao and Bourne studied potential cysteinyl targets in the
protein kinase kinome [163]. They identified targets in 12 regions in
different protein kinases including (i) the glycine-rich loop, (ii) the front
pocket, (iii) the gatekeeper, (iv) the gatekeeper + 1, (v) the x residue of
xDFG, (vi) DFG + 2, (vii) the roof of the ATP-binding site, (viii) a lysine
within the roof, (ix) two residues prior to HRD of the catalytic loop, (x)
the activation segment, (xi) the extended front pocket, and (xii) remote
cysteines. These investigators reported that 208 protein kinases have a
least one cysteine in the drug binding site [164]. Wang et al. expanded
the repertoire of the protein kinase cysteinome by using a covalent
fragment approach involving 47 protein kinases [165]. Leproult et al.
considered the design and strategy of preparing selective protein kinase
TCIs [166]. They suggested that the protein kinase target residues
should not be conserved in order to maximize the selectivity of the
antagonist and limit drug toxicity. Covalent inhibitors have arisen from
the ranks of drugs to be avoided to become an emerging paradigm. Much
of this success can be ascribed to the clinical effectiveness of ibrutinib
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[6] as well as the other inhibitors reported in this article. Furthermore,
the covalent inhibitor approach has gained acceptance as a valuable
component of the medicinal chemist’s toolbox and is making a signifi-
cant impact on the fabrication of enzyme inhibitors and receptor mod-
ulators [158].
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