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Preface

The history of protein kinase inhibitors (PKI) is remarkable in many ways. Scien-
tifically, as some 30 years ago, selective inhibition of protein kinases by ATP-site-
directed PKIs was considered as principally impossible, both due to the highly
conserved nature of this site and the high intracellular concentration of ATP. Now
we have several highly selective inhibitors for various kinases, and designing
selectivity is a daily practice for medicinal chemists in this field. Commercially,
PKIs are remarkable as well. 20 years after the launch of the first product, imatinib,
we have more than 60 registered drugs on the market with more than US$25 billion
annual sales worldwide. The future is bright as well, since new indications beside
cancer, e.g. inflammation, autoimmunity, and neurodegeneration have been
explored, new inhibition mechanisms as allosteric inhibitors, covalent inhibitors,
and substrate-specific inhibitors have showed up or are close to come — what’s next?
The pipeline of clinical candidates is full, more than 500 new chemical entities are in
clinical trials.

In such a dynamic field, a book is outdated even before it is published. Our goal
was therefore less to show the latest state of the art, but rather to focus on principles
of design and examples of successful implementation. A mix of authors from
industry and academia, old experts, and young talents will give us a broader view
from all sides.

We thank all who contributed to this book, the authors, the publisher, and MS. K.
Schmidt for language polishing and proofreading.

Tiibingen, Germany Stefan Laufer
December 2020
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Abstract Protein kinases represent one of the most successful target classes
for the development of new medicines. Because of their key roles in cellular
signalling, kinases are stringently regulated by a large diversity of mechanisms
such as post-translational modifications, interacting domains and proteins and
cellular localization. The high plasticity of protein kinases has been exploited for
the development of new inhibitor types such as type-II and type-I'2 inhibitors
targeting inactive states of the kinase catalytic domain and allosteric inhibitors
that target induced binding pockets either adjacent (type-III) or distantly located
(type-1V) to the kinase ATP-binding site. Here we discuss structural elements of the
kinase active site, key mechanisms of kinase regulation and how these mechanisms
can be exploited for the development of selective kinase inhibitors.
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1 Introduction

The human kinome constitutes a large superfamily of essential enzymes with more
than 500 family members [1]. Kinases can be grouped in two main classes based
on their catalytic activity on serine/threonine and on tyrosine residues. Based on
their primary sequence and conserved structural features, the human kinome
has been classified into eight major kinase groups, namely, the AGC (protein
kinase A, G and C), CaMK (calcium/calmodulin-dependent kinases), CMGC
(cyclin-dependant kinases, MAP kinases, glycogen synthase kinases, casein
kinases 2), TK (tyrosine kinases), STE (homologues of yeast sterile 7), CK1
(casein kinases), TKL (tyrosine Kinase-like) and the RCG (receptor guanylate
cyclases) kinase families [1]. In addition, a large number of kinases share only
weak sequence homology with any of these major groups and have been classified
as “other” and atypical kinases. While the group of other kinases are typical protein
kinases, the group of atypical kinases lack canonical sequence motifs of the kinase
catalytic domain. Some of the atypical kinases have therefore been reassigned
as non-kinase proteins, whereas there are also several recent additions to this
group such as the FAM20 kinases [2—4]. Interestingly, around 10% of all human
kinases are considered -catalytically inactive and have been classified as
pseudokinases. Pseudokinases share a typical kinase domain fold, but they lack at
least one conserved structural motif which is considered important for catalytic
activity [5, 6]. Pseudokinases have essential signalling function despite their
lack of catalytic activity by acting as scaffolding proteins and allosteric regulators
of catalytically active kinases.

Many protein kinases are deregulated in human disease which made protein
kinases major drug targets. However, only few have been targeted to date offering
huge opportunities for future drug development efforts [7, 8]. The high sequence
homology within the kinase ATP-binding site which is the target of most kinase
inhibitors poses however challenges on the development of selective inhibitors.
On the other hand, design efforts for selective inhibitors are now facilitated
by the large number of crystal structures that are now available covering about
40% of the kinase family. The protein data bank (PDB; http://www.rcsb.org/)
and the KLIFS database (http:/klifs.vu-compmedchem.nl/) [9] currently list 4,521
crystal structures covering 293 kinases. Current strategies for the development of
selective inhibitors comprise now several structure-based strategies such as covalent
targeting of unique cysteine residues with in the ATP-binding site [10, 11], allosteric
inhibitors [12, 13] and conventional inhibitors with good shape complementarity
[14]. Here we review structural features important for kinase catalytic function
and regulation as well as strategies for structure-based kinase inhibitor design.


http://www.rcsb.org/
http://klifs.vu-compmedchem.nl/
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2 The Kinase Active State

The tertiary structure and overall folding of the kinase catalytic domain is highly
conserved throughout the kinase family and harbours around 300 amino acids.
The first crystal structure of PKA in complex with ATP and a pseudosubstrate in
1991 paved the way for a better understanding of the catalytic mechanism, cofactor
binding and kinase regulation [15-17].

The canonical kinase catalytic domain fold consists of two domains, also called
lobes, which are connected to each other via a flexible hinge region. Both lobes
form a hydrophobic cleft which serves as binding site for ATP (Fig. 1a). The smaller
N-terminal lobe (N-lobe) comprises five B-sheets (f1—35) and one helix called aC,
whereas the C-terminal lobe (C-lobe) is mainly alpha helical in structure (aD—al).

Four main interactions were evident from the first PKA crystal structure [15-17]:
(1) The adenosine ring of ATP is placed in the catalytic centre and forms hydrogen
bonds with the hinge region amino acids. (2) A flexible loop region between
the sheets f1 and P2 harbours a glycine-rich sequence motif GXGX¢@G, where
@ refers to a hydrophobic residue which coordinates the ATP phosphates coining
the name phosphate-binding loop. (3) The p3-sheet contains a conserved VIAK
(Val-Tle-Ala-Lys) motif. The lysine adopts important structural features, by forming
a salt bridge with ATP phosphate groups and to a conserved glutamate residue
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Fig. 1 Architecture of the kinase catalytic domain. (a) Conserved tertiary structure of a protein
kinase exemplified by CDK2 (PDB: 1QMZ). Catalytic active state of CDK2 in complex with ATP
and a peptide substrate. The P-loop is highlighted in pink, the aC-helix in blue, the hinge region in
yellow, the activation loop in green, ATP in orange and the peptide substrate in black. The Mg** ion
is shown as green sphere. The N- and C-termini are marked. (b) Details of the ATP-binding site.
ATP and substrate are shown in stick representation. Colour schemes highlighting structural
elements are the same as in panel (a). Key hydrogen bonds are shown as dotted lines
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located in helix aC. Subsequent crystal structures showed that helix aC is flexible
and can dislodge from the active site (aC out). The VIAK lysine/aC glutamate
salt bridge is therefore a hallmark of the active kinase conformation. (4) A tripeptide
motif DFG (Asp-Phe-Gly) is located between strands 8 and f9 in the C-lobe
and marks the beginning of the activation segment (A-loop). The conserved Asp
interacts with Mg®* itself coordinating to the ATP phosphates [18].

Protein kinases phosphorylate their substrates on Ser/Thr or Tyr residues
after binding of substrate sequences to the substrate binding site in an extended
conformation. The substrate interaction site can be described as a shallow surface
groove that is formed by side chains located in the four main C-terminal lobe helices
(aD—aH) as well as the A-loop APE (Ala-Pro-Glu) motif. Usually the A-loop is
20-30 residues long, and it is usually unstructured in kinases that are regulated
by A-loop phosphorylation [19]. The unstructured inactive A-loop conformation
partially impedes substrate interactions, but does not necessarily affect substrate
binding [20]. Phosphorylation of the A-loop locked this flexible motif in a defined
conformation resulting in kinase activation as described below.

A hallmark of the active kinase conformation is the accurate spatial
arrangement of the conserved catalytic domain motifs for efficient catalysis.
The active conformation is therefore structurally well-defined as exemplified for
CDK?2 in Fig. 1b. Active protein kinases harbour a highly conserved Y/HRD
(Tyr/His-Arg-Asp) motif between strand p6 and B7. While some variations of
the Y/HRD motif exist in active kinases, the aspartate of this motif is strictly required
for catalytic activity of the phosphoryl transfer reaction. The Tyr/His in Y/HRD
typically forms hydrogen bond interactions with the DFG backbone linking
these two key elements. A salt bridge network between Y/H in Y/HRD to the
phosphate moiety of the activation loop phosphorylation site (pThr160 in CDK?2)
stabilizes the activation segment and further links this segment to the catalytic loop.
The “R” in the HRD motif is not strictly conserved. The presence of this residue has
been thought to be indicative of the requirement of A-loop phosphorylation
(so-called RD kinases) which seems not always be the case [21]. However,
in RD kinases the polar interactions of the HRD arginine with the A-loop
phosphorylation site largely contribute to the conformation and stability of the
A-loop. Finally, the Asp (D127 in CDK2) of the HRD motif acts as a catalytic
base deprotonation the hydroxyl group of the peptide substrate Ser/Thr or
Tyr residue promoting the nucleophilic attack onto the y-phosphate of ATP.
The Asp is further stabilized by a conserved hydrogen bond with an Asn from the
activation loop (N132 in CDK2) [22].

Overall the kinase active state is characterized by a structured A-loop with
a “DFG-in” conformation and an aC-helix in closed proximity to ATP site.
A characteristic canonical salt bridge between the VIAK motif lysine and the
conserved oC glutamate residue stabilizes the active form. Normally the N- and
C-lobes adopt a closed conformation with a structured P-loop, although some of
these structural features may not be present in crystal structures of active kinases.
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Because of the structural diversity that is also often observed in active
kinases, Taylor et al. established a better definition of the active state by analysis
of hydrophobic spines that bridge both kinase lobes and interconnect all elements
important for activity. The spines are present in all active kinases, and this structural
feature seems therefore better suited defining the active state. Consequently,
in inactive kinases the spines are broken leaving one of more structural motif
disconnected from the active state position [23-26] (Fig. 2).

The “catalytic spine” (C-spine) is complemented by the ATP cofactor with
an aromatic interaction of the adenine ring system bridging both kinase lobes.
In PKA (protein kinase A), the C-spine comprises two bulky hydrophobic
residues (Met231 and Leu227) located in helix oF in the C-lobe linking this helix
via Met128 to aD and the sheet 7 (Leul72, lle174). Leul73 in the 7 sheet extents
the C-spine to the ATP-binding side and is complemented in the ATP-bound state
by the adenine ring which connects the C-spine to the N-lobe where the C-spine
is complemented by Val57 and Ala70.

The “regulatory spine” (R-spine) starts with Tyr164 in the C-terminal kinase lobe
of PKA interacting with the DFG phenylalanine (Phe185) which forms the bridge to

O C-spine @ bridging residue © R-spine

Fig. 2 Alignment of hydrophobic spines in the catalytic domain of active PKA (PDB:1ATP). C-
spine is coloured in gold and R-spine in teal. The bridging residue between both spines in the N-
terminal lobe, Met120, is highlighted in pink
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the N-lobe. The R-spine is completed by the N-lobe residues 195 (alpha C) and
Leul06 located in the B4-strand. The formation of the R-spine is indicative of an
active conformation of aC and the DFG-motif and is therefore a structural hallmark
of the kinase active state.

In agreement with the important structural role of the C-spine, mutation of
Leul73 to alanine in PKA and the analogues residue in CDK2 results in kinase
inactivation [27], and R-spine mutations have been detected oncogenic mutants
resulting in kinase activation in particular in the so-called C-spine gatekeeper
position that controls access to an extended ATP pocket in kinases with small
amino acids in this position [28-30].

3 Mechanism of Kinase Activation

Activation of protein kinase is tightly controlled by a multitude of regulatory
mechanisms. A key regulatory structural element is the activation segment, which
is typically 2040 residues long and consists of the DFG magnesium ion-binding
motif, a short f-strand ($9), the actual activation loop and the P+1 loop. The
activation segment shows considerable conformational diversity between two
invariable anchor points at the N- and C-terminus of this segment: the DFG motif
and the P+1 loop linking the activation segment to helix oEF [19].

For kinases requiring phosphorylation for activity, the unphosphorylated
activation segment is usually unstructured or assumes an inactive conformation
[31, 32]. Phosphorylation of the activation segment at a serine, threonine or tyrosine
residue located typically about 11 residues N-terminal to the APE sequence
motif stabilizes the A-loop. (Fig. 3). The role of further phosphorylation sites
is however less clear. Phosphorylation at a secondary site is required for the activity
of extracellular signal-regulated kinase 2 (ERK2) [33]. In contrast, introducing
a second phosphorylation site in glycogen synthase kinase 3 (GSK3) increases
the catalytic activity only moderately, and modulation of substrate selectivity
has been suggested as a potential role of these phosphorylation events [34].

There are two mechanisms of activation segment phosphorylation — autoactivation
and phosphorylation by a kinase acting upstream in a signal transduction pathway.
Autoactivation is poorly understood as it requires that an inactive (unphosphorylated)
kinase activates itself by trans-phosphorylation. Several models have been
established including increasing local concentration by ligand-induced receptor dimer-
ization [35, 36] or oligomerization in the cytoplasm as observed for CAMK?2 [37-
39]. Some intramolecular mechanisms have also been described. For instance, the -
dual-specificity  tyrosine  phosphorylation-regulated  kinase  phosphorylates
its own activation segment on a tyrosine residue. After this initial intramolecular
phosphorylation event, this kinase trans-phosphorylates exclusively substrates on
serine and threonine residues, whereas tyrosine autophosphorylation in GSK3
requires the presence of chaperonins [40, 41].
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@ DFG
Catalytic Loop

@ P+1 Loop _

Fig. 3 Architecture of the kinase activation segment. Shown is the phosphorylated activation
segment of PAK4 (PDB: 2CDZ). Highlighted are the activation segment structural elements
including the DFG motif (red), the activation loop region (green) and the P+1 loop (dark green).
The phosphorylation site is shown in ball and stick representation. The APE is indicated

An interesting model of autoactivation has been recently suggested. A
number of kinases have been reported to form transient dimers in crystal
structures. Intriguingly, these kinases all contain additional domains increasing
local concentration and therefore the dimeric state of the inactive enzyme. In dimers
of these kinases, the activation segment domain-exchanged, thereby forming an
active kinase in a trans configuration, in which the phosphorylation sites are placed
in the active site of the interacting protomer. It has been suggested that this
conformation is important for autoactivation of kinases at non-consensus sites,
offering an explanation of how kinases can active on sites [42—44] (Fig. 4a).

Dimerization of the catalytic domain plays also a role for a number of
diverse kinases, but in contrast to the symmetric dimers reported for kinases
autophosphorylating at non-consensus sites, these kinases form asymmetric
dimers or heterodimers. The receptor tyrosine kinase EGFIR (epidermal growth
factor-1 receptor), for instance, forms homo- or heterodimers with its closely related
family members HER2, HER3 and HER4 including the inactive pseudokinase
HER3 [45, 46]. This activation model represents a refined mechanism of the
canonical ligand-induced receptor activation which has major implications for
our understanding of the mode of action of selective therapeutic antibodies and
kinase drugs [47—-49]. Ligand binding to the extracellular domain of EGFR induces
large structural rearrangements and dimerization which orients the catalytic domains
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Fig. 4 Activation models of kinases. (a) Activation by activation loop exchange allowing phos-
phorylation on non-consensus sites. (b) Asymmetric activation of EGFR receptor kinases. (c)
Activation of B/C-RAF by heterodimerization. (d) Activation of CDK2 by cyclin interaction.
Shown is inactive CDK?2 (PDB: 1HCK) superimposed onto active CDK2/cyclin A (PDB: 1JST)

on the cytoplasmic side in an asymmetric dimeric assembly in which the C-lobe
of one protomer, called the activator, stabilizes the second catalytic domain, called
the receiver, in an active state. This allosteric activation is achieved by a tight contact
of the C-lobe of the activator catalytic domain with the N-lobe of the receiver
kinase domain in a conformation that is reminiscent of the interaction of activating
cyclins with cyclin-dependent kinases (Fig. 4d) [50-53]. This model explains how
also catalytically inactive kinases such as HER3 participate in EGFR signalling by
acting as activators in heterodimeric receptors [54]. Recent extension of this model
also suggested multimeric assemblies [55] (Fig. 4b).

Dimerization is also a key regulatory event in the activation of mitogen-activated
protein kinase (MAPK) signalling. The RAS-RAF-MEK-ERK cascade represents
a key MAPK signalling pathway controlling cellular proliferation and survival [56]
which is often deregulated in cancer [57, 58]. Similar to EGFR several isoforms
exist on each level of this pathway. For instance, the serine/threonine-specific
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protein kinase RAF (rapidly accelerated fibrosarcoma) comprises three isoforms,
A-RAF, B-RAF and C-RAF, which despite their homology differ in the mechanism
of their activation. The highly studied family member B-RAF dimerizes in a
typical receiver/acceptor asymmetric dimer. Interestingly, kinase inhibitors
that bind to the active state of B-RAF stabilize the activator kinase resulting in
paradoxical activation of MAPK signalling [59, 60]. The activation of the pathway
is also thought to be mediated by C-RAF though B-RAF/C-RAF heterodimerization
[61-63]. Kinase inactive mutants of B-RAF, but not C-RAF, can therefore still
activate the MAPK cascade by acting as allosteric B-RAF activators [64]. The
structural reasons explaining the inability of C-RAF kinase dead mutants activating
MAPK signalling have recently been elucidated [65]. Full activity of RAF requires
phosphorylation at the activation segment [66, 67] at two sites as well as at the
N-terminal acidic (NtA) motif [68, 69]. In B-RAF the NtA motif is acidic (sequence
SSDD) and constitutively phosphorylated [69]. In contrast C-RAF and A-RAF
lack the two acidic aspartate residues requiring phosphorylation by upstream
kinases on their SSYY and SGYY NtA motifs [70]. Hu et al. revealed that NtA
motif phosphorylation is only required for the “activator” but not the “receiver”
kinase offering a rational why B-RAF can activate C-RAF but not vice versa
[65]. Importantly, the oncogenic mutant B-RAF(V600E) does not require dimeriza-
tion for activity explaining the efficacy of B-RAF inhibitors supressing MAPK
signalling in tumours harbouring this mutant but not in wild-type tissue where
activation is observed. The paradoxical activation of MAPK signalling in wild-
type tissue has been associated with the development of both benign and malignant
cutaneous manifestations, ranging from seborrheic dermatitis-like rashes to eruptive
keratoacanthomas and squamous cell carcinomas [71]. These examples demonstrate
how the complex activation mechanisms of protein kinases may lead to unexpected
adverse clinical manifestations. A schematic of the B-RAF/C-RAF activation model
is shown in Fig. 4c.

3.1 Kinase Activation by Interacting Domains and Proteins

The dimerization models of kinase activation highlight the importance of protein
interactions stabilizing the kinase active state and suggest that also other proteins
and domains may act as kinase activators or inhibitors. Indeed, a large number
of interactions regulating kinase activity have been described which include
flanking domains, for instance, the SH2 which plays a role stabilizing the inactive
[72, 73] as well as active state [74, 75], and these interactions might be exploited
therapeutically [76].

One of the best studied examples of kinase regulation by an interacting protein
is the cyclin-dependent kinases (CDKs) which are stringently regulated by their
interaction partners the cyclins. CDKs are master regulators of the cell cycle, and
dysfunction of CDK regulation is a major driver of tumourigenesis and attractive
drug targets [77-79]. CDKs typically require activation segment as well as binding
of a cyclin for full activity [80—82]. In addition, ATP and peptide binding contribute
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to the active state [83]. The main role of the cyclin interaction is to push aC towards
the active site, while phosphorylation stabilizes an active conformation of the
activation segment by interaction with the HRD arginine residue as described
above (Fig. 4d).

In analogy to the role of the pseudokinase HER3 in EGFR activation, other
catalytically inactive (pseudo) kinases have been shown to activate catalytically
competent kinases in trans. Examples include the activation of JAK family
members by N-terminal pseudokinase domains [84] as well as the activation of
LKB1 (liver kinase B1) by the pseudokinase “STE20-related adaptor protein”
(STRADa or STRADp) [85]. STRAD forms a heterotrimeric complex with
LKBI1 and the scaffolding protein MO25 which dramatically enhances the activity
of LKBI1, a kinase that does not require activation segment phosphorylation [86].
Despite the lack of catalytic activity, STRAD is still capable of binding
ATP with high affinity. The structure of the trimeric complex revealed that MO25
and ATP binding stabilizes an active-like state of STRAD in which MO25 stabilizes
active conformation of aC in a similar way as reported for CDK?2. This interaction
was also observed in dimeric complexes of MO25 with active kinases [87].
The active-like conformation of STRAD is required for LKB1 activation which is
achieved by tight contacts of STRAD with the LKB1 substrate binding site [88, 89].

4 Canonical Type-I and Type-II Inhibitor Binding Mode

The plasticity of the kinase catalytic domain that is essential for kinase regulation
also offers an opportunity of targeting structurally diverse states. The most
explored design strategies are inhibitors targeting the active state (type-I inhibitors),
as well as inhibitors that target the so-called DFG-out conformation (type-II
inhibitors), an inactive conformation of the DFG motif that leads to an additional
large pocket. Since the active state is most stable, the largest fraction of known
structural models available in the protein data bank represent the type-I binding
mode. Type-I inhibitors are ATP mimetics, thus similar to the adenosine ring of
ATP, they form 1-3 hydrogen bonds with the main chain backbone of the kinase
hinge region. A large number of typically heterocyclic aromatic mono- to tricyclic
ring systems have been explored as ATP mimetic type-I scaffolds. As the active
state is highly conserved, selectivity of many type-I inhibitors is low. However,
shape complementarity and sequence variations can be used for the development
of inhibitors with high or restricted selectivity (Fig. 5a).

For instance, unique sequence features flanking the hinge, such as rare amino
acids in hydrophobic regions and variable structural elements, have been shown
to increase selectivity of type-I inhibitors. Noteworthy is the gatekeeper residue,
which controls the access to the hydrophobic back cavity. Small gatekeeper residues
such as threonine provide access to a larger back cavity and are present in only about
5% of all kinases. Type-I inhibitors targeting this hydrophobic site have therefore
favourable selectivity profiles by excluding ATP sites with bulkier gatekeeper
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residues. Mutating this residue to glycine, which is not present in any human
kinases, has been exploited for the development of kinase-specific ATP analogues
for functional studies [28].

Combination of two rare sequence variations led to exclusively selective
inhibitors. For instance, the p38 inhibitor skepinone-L is a potent and selective
type-I inhibitor exploiting the presence of a small gatekeeper residue and an unusual
glycine residue located in the kinase hinge region [90-92].

Canonical type-II inhibitors are ATP competitive and target an inactive state
of the kinase catalytic domain which is created by the “outward” flip of the DFG
motif. This binding mode gained popularity in drug design after it has been
found that the first approved kinase inhibitor Gleevec induces and stabilizes this
conformation in its main targets ABL and KIT kinase [93, 94]. All type-II inhibitors
protrude into the so-called deep pocket which is made accessible in this
inactive state. Type-II inhibitors are therefore slightly elongated small molecules
when compared to type-I inhibitors. However, the type-II binding mode needs
to be confirmed experimentally as a large diversity of binding modes have
been observed for putative type-II inhibitors including canonical type-I interactions.
In the DFG-out state, the aspartate of the DFG rotates ~180° and moves ~5 A away
from the ATP-binding site, inactivating the kinase. However, the canonical DFG-out
state represents only one of many possible conformations of the DFG motif,
and a large number of intermediate states have been described.

Initial expectations that type-II inhibitors would be more selective since
they include the dynamic properties of the DFG-out movement were however
not confirmed by more comprehensive studies, demonstrating that the DFG-out
conformation can be induced by many kinases including also CDKs that are
additionally constrained by interaction with cyclins [95-98]. A number of studies

Fig. 5 Comparison of the ATP-binding site in the DFG-in and DFG-out conformation of mouse
ABL kinase. Shown is the active state (a) (PDB: 3KF4) and the canonical DFG-out conformation in
(b) (PDB: 3KFA). The ATP pocket is shown as a solid surface to demonstrate the structural
differences within the pocket. The DFG motif (red) in panels. Inhibitors are shown as stick
representation
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demonstrated that type-II inhibitors have slow off-rates resulting in prolonged
target residence times. However, comparing larger data sets, slow off-rates have
also been reported for canonical type-I inhibitors suggesting that a diversity of
structural mechanisms contribute to target residency [22, 99, 100].

The type-II pharmacophore shares a common heterocyclic hinge-binding
head group which is connected with typically an amide, urea or another hydrophilic
linker with a hydrophobic deep pocket binding moiety. Besides the important
hinge-binding donor and acceptor interactions, contacts with the highly conserved
aspartate backbone from the DFG motif and glutamate present in the aC-helix are
common [13, 101].

4.1 Noncanonical Binding Modes

The dynamic nature of the kinase catalytic domain gives rise to many noncanonical
binding modes that target additional pockets or that constitute intermediate
states between classical type-I and type-II binding modes discussed above. One
variant is the type-I’2 binding mode, an ATP competitive binding mode recognizing
an either active or an intermediate conformation of the DFG motif which is not
fully in the canonical out conformation. Often also an aC-out conformation is
observed in type-1'% structures resulting in distorted or interrupted R-spines [102].
An interesting type-I’% inhibitor is, for instance, a derivative of the p38 type-I
inhibitor skepinone-L, which interacts with the hinge region inducing the Gly110
backbone flip while inserting into the R-Spine with a thiophene moiety (Fig. 6a)
[103]. Similar to some type-Il inhibitors, the induced structural changes result
in prolonged target residency and slow off-rate kinetics.

Flexible structure elements such as the aC-helix, P-loop or the A-loop can adopt
several types of inactive conformations in addition to the DFG-in and DFG-out state.
Besides canonical type-I, type-II and type-I'2 binding, different ways of trapping
inactive, high-energy conformations of a given kinase, creating less solvent exposed
and more buried cavities, can be found in diverse studies. Lapatinib targets a DFG-in
conformation inducing large, inactivating conformational rearrangements unique
to the kinase domain in epidermal growth factor receptor (EGFIR) explaining
the exceptional selectivity of this drug [104]. The DFG-in inhibitor GSK2606414
targets a unique binding pocket created by an inactive activation segment
conformation in the protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK) again resulting in exclusive selectivity [105, 106].

P-loop folded conformations have been found for a set of kinases which
harbour aromatic amino acids such as Tyr and Phe at the tip of this loop region
[107]. In the active state, these aromatic residues orient their side chains away
from the ATP site supporting interaction with the ATP cofactor. In contrast, crystal
structures of inhibitor complexes showed that these aromatic side chains can
interact with the inhibitor resulting in distortion of the P-loop conformation and
capture the P-loop inside the ATP-binding active site. Inhibitors inducing these
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Fig. 6 Examples of noncanonical binding modes. (a) A derivative of the p38 inhibitor skepinone-L
assuming a type-I1/2'% inhibitor binding mode by inserting a thiophene moiety into the R-spine
(PDB: 5TBE). (b) The ERK1/2 inhibitor SCH772984 targets a pocket induced by a folded P-loop
and oC out (PDB: 4QTA)

folded P-loop conformations are usually characterized with significantly narrower
selectivity profiles [107].

A folded P-loop allowed also access to a little conserved binding pocket located
between the P-loop and aC-helix exemplified by the ERK1/2 inhibitor SCH772984.
This unique binding pocket is additional enlarged by an out movement of oC
(Fig. 6b). Also in this case, targeting of this unique pocked resulted in high inhibitor
selectivity [108].

The MET inhibitor SGX523 binds to a DFG-in conformation with excellent
shape complementarity with the ATP-binding site and targets an additional
binding pocket created by an unusual conformation of the activation segment
[109]. Aromatic stacking interactions of the ligand with the conserved Tyr'?*®
residue relocated the A-loop with around a 14 A conformational change inside
the phosphate-binding region of ATP, thus inactivating the catalytic function
of the kinase in a highly specific mode. Overall inhibitors with noncanonical binding
modes have demonstrated to deliver highly potent and selective compounds,
which mostly benefit over canonical type-I and type-II inhibitors. However, as
most of the compounds were found serendipitous, it stays a challenging task
to find lead structures for the design of noncanonical inhibitors addressing a kinase
of interest [14].

4.2 Allosteric Kinase Inhibitors

Two types of allosteric inhibitors have been described: type-III and type-IV
inhibitors. Type-III inhibitors interact with the allosteric back-pocket adjacent to
the ATP-binding catalytic region, not participating in any hinge-binding interaction.
They are considered as steady-state ATP uncompetitive or noncompetitive as
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they can bind simultaneous with ATP to an active DFG-in conformation of a
kinase disrupting catalytic function by distorting the kinase fold. Some type-III
inhibitors also bind in an ATP competitive manner and stabilize the inactive
DFG-out state as demonstrated by allosteric inhibitors targeting p38, FAK or
IGFIR kinases [110-112]. The N-phenylsulfonamide LIMK?2 inhibitor published
by Goodwin et al. is the first example addressing tyrosin-like kinases (TKL) in
an allosteric way. The high potency and the exceptional selectivity of the compound
have been achieved by an DFG-out/aC-out binding mode which has been confirmed
by a co-crystal structure [113].

The most prominent examples of allosteric type-IIl inhibitors are clinically
approved MEK1/2 inhibitors trametinib, cobimetinib, binimetinib [114-116]
and many similar drug candidates that are currently in the clinical development
pipeline. Trametinib shows exceptionally high efficiency, potency and selectivity,
and it was the first allosteric kinase inhibitor approved by the FDA for the
treatment of adult B-RafV600E and V600K-mutated metastatic melanoma [117].
The compound binds to the allosteric back-pocket adjacent to the ATP-binding
site making hydrogen bounds to the conserved B3-lysine and hydrophobic contacts
to the p5-strand, the activation loop and the aC-helix. Upon binding the aC-helix
gets displaced leading to inhibition of the kinase activity. The activation loop further
adopts a closed conformation prohibiting substrate binding [118, 119]. Stimulated
by the success of the first-generation MEK inhibitors, many diverse allosteric
MEK1/2 inhibitors occupying this pocket have been reported and are now tested
clinically in diverse cancer indications such as non-small cell lung cancer (NSCLC),
leukaemia and thyroid and colon cancer [120]. About 30 MEK kinase structures in
complex with small-molecule allosteric inhibitors and ATP have been co-
crystallized providing inside in important structural aspects of inhibitor binding.
Figure 7a exemplifies the allosteric pocket of refametinib in complex with
ATP [121].

A potent and isoform selective type-III inhibitor has been published recently by
Bagal et al. targeting tropomyosin receptor kinases (TrkA) [122]. As confirmed
by structural studies, the inhibitor interacts with an allosteric pocket adjacent to
the ATP-binding site accessible in the DFG-out conformation of this kinase.
Hydrophobic interactions and hydrogen bonds stabilize the inhibitor also taking
advantage of the structurally diverse TrkA juxtamembrane domain. As the targeted
pocket in the juxtamembrane domain is unique to TrKA, the compound gains
selectivity over the closely related TrK family members TrKB and TrKC
[123, 124]. The compound has demonstrated to be efficient in preclinical pain
models [122].

Type-IV inhibitors bind reversibly to induced binding pocket that are in
contrast to type-III inhibitors distantly located from the ATP-binding site. The ability
of type-IV inhibitors inducing structural changes in the catalytic domain results
often in inhibition, but not all induced or stable pockets targeted in kinases
also abrogate catalytic activity [125]. For instance, a unique binding mode has
been observed for GNF-2 with binds to the myristate pocket located at the
C-terminal lobe of ABL (Fig. 7b) [126]. GNF-2 and its derivative have an interesting
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Fig. 7 Examples of binding modes of type-III and type-IV inhibitors. (a) Complex of refametinib
(green) with MEK1. The inhibitor binds adjacent to the ATP site making hydrophilic interactions
with ATP (orange) (PDB: 3E8N). (b) Induced changes by the type-IV inhibitor GNF-2. Structural
changes of helix I are indicated (PDB: 3K5V and 3KF4). The insert shows the closed autoinhibited
conformation of the ABL catalytic domain interacting with the flanking SH2 and SH3 domains. The
location of the type-IV binding site is indicated (PDB: 10PL)

mode of action: the inactive form of ABL is stabilized in an autoinhibited closed
conformation, where a myristoylated N-terminal residue binds to the allosteric
myristate cleft of the kinase domain (Fig. 7b) [127]. In the BCR-ABL fusion protein,
which drives tumourigenesis in a subtype of chronic myelogenous leukaemia (CML)
and acute lymphoblastic leukaemia (ALL), the autoinhibitory function of the
kinase is lost due to the fusion with BCR, resulting in constitutive activation
[128]. GNF-2 mimics the muyristate residue disrupting the kinase catalytic
function by inducing this inactive state [129]. Structural comparisons showed
that the overall conformation is very similar to the native autoinhibition state of
ABL, as the N-terminal al-helix is rotated ~90° inwards upon binding of GNF-2
and assembles the SH2 and SH3 domain [126, 130, 131]. In the active state, this
al-helix normally adopts an extended conformation, which was exemplified by
the use of allosteric agonists [132]. Interestingly, GNF-2 binding can take place
simultaneously with inhibitors targeting the ATP-binding pocket, such as the ATP
competitive inhibitors nilotinib, erlotinib or imatinib. Numerous reports in oncology
have therefore highlighted the benefits of a combinatorial drug therapy using ATP
competitive inhibitors together with type-IV inhibitors as this treatment strategy
reduces the risk of drug-inactivating resistance mutations [126]. A promising novel
allosteric type-IV BCR-ABL inhibitor asciminib (ABL001) has now entered clinical
testing. The compound binds similar to GNF-2 to the myristate pocket of BCR-ABL,
therefore interrupting the catalytic function of this constitutively active kinase
[133, 134].

Besides the myristate pocket, also other allosteric pockets in the kinase
domain have been targeted by allosteric inhibitors. Non-ATP competitive
allosteric inhibitors of checkpoint kinase 1 (CHK1) such as the thioquinazolinones
target an allosteric site adjacent to the aD-helix. As this pocket normally serves
as a substrate recognition site of CHKl-activating kinases, the kinase cannot
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longer be activated [135, 136]. The phosphoinositide-dependent protein kinase-1
(PDK1) inhibitors RS1 and RS2 target a hydrophobic motif called PDK1-interacting
fragment (PIF) pocket, exclusively found at the N-terminal lobe of PDK1 [137].
Interaction of these inhibitors allosterically inactivates the catalytic function
of PDK1.

AKT1 kinase is another interesting target for the design of allosteric
inhibitors by offering an alternative mode of inhibition, as all previous described
ATP-competitive inhibitors failed in clinical trials so far [132]. The complex
domain architecture of AKT provides the possibility to target the kinase
allosterically, as demonstrated by the highly selective AKT1 antagonist
MK-2206 [138-140]. The compound binds via hydrogen bond and n-n stacking
interactions at the interface between the AKT kinase domain and the pleckstrin
homology (PH) domain locking the kinase in an inactive conformation preventing
membrane association. In this closed so-called PH-in state, the ATP-binding
pocket is no longer accessible. In addition, activation of AKT1 is prevented by
abrogating recruitment to the plasma membrane. Other described allosteric AKT
inhibitors address, for instance, the PH domain preventing structural rearrangements
for activation [141-144].

The activation of cyclin-dependent kinases (CDKSs) is reliant on their regulatory
proteins of the cyclin family, and CDKs are key regulators of cell cycle control
[145, 146]. CDKs have been extensively studied as drug targets, and their role in
cancer and inflammatory diseases and three CDK4/6 inhibitors has been approved
for treatment of cancer [147]. For CDK2 it has been shown that the kinase activity
can be interrupted by targeting an allosteric pocket formed between the aC-helix
and the B3-, p4- and B5-strand of the N-lobe [148]. The simultaneous binding of
two 8-anilino-1-naphthalene sulfonate (ANS) inhibitors changes the orientation
of the P-strands, moving the oC-helix outwards and prohibit the binding of
the cyclins [149, 150]. However, these inhibitors are at a very early stage
of development and have still not been optimized for in vivo use.

As we outlined above, epithermal growth factor receptor (EGFR) kinases
are activated by asymmetric dimerization where the C-terminal lobe of the
activator kinase activates the receiver kinase domain. EGFR can form either
homo- or heterodimeric structures that are reminiscent on the interactions
observed in cyclin-dependent activation of CDKs [53, 151]. The recently published
inhibitor EAIO45 binds to an allosteric pocked formed by displacement of the
aC-helix interfering with this activating interaction of the EGFR kinase domain.
The excellent selectivity of this allosteric inhibitor allows mutant-selective
targeting of EGFR, sparing EGFR wild-type. In combination with the therapeutic
antibody cetuximab, EAI045 potently inhibits the mutants EGFR(L858R/T790M)
and EGFR(L858R/T790M/C797S) efficiently overcoming resistance of these
mutants to current ATP competitive inhibitors [152]. Further allosteric EGFR
inhibitors are in development and open new opportunities for the treatment
of diverse cancer types such as non-small cell lung cancer (NSCLC) [153, 154].

The first potent and selective 1 kappa-B kinase [ (IKKB) allosteric
inhibitor which prevents IKKf activation has been publish by Liu et al. in 2018
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[155]. The inhibitor 3,4-dichloro-2-ethoxy-N-(2,2,6,6-tetramethylpiperidin-4-yl)
benzenesulfonamide targets the inactive form of IKKf by binding between the
kinase domain and ubiquitin-like domain abrogating activation of IKK as suggested
by molecular dynamic simulations. The compound potently inhibited IxBp/a
phosphorylation and NF-xB activation in cells and opens the opportunity for the
design of novel type-IV inhibitors for this key signalling kinase.

Even though the field of allosteric inhibitor development is in its infancy for
most kinase targets, it has now been established that type-III and type-IV inhibitors
offer several unique advantages when compared to conventional ATP competitive
compounds. In particular, allosteric inhibitors are often exclusively selective for
kinase isoforms or even mutants by exploring target specific mechanism of
activation. They abrogate therefore not simply catalytic activity but also modulate
scaffolding function of the kinase and its interaction with regulatory domains
or proteins. Type-III and type-IV inhibitors open therefore opportunities for the
development of inhibitors with new mode of action utilizing new and unexplored
chemical scaffolds. However, despite these advantages, the design of novel lead
structures remains a challenging task as no general strategies have been developed
for their identification and optimization. Hence, allosteric inhibitors are often
found serendipitously in high-throughput screens and by structural studies [13].
We predict, however, that type-IIl and type-IV inhibitors will play a major role
in the future in kinase drug discovery.

5 Conclusions and Outlook

With 48 kinase targeting drugs that are currently approved, protein kinases have
developed into one of the most promising areas of drug discovery. Recent approvals
increasingly target kinases that play a role in a number of diverse diseases with small
patient populations, such as rare oncogenic rearrangements and mutants which have
been validated as dominant drivers of tumour development and growth. The current
clinical inhibitors utilize predominantly conventional ATP mimetic scaffolds for
the development of canonical type-I, type-I'2 and type-II inhibitors. However, also
new type of inhibitors such as covalent inhibitors [11] and allosteric inhibitors [13]
have now entered clinical development pipelines and have been approved for
clinical use.

Allosteric inhibitors are particularly attractive for the development of inhibitors
with exclusive selectivity for closely related isoforms and in some cases even
for oncogenic mutants. These recent developments may open other therapeutic
areas for kinase inhibitor development that have not been successfully targeted
by kinase inhibitors because of selectivity issues or the rigid hydrophobic nature
of conventional ATP mimetic scaffolds that make it difficult to develop kinase
inhibitors, for instance, for neurological applications or long-term systemic use.
In addition, allosteric inhibitors also modulate scaffolding function of kinases
and how they interact with regulatory proteins. These properties could be used
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for the development of functional modulators of pseudokinases that have been
linked to the development of many diseases but which have not been targeted
so far. Efficient development of allosteric inhibitors would require an even better
understanding of the molecular mechanisms of kinase regulation and the dynamic
properties of these enzymes. The fraction of the kinome that has been successfully
targeted is still quite small despite the large number of disease associations that
have been identified for kinases that have not been extensively studied as targets
for the development of drugs [8]. It is therefore likely that many new kinases will
be explored for the development of new medicines in the future.
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Abstract Molecular modeling and virtual screening are currently among the main
tools in kinase inhibitor design. In addition, molecular dynamics is actively used to
study structural features and function of kinases. During the last 20 years, compu-
tational power has dramatically increased, and at the same time, algorithms have
become more user-friendly. This has resulted in a situation where these powerful
methods are more easily available for even larger groups of scientists. To effectively
use computational methods, one should understand in great detail how protein
kinases are functioning and how current protein kinase inhibitors interact with the
kinase domain. This short review presents some of the main topics of kinase
modeling, concentrating especially on proper selection and preparation of protein
structure and general usage of MD simulations.
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1 Introduction

One of the first molecular modeling studies dealing with protein kinases was
published by Fry, Kuby, and Mildvan [1] in the mid-1980s. The authors used
NMR NOE’s and molecular modeling to understand how MgATP interacts with
rabbit muscle adenylate kinase. This study can be understood as a starting point for a
great deal of and increasingly more active research on small molecule-kinase
interactions. Surprisingly, we are still facing partially the same obstacles as Fry
et al. some 35 years ago. In a highly simplified way, we are trying to understand
structural properties of kinases and how kinase inhibitors are modifying these
properties. The current main question is how kinase function and conformation
effect upon the inhibitor binding are related to each other. Although the current
paradigm in kinase drug design is to interfere the biological activity of kinase with
small molecules, we do now understand that this inhibition cannot be modeled only
by a simple docking experiment between a small drug-like molecule and the
ATP-binding site of the target kinase. Instead, it is mandatory to study the whole
kinase domain with solvent and, in many cases, with additional domains and
interacting proteins.

This chapter will deal with the molecular modeling of kinases. Although some
structural biology data is also presented, I would warmly recommend the reader to
study the excellent text by Rohm, Krdmer, and Knapp in this book (Chap. XX) to
begin with. Modeling is, after all, based on our knowledge of structural biology, and
very little can be achieved without high-quality protein structures. In addition,
protein kinases share several unique structural features, like hydrophobic spines
[2], which one should know prior to looking at the details of molecular modeling
around kinases. This chapter is not to be taken as a guide on how to model kinases,
neither is it a complete review of the topic. The emphasis is more on indicating those
critical factors which one must consider when and if protein kinases are modeled. At
the same time, this chapter concentrates mainly on structure-based drug design
aspects, and detailed analysis of quantum mechanical studies or QSAR/machine
learning, for example, is not included. One reason why QSAR and related methods
are not analyzed is that high-quality QSAR studies of kinase inhibitors are rare and
most of the time only explanatory in nature. One can even argue that since the
invention of 3D-QSAR studies in the late 1980s [3], the development of QSAR
methods in drug discovery has been quite negligible, and structure-based methods
are now the mainstream in drug design.

So, what are the modeling issues we are currently struggling with, and what are
the main approaches computational medicinal chemists and molecular modelers are
utilizing? A simple answer to this question is “molecular motion” and “molecular
dynamics.” In other words, the aim is to go beyond simple virtual screening and
docking and look at how topics like solvent effects, local and global molecular
motions, and protein-protein interactions are modeled.

And yet, there is still one preliminary question to be answered: what is molecular
modeling? Maybe the best response is offered by Ander Leach: “Molecular
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modelling encompasses all methods, theoretical and computational, used to model or
mimic the behavior of molecules.” The art of modeling is to include all those factors
which are needed to gain correct results and not those which are not affecting the
outcome. In early 2000 many scientists used to think that all that was needed to
model kinase inhibitor binding and biological activity was a proper knowledge of the
kinase binding cavity structure and a good scoring function. Unfortunately, kinase
life (like protein life in general) is more complicated, and several findings have
forced us to rethink what is important. As an example, the first-generation Raf
inhibitors turned out to be both kinase inhibitors and activators at the same time
[4]. This paradoxical finding cannot be explained simply by binding interactions or
structural data based on protein kinase X-ray structures but requires considering
kinase dimerization and allosteric effects between kinase domains [5]. Another
classical example, shown by Wood et al. [6], demonstrates how three kinase
inhibitors, lapatinib (Tykerb, GlaxoSmithKline: GW572916), gefitinib (Iressa,
AstraZeneca: ZD-1839), and erlotinib (Tarceva, OSI: OSI-774) all bind the EGFR
kinase domain with almost equal ICs, values but yet a dramatically different effect
on cell cultures. As it turned out, these compounds have big differences in target
residence times. So, simple ICsq or binding affinity in the form of pK; is not the
dictating factor for biological activity, but, instead, dynamic properties are critical. A
third example demonstrates how solvent effects do explain kinase inhibitors’
structure-activity relationships. Direct interactions between cyclin G-associated
kinase (GAK) and a library of 4-anilinoquin(az)olines were not able to explain
structure-activity relationships (SAR). Instead, desolvation energies, reflecting
enthalpy and entropy of individual water molecules within the GAK binding site,
were critical for building a systematic SAR model. This example clearly indicates
that water should not be neglected during kinase modeling [7]. Although these
examples may seem to be quite unique, there is one common factor combining all
the cases. To gain useful modeling results, we must consider the protein including
solvent and dynamic aspects of the whole molecular system.

So, should we model protein kinases alone or inhibitor-kinase systems in general?
A simple, fundamental answer originates from thermodynamics. Equation (1) shows
the very basic relationship between binding affinity and Gibbs energy of binding:

d

Equation (1), Gibbs energy of binding (AGO), R = Gas constant, 7 = temper-
ature (K), K, = drug-binding association constant, K; = drug-binding
dissociation constant, up; = chemical potential of protein/ligand complex
in solution, y; = chemical potential of Ligand in solution and yp = chemical
potential of protein in solution
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As binding energy (and affinity) is related to the chemical potential of the protein-
ligand system in solution, one must consider all the factors which are involved in the
chemical potential. Thus, one must study how the solvent interacts with the protein/
ligand and the protein-ligand complex. In addition, one must consider all the
configurations (protein-ligand poses with different conformations) of the protein-
ligand complex which are relevant for binding. This is not done by two very popular
methods, namely, docking and QSAR, since in docking every individual pose is
scored independently, and QSAR does usually not consider anything else than
ligand 2D or 3D structural descriptors. Both of these methods have been successfully
used for quite a long time, QSAR since early 1960 [8] and docking from the early
1990s [9]. As one can easily understand, those methods were developed to be fast
and easily available, thus not requiring substantial computational power. This was
only possible by making those major simplifications which, at the time, were
acceptable but should be reconsidered in the current world.

Thanks to the current massive GPU and classical supercomputer environments, it
is now possible to study a full protein-solvent-ligand ensemble in a dynamical
fashion. Without going into details, it can be stated that molecular dynamics
(MD) approaches are the natural answer to the problem presented in Eq. (1).
Unfortunately, usage of MD simulations means that the computational burden is
much higher than with classical molecular docking or QSAR. This is not the only
issue, since results from MD simulations are quite complicated. Both, docking and
QSAR, are popular methods, partially, because they deliver simple numerical results
(scoring or predictions), easy to understand, and be compared. Even the most
“complicated” QSAR method, CoMFA [3], returns a clear (and often misleading)
3D image indicating those regions around the ligand structure which should be
modified to gain better binding interactions. The results from MD simulations are in
the form of molecular trajectories, describing atomistic movement and
corresponding kinetic and potential energies. One must use a substantial amount
of time and, paradoxically, computing power to analyze large MD trajectories before
results can be used to guide medicinal chemistry work. At the same time, there is no
easy and general procedure how to analyze MD trajectories quantitatively. Analyt-
ical procedure strongly depends on the research question. Thus it may be very time-
consuming just to find what to search for from the trajectory data.

Besides understanding atomic motion, one must use an appropriate protein
conformation for kinase modeling. Kinase inhibitors are classified as types I, 1%,
and II-VI [10]. The consensus is that type I inhibitors target catalytically active,
DFG-in conformation, and thus compete with ATP, while type II inhibitors target
inactive DFG-out conformation which lacks the ATP. Type 172 inhibitors have high
affinity toward both DFG-in-like and DFG-out conformations, while types III and IV
are used for allosteric inhibitors. The last two types, V (bivalent inhibitor) and VI
(covalent) are not commonly used. Since this classification is based on the kinase
conformation, as seen in the corresponding inhibitor-kinase complex, one can easily
understand that protein kinase conformation does actually matter. Modeling must be
based on the protein structure matching the requirements of an inhibitor. Thus, if one
is modeling a classical type II inhibitor but the target protein conformation is a
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catalytically active DFG-in (type I), all the structure-based modeling methods will
ultimately yield false results. The true issue is the fact that the kinase inhibitor
structure alone is not enough to predict if the inhibitor is type I, II, or something else.
Also very minor changes to the inhibitor structure might change the conformation of
the target kinase [11].

2 Virtual Screening and Docking

Docking is the most commonly used tool in virtual screening. In the case of kinase
inhibitors, one can easily find tens if not hundreds of publications showing different
types of docking approaches used. There is indeed a large number of different
software packages and scoring functions to choose from (for a recent review about
docking in general and especially about the pitfalls, see Pantsar and Poso [12]), but
one cannot claim that any specific method would be clearly better than another. This
does not mean that all the approaches are working or that it doesn’t matter how
virtual screening is carried out [13]. Maybe one of the most critical aspects in
molecular modeling of kinases is the selection of protein kinase conformations to
be used in virtual screening. Kinases are well-known enzymes, and thus conforma-
tional variation has been extensively studied [14]. The main way to classify kinase
structures is to use DFG-in and DFG-out families, which refer to the DFG domain
orientation [15]. Although DFG-in and DFG-out are also well explained elsewhere
in this book, it is good to look at the definition on a general level.

The activation loop of the kinase protein controls the enzymatic activity by
relocating itself onto the surface of the protein, resulting in kinase inactivation.
Additional activity control is reached by the DFG motif conformational shifts, so
that the phenylalanine of DFG occupies the ATP binding pocket, and catalytically
active aspartate is pointing away from the active site. In a catalytically active state,
the kinase is always in DFG-in conformation binding the magnesium ion that
interacts directly with an oxygen atom of the § phosphate of ATP. In addition, the
active state includes glutamate from the C-helix in a salt bridge with a lysine of the
3 strand. This salt bridge stabilizes the hydrogen bonds between lysine and oxygen
atoms of the o and § phosphates of ATP [15].

When we look at the most recent molecular modeling studies where docking has
been used for kinase inhibitor design, we only consider those studies where docking
has been validated either by biological (in vitro) assays or/and X-ray crystallogra-
phy. It is mandatory that if modeling data are published, and especially if there are
predictions concerning a specific compound, these predictions must be supported by
empirical data. In such a case where modeling is used to make and publish detailed
activity predictions, it will create a situation where the given compounds, even the
hypothetical ones, cannot be protected by patents.

Docking is basically just a method to create and score a protein-ligand binding
pose. Indeed, the simplest way to use docking is to estimate a single compound
binding mode like in the work of Lee et al. [16], which utilized docking together with
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several other molecule methods. Although it is not mandatory, validation of the
docking pose would increase the value of the study [17]. One simple approach was
used by Ortuso et al. who combined several docking results (Glide XP) from X-ray
structures of the Sgk1 kinase [18]. This approach yielded an average docking score
which was used to identify a sub-micromolar Sgk1 inhibitor. Many research groups
have used more complicated approaches and combined docking with binding free
energy calculations and/or QSAR [19] or used a sequential approach with
pharmacophore pre-screening before docking with different methods [20]. It is
seldom that docking is used alone, and typically, docking is combined with one or
several other modeling and screening methods. The reason for this complexity is
quite simple: scoring functions are far from optimal, and typical docking results
include a high number of false-positive and false-negative “hits” [12]. Due to this,
kinase-specific scoring functions or rescoring have also been used resulting in the
identification of a sub-micromolar FGFR1 inhibitor [21].

As mentioned above, the DFG domain conformation indicates if the kinase is in
an active or inactive state. This DFG-domain description raises some questions that
should be considered when carrying out virtual screening. The most important one is
quite simple: Should we target DFG-in or DFG-out or some other conformations?
Naturally, the simplest approach is to use whatever empirical structure is available.
This is a valid option if one is ready to accept any type of inhibitor as a result. In
many cases, researchers are more interested to find either type II or type 1% inhibitor,
especially, since it has been stated that better selectivity is reached if inactive kinase
conformation is targeted [22]. As most of the empirical kinase structures are the
DFG-in type [23], targeting inactive kinase conformation is not automatically an
option. In theory, one can modify the kinase structure and use, for example,
homology modeling or MD simulations to produce a DFG-out structure by using a
catalytically active DFG-in conformation as a starting point. In practice, this
approach is difficult to use and requires a substantial amount of pre-existing struc-
tural data [24]. Docking itself is a static approach, and structural errors outside of the
protein binding site do not affect the outcome. Thus, one should be able to get viable
results if the binding cavity itself has an appropriate conformation. This is probably
also valid for induced-fit docking methods, if the used method is not based on MD
simulations. However, one cannot use a classical MD-ensemble docking if the
kinase structure has structural issues anywhere near the binding site, since those
errors would easily be reflected to the binding site of the protein kinase.

One way to modify the kinase structure is to use an induced-fit protocol and
modify the target kinase conformation so that structural features are as required. This
approach was used to identify inhibitors against zeta-chain protein kinase 70 kDa
(ZAP70) [25]. The gatekeeper residue methionine 414 was modified to resemble the
structure of Janus kinase 2 (JAK2) by aligning ZAP70 to JAK2 binding sites. In
addition, a potent JAK?2 inhibitor was docked to the resulting structure, and the
ZAP70/JAK2-inhibitor complex was relaxed by MD simulation procedure. The
induced-fit ZAP70 structure was used for the docking campaign, and several low
and sub-micromolar ZAP70 inhibitors were identified. This protocol proves that
although the structure used for the docking campaign was not a classical homology
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model structure but a modification of an X-ray, the docking protocol was still able to
identify several validated hit compounds. It is a common situation with many high-
affinity compounds that the protein-ligand complex is highly complementary. In
such a case, docking is often unable to produce a proper binding pose for inhibitors
which are structurally different from the inhibitor within the X-ray structure. As an
example, one can look at the data from Pedreira et al., in which both normal docking
and induced-fit docking approaches were unable to create proper binding modes for
type 1.5 p38alfa MAP kinase inhibitors [26]. Only after manual modification of
kinase conformation, a proper binding pose was constructed. This pose was vali-
dated by long MD simulations (3.6 ps) with three replicas for all studied systems.
Unlike in many other modeling studies in which MD simulations are used to support
the docking results, this extremely long MD simulation is truly validating the
proposed docking poses. One cannot claim the same for those cases where MD
simulation is either only single run and/or clearly shorter than 500-1,000 ns, as that
timescale is just enough to cover protein side chain movements or so-called tier
1 movements [27, 28].

One additional point to discuss is related to the idea of targeting inactive kinase
conformation. The question is if all DFG-in structures are also catalytically active
kinase structures or if there are DFG-in-like structures which are catalytically
inactive. It seems that this is the case, as a quite recent paper by Modi and Dunbrack
[23] nicely demonstrates that only a small part of DFG-in conformations is catalyt-
ically active. To be catalytically active, the protein kinase should have all the
structural features required for phosphorylation activity, including a proper setup
to accommodate the ATP molecule and the magnesium ion. Indeed, there are several
X-ray structures with DFG-in-like features but without proper conformation to
accommodate the ATP and the metal ion. What is not known at the moment is
whether these inactive DFG-in-like structures are thermodynamically distinct ones
in vivo and thus biologically valid or whether the inactive DFG-in structures are just
artifacts of the crystallization conditions. Current data indicate that the first option is
valid, as combination of X-ray structure analysis and long-scale MD simulations
with CDK2 was able to identify not only classical active and inactive kinase
conformations but also several metastable states [29].

3 MD Simulations

As one can see, MD simulations are becoming an increasingly popular research tool
to study both conformational aspects of protein kinases and for understanding drug-
protein interactions. There are several factors which are making MD a true option,
but the most important ones are the dramatically increased performance due to GPU
implementation of software, better force fields, and especially the Markov State
Modeling approach [30]. Around 10 years ago, most of the published MD simula-
tions included at maximum 1 ps simulation time, but current studies can easily be
based on data from an over 1 ms timeframe [31]. In our group, a routine simulation
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speed in the case of protein kinase MD is around 500 ns/24 h/kinase, and several
simulations (typically more than 10) are run simultaneously. This equals to around
5 microseconds produced MD data within 24 h. Together with ever-continuing work
on new protein-specific and general force fields [32-36], this has allowed researchers
to carry out long enough simulations with good accuracy for the kinase inhibitor
complex. Naturally, currently available force fields are far from perfect, and there are
several attempts to include polarizability and proton transfers within classical force
fields [37, 38]. However, the current status of force field methods is good enough to
allow high-quality simulations which are reproducing empirical data within a rea-
sonable error margin.

Force field development is not the only reason why MD simulations are nowa-
days useful in drug design. Another breakthrough is a method called Markov State
Models (MSMs). MSMs are kinetic models of the process under study, usually
based on MD trajectory data. The aim of the MSM approach is to build a simplified
model, easy to understand and simple enough that new insight can be gained. MSM
is a coarse-grained representation of the more detailed molecular trajectories for
quantitative comparisons [30]. The method builds a model with individual (meta-
stable) states and detects how often conversion from one state to another is happen-
ing. MSMs often have thousands of states or even more. The critical factor is the
transition from one state to another, and with faster transitions, shorter simulations
are needed to construct an MSM. As Pande et al. explain in their excellent review,
the specific challenges for building an MSM can be broken down into (1) how does
one define states in a kinetically meaningful scheme and (2) how can one transition
the matrix in an efficient manner. If done properly, the MSM will yield both
a detailed enough model about the phenomenon under study and at the same time
a confirmation that the given simulation time is long enough to construct such a
model [30].

Kinase inhibitor design is a typical structure-based design process, utilizing
structural biology and X-ray structures. However, several MD simulation studies
have recently been able to reproduce most, if not all, relevant protein conformations
within selected protein kinase families [31, 39, 40]. In addition, similar studies have
detected previously unknown inactive kinase structures, which have either been later
validated by structural biology approaches or confirmed by X-ray structure in related
kinases. Sultan, Kiss, and Pande [41] used an accelerated molecular dynamics
(AMD) to study seven Src kinase structures simultaneously. They also utilized an
extension of the MSM method which allowed the authors to compare MD trajecto-
ries of seven Src kinases, namely, Fyn, Lyn, Lck, Hck, Fgr, Yes, and Bl kinase. The
total length of AMD simulations exceeded several milliseconds. Results indicated
that the kinase active state of the seven Src kinases is typically within 1-2 kcal/mol
of the inactive conformation. In addition, kinase activation is slower than deactiva-
tion. The active-inactive transitions require several metastable intermediates, and
potentially those conformations can be targeted by specific inhibitors.

Although docking is carried out in vacuum, water molecules can be considered
during the docking procedure. Protein-ligand solvation and desolvation are the major
sources of binding energy during protein-ligand binding [42]. Indirectly, water is
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included in some of the scoring functions, like Glide XP [42, 43]. However, a more
direct approach is to use information from the X-ray structures and especially MD
simulations with explicit solvent molecules. One example of these approaches is the
already mentioned work by Lee et al., which also considered water networks within
the binding site [16]. Protein cavities are not always fully solvated, and dewetted
regions can substantially affect the binding affinity of ligands and inhibitors. An
example of this is demonstrated by Asquith et al. [7, 44] in two studies where water
networks within GAK and EGFR kinases. In both of these studies, the WaterMap
method was used to identify the effect of individual water molecules, and the pure
docking score was not able to rationally explain the structure-activity relationships.

One must recognize that solvent effects are not independent of equally funda-
mental ligand ionization properties. An excellent example of how these are
connected to each other is the study by Heider et al., which showed that
pyridinylimidazole as GSK3f inhibitors were strongly affected by both preferred
tautomer and solvent-related binding effects [45]. Naturally, one cannot reach these
conclusions without a proper quantum mechanical evaluation of ligand behavior in
solvent phase. This procedure, unfortunately, requires substantial computational
resources and is thus not an option for a traditional virtual screening. It should
therefore be limited to those cases where more traditional approaches are not
satisfactory.

Protein ionization is typically kept fixed during all the modeling studies. This
assumption has recently been challenged, as it is well known that protein side chain
ionization does affect ligand binding, and protein dynamics and ionization are
affected by the protein 3D environment, solvent, and ions nearby. In addition,
since several side chains have their pK, values near the physiological pH, the
initially assigned protonation state might not be the one which is relevant for the
phenomenon under examination. To solve this issue, Brooks et al. developed a
method which combines classical MD simulation with explicit solvent for accurate
molecular interactions, generalized Born implicit-solvent model for estimating the
free energy of protein solvation, and a pH-based replica exchange scheme to
significantly enhance both protonation and conformational state sampling
[46, 47]. The method, named as hybrid-solvent continuous constant pH molecular
dynamics with pH replica exchange (CpHMD), was used by Shen et al. to study, for
example, how the c-Src kinase DFG domain flip (DFG-in vs. DFG-out) is affected
by the protonation of Asp [48]. The authors showed that protonated DFG-aspartate is
compatible only with DFG-out conformation, while unprotonated aspartate is pos-
sible with both DFG forms. This clearly underlines that ionization of all relevant
residues must be properly assigned before MD simulation or any structure-based
drug design method is used. They also used CpHMD to identify catalytically active
but nucleophilic (neutral) lysine residues which can be targeted by covalent inhib-
itors (the interested reader should look at the very comprehensive Chap. 30 by
Gehringer). In addition, within the same study, the authors were able to identify
charged cysteine residues within kinases which existed even at a physiological
pH [49].
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Thanks to the recent development of force field parametrization, MD simulations
are currently quite reliable. It is still quite common that results from the force field
methods are not fully in line with empirical data, and this is especially true if we
consider X-ray crystallography. Long timescale simulation studies with p38a MAP
kinase inhibitors were recently used to explain the discrepancy between X-ray and
NMR data [50]. According to the classical activation mechanism, supported by
X-ray structures [51], p38a MAP kinase activation with a double-phosphorylated
structure should include a large reorientation of the activation loop A. However,
NMR studies indicated that double phosphorylation does not induce any major
conformational rearrangements [52]. Simulations with CHARMM force field were
conducted with ten replicas, and simulation time was varied between 500 ns and
1 ps, although in individual cases also longer simulation times were used. The results
suggest that p38a predominantly samples conformations which are in contrast with
the activation model obtained from X-ray crystallography. However, the authors
analyzed crystal contacts and found several artifacts affecting the protein conforma-
tion, for example, an atypically long expression His-tag of a neighboring molecule
bound to the hydrophobic docking groove of p38a MAP kinase. It is easy to agree
with the statement of the Kuzmanic et al. [50] “These observations show how
important it is to carefully analyze symmetry-related molecules and they call for
caution in the interpretation of deposited X-ray structures, as they can be
misleading.”

Basically, the abovementioned conclusion can be drawn also from the studies
dealing with Aurora kinase A (AurA) [53, 54]. By combining experimental data and
MD simulations, it has been demonstrated that AurA activation by phosphorylation
occurs without a population shift from the DFG-out to the DFG-in state and that the
activation loop of the activated kinase remains highly dynamic. This is, once more,
against the traditional view of the X-ray. Instead, molecular dynamics simulations
and electron paramagnetic resonance experiments show that phosphorylation trig-
gers a switch within the DFG-in subpopulation from an autoinhibited DFG-in
substate to an active DFG-in substate, leading to catalytic activation.

4 Allosteric Control of Kinases

Most of the kinase inhibitors target the ATP binding site of the corresponding kinase
protein. While the ATP binding site is highly conserved among the kinome, the
so-called exosites are much more unique, although to some extent also conserved.
The first successful kinase inhibitor targeting exosites was imatinib [55]. From the
modeling point of view, this paradigm shift was quite big as it demonstrated that
target protein conformation is not static and that kinase conformation can be
modified by targeting exosites. While, at the moment, most of the new kinase
inhibitors are targeting the ATP-binding cleft between the N- and C-lobes of the
kinase, interest toward allosteric inhibitors is growing due to some very evident
benefits. The biggest advantage is the fact that the allosteric binding site has no
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high-affinity endogenous ligand. The second major benefit is that one can, at least
theoretically, control the target kinase function in a more precise fashion. However, a
lot of research is needed to understand how the allosteric control mechanism works.
Currently the best molecular modeling method to tackle this question is naturally
molecular dynamics, as all other methods, like docking, QSAR, and pharmacophore,
only give a static image of the drug-receptor complex.

Allosteric effects have been explained by different theoretical frameworks, most
of which are not explained here. One of the most recent theoretical approaches is the
so-called “violin” model, specifically proposed for protein kinases by Kornev and
Taylor [56-59]. This model is developed directly to explain the type III and type IV
kinase inhibitors’ mode of action. While more traditional theories of allosteric
control rely on specific atomic interaction networks with a direct pathway from the
allosteric site to the site of action, all of them have some caveats. The most notable is
the high thermal motion of individual atoms within a protein. Unlike in the macro-
scopic world, thermal motion in the microcosmos is large enough to prevent simple
one-pathway networks, and big parts of the information would be lost in the process.
One can also easily understand the violin model based on the MD simulations. In the
typical force field method, atoms and bonds are represented by ball and springs with
corresponding spring constants and thus also with corresponding vibrations. These
vibrations are, even at room temperature, strong enough to constantly break and
re-make most of the interprotein interactions like H-bonds, ionic bonds, and hydro-
phobic (dispersion) interactions. As current force fields are accurate enough to
reproduce a majority of the macroscopic parameters and spectra data, we can easily
accept that these vibration and intramolecular motions are also represented accu-
rately enough by modern all-atomic force fields.

Another important work dealing with allosterism, by McClendon et al. [58], is
also based on MD simulations. The work includes microsecond scale MD simula-
tions and the authors demonstrate that Protein Kinase A (PKA) has not just semi-
rigid N- and C-lobes, but several semi-rigid communities interacting with each other
and controlling in a rational way the function and activity of PKA. Correlated
motions between these structurally contiguous communities are associated with a
particular protein kinase function and/or a regulatory mechanism. A bit surprising is
the finding that some well-known protein kinase motifs are split into different
communities. The community maps are able to explain how different ligands induce
long-distance allosteric coupling. These communities are also in agreement with the
spine network [57].

Most of the kinase modeling studies are based on kinase domain structure alone,
but there are also MD simulations which do include the regulatory units, like SH2
and SH3. A comprehensive study, combining MD simulations, free energy calcula-
tions, in vitro functional assays, and single point mutations, suggests that the
SH2-kinase interactions are allosterically stabilizing the aC-helix of the c-Abl kinase
domain [60]. One should recognize that while MD simulations were used with an
unbiased classical all-atom AMBER-force field, the free-energy estimations were
based on a hybrid coarse-grained model. A multidisciplinary approach combining
simulations, functional assays, and mutagenesis has characterized the interdomain
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coupling in the active SH3-SH2-Abl complex, suggesting that the SH2-KD interac-
tions can allosterically stabilize the catalytically competent position of the aC-helix
and thus exert control over the kinase activity [61]. The same system was also
studied by using microsecond all-atom simulations and differential scanning calo-
rimetry. The results from the dynamics of the SH3-SH2 tandem indicate a two-state
switch, alternating between conformations observed in the autoinhibited and active
complexes [62]. As a conclusion, computational studies of Abl and Src kinases
regulation have indicated a complex interplay between the SH3 and SH2 domains,
the SH2 linker, and the catalytic domain. These studies are in line with experimental
results.

5 Discussion

Many important topics have not been discussed above, like phosphorylation effects
and kinase dimerization. The main issue in modeling has hopefully been discussed
sufficiently to draw some conclusions. The following conclusions are based on case
studies in kinase modeling but, at the same time, are, after some modifications,
generally applicable to all drug discovery type modeling efforts.

Successful modeling starts with the appropriate question or proper research
hypothesis. This research question will lay the foundation for the selection of protein
structures to be used. In the case of kinase modeling, one must know if potentially
available protein structures (X-ray, Cryo-EM, or homology modeling) are in a
biologically relevant state. The next critical point is the correct ligand/library
preparation. Far too often, ligand tautomers/protomers are not based on detailed
studies, but modelers trust too much in automatic procedures. The third critical point
is too high confidence in docking and MD simulation results. Docking can, after all,
create some kind of binding pose to almost all of the compounds in virtual screening
libraries, although only a very small number of molecules are actually binding the
target protein. The same is true for MD simulations. Many papers show single 100 ns
simulations time stating that this is enough to identify binding/association/affinity.
Since biological assays are usually done as triplicates, we should ask why this is not
done with MD simulations [63, 64]. Instead of believing in one individual binding
pose proposed by docking or short MD simulation, one should run several compu-
tational experiments with different setups, repeat MD simulations, and study how
robust the proposed binding mode is to small changes in the system. At the same
time, one should not think that empirical data are always superior over computa-
tional results. As discussed above, X-ray structures often do have issues affecting
ligand structure, protein conformation, and structural determination, and sometimes
the whole protein structure is wrong [65, 66]. This means that like in modeling and
biological assays, one must look at all the structural biology data and combine
information from different sources.

Most of us like good food and wine/beer/water. We also know that good food and
drink cannot be created if we are using bad and rotten raw materials or dirty water.
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The same is true for modeling and science in general. If the used method is not good,
if protein structures are not adequate, or the ligands are not properly processed, one
cannot obtain good data.
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Abstract Covalent targeting has experienced a revival in the last decade, especially
in the area of protein kinase inhibitor development. Generally, covalent inhibitors
make use of an electrophilic moiety often termed “warhead” to react with a nucle-
ophilic amino acid, most frequently a cysteine. High efficacy and excellent selectiv-
ity in the kinome have been achieved by addressing poorly conserved, non-catalytic
cysteine residues with so-called targeted covalent inhibitors (TCIs). Despite the
challenges associated with covalent modifiers, application of the TCI approach for
the discovery of new treatments has been very successful with six covalent kinase
inhibitors having gained approval in the last few years. A multitude of reactive
chemical probes and tool compounds has further been developed. Beside cysteine,
other nucleophilic amino acids including tyrosine and lysine have also been
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addressed with suitable electrophiles and covalent-reversible chemistry has recently
complemented our toolbox for designing covalent kinase inhibitors. Covalent
ligands have also been used in the framework of chemical-genetics approaches or
to tackle allosteric pockets, which are often difficult to address.

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

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

1 Introduction

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

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

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

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

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

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

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

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

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

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

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

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

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

2 Covalent Protein Kinase Inhibitors

2.1 The Protein Kinases’ Cysteinome

Protein kinases feature a deep and highly conserved ATP binding cleft. This pocket
is perfectly ligandable and designing potent (typically low nanomolar),
ATP-competitive kinase inhibitors is not considered a major challenge anymore.
In contrast, achieving selectivity within the kinome, which includes more than
500 different protein kinases, can be very difficult due to the conserved nature of
the ATP binding pocket [32]. Classical strategies for obtaining selective active site
ligands, which are discussed by Knapp and co-workers in a dedicated chapter of this
book, exploit subpockets that are not addressed by ATP (such as the hydrophobic
clefts often referred to as hydrophobic regions I and II [33, 34]) since those regions
are considerably less conserved. Moreover, inactive kinase conformations that are
unique by themselves or that expose non-conserved regions can be addressed
[35, 36]. Although poorly conserved allosteric pockets can also be targeted, this
strategy is challenging due to the comparably shallow topology and the plasticity of
these binding sites. Since most protein kinase inhibitors address the ATP pocket,
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Activation
. Segment

Fig. 4 Cysteine positions potentially amenable to covalent targeting according to Chaikuad et al.
[7]. Cysteines were mutated in silico into the X-ray crystal structure of cAMP-dependent protein
kinase catalytic subunit a in complex with ATP (PDB-code: 1ATP) and depicted as spheres with the
side chains highlighted as sticks. Colors and indentifiers were assigned according to the regions
where the cysteines are located. Orange glycine-rich loop/P-loop, pink gatekeeper residue, /ime
hinge region, red front region, magenta pre-DFG motif, salmon backpocket, brown roof region,
cyan activation segment, blue outside the ATP-pocket, dark-green/deep-teal positions exposed in
inactive kinase conformations and additional positions (non-exhaustive). Positions are labeled
according to the nomenclature used by Chaikuad et al [7]. Position A1 has been complemented
according to ref. [38]

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

2.2 Approved Covalent Protein Kinase Inhibitors

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

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

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

“Non-exhaustive, only positions/kinases that were already covalently addressed have been
considered
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Fig. 5 Currently approved covalent kinase inhibitors. Gefitinib (7), a non-covalent EGFR inhib-
itor, is depicted as the structural template for the design of covalent (second generation) ErbB family
kinase inhibitors

2.3 Natural Products as Covalent Protein Kinase Inhibitors

Natural products have been a rich source of covalent ligands [47] and such com-
pounds have been known as covalent kinase inhibitors for more than two decades
[48-50]. For example, hypothemycin (8, Fig. 6) and analogous resorcylic acid
lactones (RALSs) incorporating an endocyclic cis-enone motif engage cysteine resi-
dues preceding the conserved DFG motif (D1 position, e.g., Cys166 in ERK2 or
Cys174 in TAK1). Equivalent cysteine residues are present in about 50 kinases from
several distinct families [5-7] many of which are covalently inhibited by
hypothemycin [51, 52]. Modification occurs via hypothemycin’s reactive enone
moiety while the epoxide, which is also present, behaves as a bystander electrophile
in this context. LL-Z1640-2 (FR148083, 5Z-7-oxozeaenol, 9), a close analog of
hypothemycin binds kinases such as ERK1/2 and TAK via the expected cysteine
residues in the D1 position [53]. Despite the presence of a D1 cysteine, a distinct
binding mode is observed for mitogen-activated protein kinase kinase MKK?7
(MAP2K?7). Here, a cysteine in the F2 position of the solvent-exposed front region
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LL-Z1640-2 E6201

5Z-7-Oxozeaenol

Hypothemycin

Oy _OH

N 13

‘ OH Wortmannin
12

Lactoquinomycin

Fig. 6 Selected natural products or natural product derivatives covalently targeting kinases. The
reactive moieties involved in covalent bond formation are highlighted in red

b)

Cys276 (MKK7) = gl
Cys174 (TAK1) sl

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

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

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

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

2.4.1 Inhibitors Targeting the F2 Position

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

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

a) NH,

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

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

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

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

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

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

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

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

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

Besides the two aforementioned drugs, many other irreversible BTK inhibitors
with distinct chemotypes and good or excellent selectivity profiles (e.g., CHMFL-
BTK-11 [77], branebrutinib [78], spebrutinib [45], or poseltinib [79], 22-25,
Fig. 12a) have been investigated in preclinical and clinical studies. A covalent-
reversible approach was chosen by researchers from the Taunton group and Principia
Biopharma [11], who generated a-cyanoacrylamide derivatives of ibrutinib to
engage BTK Cys481. Target residence times could be modulated as a function of
the f-substituent. For example, compound 26a (Fig. 12b) bearing a bulky tert-butyl
group in the f-position retained >50% cellular target occupancy 20 h after washout.
In contrast, occupancy of methyl-capped analog 26b was negligible under the same
conditions. The extended target residence time of compound 26a may be rational-
ized by additional thermodynamic stabilization of the covalent complex via hydro-
phobic interactions with the bulky ferz-butyl moiety, which simultaneously induces a
conformation with decreased a-CH-acidity while also shielding the Ca-proton from
water thereby impeding its abstraction (see PDB: 4YHF). Further optimization with
special emphasis on improving solubility and PK properties furnished a compound
series exemplified by 27a and 27b. While 27a (ICs5q = 0.7 nM, kipaed
K; = 1.9 x 10> M~ s7') had a residence time of 34 h, key compound 27b
(ICsp = 1.9 nM, kipae/ Ky = 4.3 x 10> M~! s7') behaved quasi-irreversible with a
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residence time of approx. 1 week. In accordance with the applied design concept,
binding was rapidly reversible after proteolysis. Compound 27b showed sustained
target occupancy after clearance in vivo (as determined with a fluorescent covalent
probe) and had a relatively clean profile in a panel of 254 kinases. Nevertheless, five
other kinases sharing the combination of an F2 cysteine and a threonine gatekeeper
residue were strongly hit at 1 pM including BMX, which was even inhibited >90%
at 100 nM. The discussed compound series was further developed to drug candidate
PRN1008 (28, ICsy = 1.3 nM) [80], an orally available, covalent-reversible BTK
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Fig. 13 Covalent ITK inhibitors from (a) Pfizer and (b) GSK

inhibitor with a slow dissociation rate that recently entered phase III clinical trials for
the treatment of pemphigus (NCT03762265).

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

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

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

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

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

Covalent inhibitors for other kinases with an F2 cysteine have also been reported.
Inhibitors that target the kinase BMX include, for example, the dual BMX/BTK
inhibitor BMX-IN-1 (35, Fig. 14b) [89], or the type II inhibitor CHMFL-BMX-078
(36) [90] featuring increased selectivity against BTK. As mentioned before, the
MAP kinase kinase MKK7, one of the two activators of the c-Jun N-terminal kinases
(JNKs) features several cysteines in the active site: one at the F2 position (Cys218),
one at the D1 position (Cys276), one at the P3 position (Cys147), and one at the O3
subsite (Cys296). The F2 cysteine, which is also addressed by LL-Z1640-2 (9, see
Figs. 6 and 7), has recently been targeted by indazole-derived inhibitors exemplified
by 37 (MKK7-COV-2, Fig. 14c) discovered in a virtual screening campaign using
DOCKovalent [91, 92]. Even more recently, ibrutinib-derived 1,2,3-triazoles (e.g.,
38) addressing MKK7-Cys218 have been reported by the Rauh group [93].
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An engineered cysteine at an equivalent position in PDK1 (E166C) has been
addressed by Erlanson et al. using an acrylamide-based “extender” (39, Fig. 14d)
equipped with a (di)sulfide-tag. A subsequent fragment-based disulfide tethering
screen enabled the generation of potent reversible PDK1 inhibitors [94]. Moreover,
the introduction of analogous engineered cysteines has been used in the context of
chemical-genetics approaches to generate probes for kinases such as Aurora kinase
[95] and c-SRC [96].

2.4.2 Inhibitors Targeting the F3 Position

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

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

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

2.4.3 Inhibitors Targeting the F1 and the F4 Position

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

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

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

2.5.1 Inhibitors Targeting the R1 Subsite

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

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

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

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

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

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

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

While cysteines located at the tip of the glycine-rich loop (P3 position) have not
been deliberately addressed at the time of writing, a cysteine close to the end of the
P1-sheet (P1 subsite) has been shown to be trapped by ibrutinib in the MAP kinase
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the backbone of 11e428 and the Arg426 side chain and the squaryldiamide linker favor an orientation
facilitating covalent bond formation

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

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

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

Covalent inhibitors of the proto-oncogene c-SRC have been generated, for
example, by Kwarcinski et al. via attaching electrophilic moieties to promiscuous
kinase inhibitor scaffolds [118]. These compounds exemplified by 60a and 60b
(Fig. 2lc; ICso = 91 and 93 nM; kpo/Ki = 1.7 x 10° M~ 's™' and
4.0 x 10> M~ 's™!) displayed good selectivity against the homologous kinases
c-ABL and HCK both lacking the P2 cysteine (Cys277 in c-SRC). As expected,
60a/b were found to strongly hit the c-ABL Q252C mutant where an equivalent
cysteine had been introduced. Remarkably, compound 60b inactivated c-ABL
Q252C and also c-YES with a roughly two times higher k;,,.. compared to c-SRC



72 M. Gehringer

which was attributed to a kinked P-loop conformation in the former two kinases
positioning the cysteine in closer proximity of the warhead. Similar inhibitors were
designed from the scaffold of the c-SRC/BCR-ABL inhibitor dasatinib [118]. The
exemplary vinyl sulfonamide 61 is a potent inhibitor of the dasatinib-resistant c-SRC
T338M mutant (ICsy = 44 nM; kinae/ Ky = 4.0 x 10* M~ 's™") with good cellular
potency and increased selectivity compared to the relatively promiscuous template
dasatinib.

2.6 Development of Inhibitors Targeting Cysteines
in the Hinge Region

2.6.1 Inhibitors Targeting the H1 Position and the H3 Subsite

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

62 o OMe
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e NS NTSN o
" HN)\VLI\‘IXH OMe
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Fig. 22 Selected irreversible FGFR4 inhibitors
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Fig. 23 (a) Schematic binding mode of prototypical covalent FGFR4 inhibitor BLU9931 (62a)
deduced from the X-ray crystal structure of the covalent complex (PDB: 4XCU). (b) X-ray crystal
structure of 62a covalently bound to the FGFR4 ATP pocket. A U-shaped conformation is adopted
to hit Cys552 located in the hinge region. A water-mediated H-bond of the inhibitor’s amide oxygen
atom and Arg483 was omitted for clarity

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

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

No reports describing the covalent targeting of other kinases with an H1 cysteine
could be identified at the time of writing. Similarly, cysteines in the H2 position
(GK + 3), which are present in a large set of kinases, have remained unaddressed so
far. This is presumably owed to the H2 cysteines’ limited flexibility and their
location underneath the region that is usually occupied by the hinge-binding motif,
which is difficult to reach with typical type I inhibitor scaffolds. However, a cysteine
located at the H3 subsite (GK + 4/5) has recently been engaged in Fms-like tyrosine
kinase 3 (FLT3) by 4-(dialkylamino)crotonamide-based inhibitor FF-10101 (67,
Fig. 24c) [122]. Notably, this kinase representing a validated target in the treatment
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Fig. 24 (a) Irreversible FGFR4 inhibitor 64 engaging FGFR4-Cys552 via an SyAr-electrophile.
(b) Covalent-reversible FGFR4 inhibitors relying on an aldehyde warhead. (¢) Covalent FLT3
inhibitor FF-10101

of acute myeloid leukemia features two other cysteines (D1 and H2 position) which
could potentially be addressed. FF-10101 potently inhibits wild-type FLT3
(IC50 = 0.2 nM) and shows a high activity against a variety of leukemia cell lines
including those harboring quizartinib-resistance mutations. Along with several other
kinases, the compound potently hit the two related kinases KIT and FMS
(ICs¢p = 0.9 nM and 2.0 nM, respectively) and, to a lesser extent, the non-receptor
tyrosine kinase FGR (ICsy = 12 nM), all sharing a H3-GK + 4 cysteine. Binding to
Cys695 was demonstrated by X-ray crystallography (PDB: 5X02) and confirmed by
a set of experiments using the FLT3 C695S mutant and an unreactive analog.
FF-10101 showed promising effects in preclinical models and entered phase /I
clinical trials as a potential treatment for patients with relapsed or refractory hema-
tological malignancies (NCT03194685 and NCT02193958).

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

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

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

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

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

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

2.8 Development of Inhibitors Targeting Remote Cysteines or
Inactive Conformations

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

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

2.9 Development of Inhibitors Targeting Cysteines
in Allosteric Pockets

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

2.10 Development of Inhibitors Targeting Lysine or Tyrosine

As mentioned before (see Sect. 2.3), natural products covalently engaging kinases
via lysine residues are well-known. In addition, lysine and tyrosine moieties have
been addressed with synthetic small molecules. For example, activated esters have
been employed to target the catalytic lysine in PI3KS by researchers at GSK
[138]. Since the sulfonamide substituent of the reversible PI3Ké inhibitor
GSK2292767 (82, Fig. 29a) interacts with the e-amino group of PI3K4§-Lys779,
replacement of this moiety by activated phenolic esters was considered as a strategy
to address the amino nucleophile. Biochemical potencies of the generated com-
pounds roughly correlated with the leaving group properties of the corresponding
phenolates reaching down to the subnanomolar range for the most activated deriv-
ative (83a, ICso = 0.6 nM; kipao/K; = 1.9 x 10° M~ ! s71). Interestingly, analysis of
binding kinetics revealed that k;,,., was relatively constant in the series while
differences in the overall potency seemed to be mainly driven by K. This finding
was attributed to a more complex reaction mechanism as compared to the canonical
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Fig. 29 Examples of lysine-targeted covalent kinase inhibitors. (a) Design of activated esters
addressing the catalytic lysine in PI3Ké. (b) Vinyl sulfones targeting the solvent-exposed Lys89
in CDK2
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two-step model (see Fig. 1). Notably, the analogous non-activated methyl ester
bound only reversibly to the enzyme. Key compound 83b showed high activity in
the enzymatic assay (ICso = 8 nM; kinac/ K1 = 2.1 X 10*M™! sfl) and in human
whole blood (ICsy = 13 nM) while being selective against other PI3K isoforms
(ca. three orders of magnitude against PI3Ka/f/y) and in a larger kinase panel. A
clean chemoproteomic profile was shown for an analogous azide-labeled probe.
Exclusive labeling of Lys779 was further demonstrated by MS analysis and X-ray
crystallography (see Fig. 31a). The inhibitor also showed a selectivity window in
which PI3Ké was covalently inhibited while PI3Ka and f engagement was
reversible.

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

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

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

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

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

3 Summary and Outlook

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

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

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

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

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

It is estimated that 5% of the human genome is dedicated to protein phosphorylation.
518 different human kinases have been identified and clustered in sub-groups
depending on substrate specificity and sequence similarity, but overall these
enzymes catalyze the same biochemical reaction, the transfer of a phosphate group
to a serine, threonine, or tyrosine residue [1]. From a pharmaceutical standpoint,
there is huge evidence that kinase activities are deregulated in a broad range of
diseases (cancer, inflammation, Parkinson, etc.) (https://www.cellsignal.com/con
tents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-
disease) which has triggered over the last decades a massive interest in identifying
and developing selective kinase inhibitors.

Cancer treatment is definitively the most important therapeutic domain where
kinases inhibitors have found their application, and today approximately 50 small
molecular weight kinase drugs have received marketing approval by the FDA, in
addition to a dozen of monoclonal antibodies directed mainly against the human
epidermal growth factor receptor kinase family (EGFR, HER2) [2, 3].

The first generation of marketed drugs (Gleevec, Sutent, Sprycel, etc.) [4]
exhibited multi-kinase inhibition profiles, supporting the paradigm that better effi-
cacy would be achieved by multi-cellular pathway blockade and giving the oppor-
tunity to register the same drug in different indications (e.g., Gleevec launched in
2001 for the treatment of patients with Philadelphia chromosome-positive chronic
myeloid leukemia (CML) and in 2002 for the treatment of patients with Kit-positive
unresectable and/or metastatic malignant gastrointestinal stromal tumor (GIST)) [5].

The development of the targeted therapy paradigm in oncology [6, 7] as well as
the clinical demand for much better tolerated treatments has conducted research
programs in pharmaceutical companies towards the discovery of selective to exqui-
site kinase inhibitors [8—10].

Successful development of drugs targeting specific deregulated cellular signaling
pathways via selective inhibition of one targeted kinase (e.g., MEK) [11] or of
oncogenic mutants (e.g., EGFR DM, V600E BRAF) [12] has been achieved recently
[13, 14].

However, in the 1990s, when the first 3D crystal structure of a kinase (PKA) [15]
was reported, a largely believed myth emerged that it would be impossible to
develop selective and potent protein or lipid kinase inhibitors by targeting the ATP
binding site due to a priori lack of specificity and high level of sequence similarity
across the kinome. In mid-2019, more than 6,000 human protein kinases and more
than 160 human lipid kinase 3D structures were deposited in the PDB (https://www.
rcsb.org/). Thorough analyses of apo-structures vs ATP analog or ligand bound
co-structures have revealed general modes of kinase activation [16, 17], including
those behind oncogenic mutations [18-20], as well as subtle specific interactions in
the active site and several preferred conformations (DFG-in, DFG-out, and a helix-
out) [21, 22].


https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease
https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease
https://www.cellsignal.com/contents/resources-reference-tables/kinase-disease-associations/science-tables-kinase-disease
https://www.rcsb.org/
https://www.rcsb.org/
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Fig. 1 General view of Aurora A kinase; (a) N-lobe is colored in grey and C-lobe in green. ATP is
represented in ball and stick in its pocket at the interface between the two lobes; (b) surfaces of the
residues forming the hydrophobic spines of Aurora A are colored in red and yellow. (¢) Positions of
the glycine-rich loop, activation loop, and gatekeeper (GK) residues are indicated

Figure 1a—c represents a general view of a kinase (Aurora A) for which key motifs
and residues for activation and activity are highlighted:

Figure 2a, b describes a simplified view of a kinase active site where key residues
and motifs for protein activation are depicted. These residues correspond to the
general model of kinase activation reported by Taylor and coworkers [16]. The
«N-lobejygine” is the residue which is involved in a salt bridge with usually a
glutamate residue from the aC- helix (“*“glutamate™) in a competent DFG-in
conformation, whereas the ““lysine” from the catalytic loop interacts with the

y-phosphate of ATP to assist its transfer to the kinase substrate. The “P"**P"°residue”
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Fig. 2 (a) General kinase motif mapping (KMM), (b) KMM of Aurora A

corresponds to the phosphorylated residue in the activation loop. In general, the
distances between these groups are conserved (numbers mentioned in pink in
Fig. 2a). Figure 2b describes the ATP site of Aurora A in this schematic represen-
tation (Kinase Motif Map; KMM).

Recently, a chemogenetic study based on kinase sequence similarity and
structure-activity relationship (SAR) analysis underlined 16 privileged residues in
the active site that are recurrently involved in kinase protein stabilization and ligand
binding [23]. In our ATP active site representation applied to Aurora A, the
privileged motifs involved in protein ligand interactions are indicated in yellow
and those involved in controlling the active vs inactive conformations balance in
magenta (Fig. 3). The gatekeeper residue (Leu210) as well as two hinge residues
(Tyr212, Pro214) are also privileged residues for ligand specificity. Interestingly,
this analysis underlines the importance of hydrophobic residues which stabilize by
packing the kinase active conformation and forming the so-called hydrophobic spine
(Leul96 — *“GIn185 — Phe275 — Leu208 — His254) [24].

It was originally thought that DFG-out related inhibitors would be more selective
as this conformation has not been observed across the all kinome and has been
publicized by the clinical success of Gleevec [25, 26]. Moreover this class of
inhibitors is expected to be less impacted by micromolar concentrations of ATP in
cells as they have shown non-competitive binding vs ATP in biochemical assays
compared to active conformation directed ligands (DGF-in inhibitors) [8]. This
selectivity trend has not been confirmed globally with DFG-out kinase inhibitors
[27], but it has been shown that a-C helix-out inhibitors revealed exquisite selectiv-
ity profiles (e.g., MEK and HER?2 inhibitors) [28, 29] albeit potentially at the expand
of potency against oncogenic mutants, for which the inactive conformations are
disfavored (e.g., lapatinib) [30].

We will describe in this chapter what were the medicinal chemistry strategies
undertaken in our group to identify and develop selective kinase inhibitors for four
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Fig. 3 KMM of Aurora A with privileged residues indicated

oncology projects, leveraging interactions with specific protein residues, active and
inactive conformations, and stable/unstable water molecules in the ATP cleft.

2 Discovery of an Exquisite Selective Aurora Inhibitor
as Neo-Cytotoxic Agent

The Aurora kinases exist as three isoforms (A, B, C), belong to the serine/threonine
protein kinase family, and regulate cell division. The Aurora kinases are expressed
and active predominantly during the G2/M phase of the cell cycle [31]. These
kinases are involved in the control of the centrosome and nuclear cycles and have
essential functions in mitotic processes such as chromosome condensation, spindle
dynamics, kinetochore-microtubule interactions, chromosome orientation, and
establishment of the metaphase plate. Each Aurora isoform has its own function
during mitosis in line with its specific distinct localization, namely, the centrosomes
and spindle poles for Aurora A and the centromeres and spindle mid-zone for Aurora
B. Aurora A and Aurora B kinases are expressed in all dividing cells, whereas
Aurora C kinase is mainly expressed in the testes and plays a role in spermatogenesis
[32-34].
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Compound 1
1Cso (Aurora A): 9.8uM

Leu210 (GK)

Fig. 4 Inhibition of Aurora A by compound 1; (a) 2D structure of compound 1 and its activity on
Aurora A; (b) X-ray structure of compound 1 (displayed with carbon atoms in orange) bound to
Aurora A; surface of Aurora A ATP-pocket is displayed in grey. (¢) 2D scheme of compound
1 (black) bound to Aurora A and a bridging water molecule (green). Hydrogen-bond are represented
as red lines

The Aurora kinases have been found aberrantly expressed in several solid tumors
(bladder, breast, gastro-intestinal, liver, pancreatic, and thyroid) and in hematopoi-
etic malignancies such as acute myeloid leukemia (AML), chronic myeloid leukemia
(CML), multiple myeloma (MM) and lymphomas. Moreover, Aurora A and B
overexpression has been associated with poor prognosis in ovarian carcinoma and
non-small cell lung cancer, respectively. Also, Aurora A gene has been detected
amplified in 50% colon, 25% ovarian, 12% breast, more than 90% pancreatic, and
50% bladder carcinomas. In tumors, Aurora A overexpression correlates with
aneuploidy and Aurora B with genomic instability [34-36].

These observations have lent interest to this family of kinases as potential drug
targets for the development of new anti-cancer therapies [37]. At the time we
embarked in a discovery program to identify novel Aurora inhibitors, several
compounds with various levels of selectivity either with respect to Aurora A vs
Aurora B or regarding off-target kinases were advancing into preclinical phases or
early clinical trials [38]. Our objective was to design and develop exquisitely
selective inhibitors of the Aurora proteins in order to assess the intrinsic efficacy
and tolerance of such neo-cytotoxic agents in relevant pharmacological tumor
models.

Based on a pharmacophoric model established from publicly reported X-ray
structures of Aurora A, about a million of internal compounds were screened in
silico for their ability to match at least partially the model with the requirement to
potentially interact with the hinge residues (e.g., Ala 213, Fig. 2b) [39]. After several
runs of docking studies and probabilistic analysis, a set of 3,500 compounds was
selected for assessing in vitro their inhibition potency of the Aurora kinase activity at
10 pM. Among the few chemical series which emerged in this assay with decent
activity, our interest rapidly focused on the 1,2,4,6,7,8-hexahydro-SH-pyrazolo
[3,4-b]-[1,7]naphthyridin-5 series represented by compound 1 which displayed
hints of selectivity when tested at 20 pM against a panel of kinases (Fig. 4a). This
chemical class was selected for further exploration despite modest affinity of 1 on
Aurora A but considering a satisfactory ligand efficiency (LE = 0.33) and a
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Fig. 5 2D structures of compounds from the tricyclic series, with their inhibitory activity on
Aurora A as well as their activity in HeLa cell proliferation assay

promising selectivity profile. Co-crystallization trials were promptly initiated in
order to define the binding mode of this rather unusual class of kinase inhibitors.

The 3D structure elucidation of 1 in complex with Aurora A protein highlighted
the molecule in the S-configuration bound in the ATP site (Fig. 4b) and interacting
with the hinge residue Ala213 via the central ring NH through a bridging water
molecule and via the pyrazole moiety. Compound 1 developed an additional hydro-
gen bond with Glu211, at the vicinity of the gatekeeper residue, again with the
pyrazole (Fig. 4c). Looking at the conformation of the complex, the DFG moiety was
found positioned “mid-in / mid-out,” the phenylalanine side chain of Phe275 being
oriented toward the N-lobe and in contact with the aC-helix, the latter being shifted
compared to a canonical active conformation, and the salt bridge between the
Nlobey v5162 and the ““™"*Glu181 being disrupted. Therefore, the observed confor-
mation of the complex with 1 was considered as non-competent or inactive [40].

As this chemical series is readily accessible in a one-step three-component
Hantzsch reaction, a library of analogs of 1 was produced in a racemic form using
various aldehydes (Scheme 1).

Extension of the aryl moiety on the tricyclic core turned out to produce more
active derivatives (e.g., compounds 2 and 3 in Fig. 5) displaying also enhanced
selectivity for Aurora A (ICs5y > 10 pM against a panel of about 30 kinases tested).
Co-crystallized in Aurora A, compound 3 exhibiting the S-configuration adopted a
similar binding mode compared to 1 at least regarding the tricyclic core in interac-
tions with the hinge. However, the DFG motif was unequivocally oriented in the in
configuration and the thio-benzimidazole group expanded into the hydrophobic back
pocket behind the gatekeeper residue (Leu210). Interestingly, the benzimidazole
moiety was engaged in a double interaction with N°*°Lys162 and ““™"*GIn185, a
privileged residue, preventing the salt bridge formation (Fig. 6a) and the close
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Fig. 6 (a) Compound 3 in Aurora A. (b) Compound (+)-5 in Aurora A (ICso = 4 nM)

contact of the aC-helix to the ATP cleft. This conformation called aC-helix out has
been also reported to be the very specific inhibitory mechanism of lapatinib against
Her2 and EGFR [30].

Despite decent potency vs Aurora A, compound 3 was devoid of any anti-
proliferative activity when tested against a limited panel of cancer cell lines. Subse-
quent gain of affinity was obtained by removing the nitrogen atom in the pyridinone
ring despite structural evidence of its involvement in an H-bond with a water
molecule in the binding pocket. The resulting molecule (compound 4, Fig. 5), a
low double digit nanomolar Aurora A inhibitor, blocked Hela proliferation at
300 nM (ICsp). Compound 4 exhibited also a potent affinity for Aurora B
(ICs¢p = 5 nM) and otherwise was shown to be totally inactive against other kinases
tested (except Tie2, ICso = 3 uM).

In a second round of chemical optimization, the pyrazole moiety was modified,
and the 2-ethoxycarbonyl-pyrrole group emerged as being the most productive
substitution in terms of anti-proliferative potency in Hela cells (compound §,
Fig. 5), whereas biochemical activity was only slightly improved compared to 4.
Compound § was resolved by chiral chromatography, and the dextrogyre enantiomer
(+)-5 (S-configuration) was identified as the active substance of the racemic mixture:
Aurora A, ICsy = 4 nM; Aurora B, ICso = 2 nM; and Hela cells, ICsy = 2 nM (the
levogyre enantiomer was inactive). The binding mode of (+)-5 in Aurora A was
characterized to be very similar to the one observed for three but with two major
differences. First, the hinge Ala213 NH was directly involved in an H-bond with the
carbonyl of the carboxylate moiety (no water bridge). Second, the N°*°Lys162
interaction with the benzimidazole-N was stabilized via a second interaction with a
water molecule. Compound (+)-5 was measured equipotent on the three Aurora



Achieving High Levels of Selectivity for Kinase Inhibitors 103

isoforms (Aurora C, ICs5y = 4 nM) but otherwise totally inactive (ICso > 10 pM) on
all other kinases tested. Our hypothesis to explain such high and rare level of
selectivity shared by compounds 4, 5, and other analogs made in the series relies
first on the fact that the aC-helix out conformation is not accessible to a broad
ensemble of kinases for ligands/inhibitors [26]. Key determinants which would drive
the occurrence of this inactive kinase conformation remain unclear but may be
related to the gatekeeper size and the packing forces developed along the hydropho-
bic spine [41]. In the case of compounds 3 and 5 in complex with Aurora A, the
benzimidazole core interacts with a glutamine residue (GIn185) localized in position
«xChelixglytamate + 4,” a reported privileged residue/position. We analyzed among
the kinome the occurrence of a glutamine in this position and found it rare at 2%.
Compound (+)-5 was able to inhibit both Aurora A and Histone-H3 phosphory-
lation in HCT116 cell lines (IC5o = 70 and 10 nM, respectively), two relevant
biomarkers of Aurora A and B inhibition to monitor pharmacodynamic modulation
in vitro and in tumor models. Moreover, this compound displayed low nanomolar
anti-proliferative activities against a large panel of cell lines and exhibited no toxicity
on quiescent PBL cells providing evidence that targeting Aurora isoforms triggers
specific and lethal effects on cancer cell lines but no damage on non-proliferative
normal cells. Drug-likeness liabilities of compound (+)-5 (Cyp inhibition, exposure
in rats, hepatocyte clearance, and PDE3 inhibition) were then optimized to give rise
to SAR156497, a molecule which has demonstrated a narrow therapeutic window
when tested in a murine model of human colon adenocarcinoma xenograft [39].

3 Development of a Selective MET Kinase Inhibitor Active
Against Oncogenic Mutants

MET is a tyrosine kinase which is involved in embryonic development and wound
healing in normal cells. MET acts as a transmembrane receptor which is stimulated
by the hepatocyte growth factor (HGF) inducing in fine cell proliferation, migration,
and invasion [42]. Abnormal activation of the HGF-MET pathway has been fre-
quently observed in human cancers in particular in solid tumors where MET protein
is usually overexpressed [43]. Moreover, MET gene has been found amplified in
5-12% of gastric carcinoma, 2-13% of lung cancers, and 4—12% of colon-rectal
carcinoma. Oncogenic mutations of the MET gene have been observed in multiple
human cancer types (hepatocellular, papillary renal cell and head and neck carci-
noma, etc.) leading to protein structure changes and activation [44]. Five major
mutants of the kinase domain have been expressed in our group and tested for
catalytic activity and have exhibited a four- to five-time enhancement of catalytic
activity (Kcat) compared to the wild-type protein (internal data — Fig. 7a for mutation
locations). Whereas Y1230H, Y1235D, L1195V, and H1094Y are mutated residues
located at the vicinity of the ATP binding site (Figure 7b for the KMM representa-
tion), M1250T is remote to the ATP binding cleft and may influence catalytic
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Scheme 2 From hit to candidate

activity by allosteric effects [45]. MET activation has been reported to promote
tumor initiation, metastasis, angiogenesis, and resistance to diverse therapies, includ-
ing against anti-EGFR cancer agents [46].

To date, there is no selective MET inhibitor that is FDA-approved. Crizotinib
(Xalkori) was originally tested in MET deregulated lung cancer patients but obtained
its primary registration as ALK inhibitor in ALK translocation-positive NSCLC
[47]. Several orally bioavailable MET tyrosine kinase inhibitors are currently in
advanced clinical trials [48]. We will describe thereafter the discovery process which
allowed the identification of SAR125844, an exquisite selective MET inhibitor
investigated in phase II clinical trials for MET-amplified NSCLC patients (https://
clinicaltrials.gov/ct2/show/NCT01391533).

From a two-step screen of a limited set of in house compounds, a hit (cpd 6,
Scheme 2) was identified with low nanomolar potency against wild-type (WT) MET
(ICs¢p = 10 nM), but this molecule also exhibited a marked affinity for tubulin, a
major constituent of the cytoskeleton involved in DNA segregation, leading then to
off-target cytotoxicity in non-MET-dependent tumor cell lines [49, 50].

Compound 6 displayed otherwise no activity (ICso > 10 pM) against a panel of
kinases tested, in particular CDK9 a key player in cell cycle regulation and gene
transcription [51]. This potent and selective MET inhibitor, obtained in a rather
straightforward manner by compound collection screen, exhibited the
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Fig. 8 Compound 6 (carbon atoms colored in orange) in MET ATP cleft

triazolopyridazine core, a chemical group introduced in this benzimidazole series in
a historical anti-helminthic project developed in the 1980s in the company. Com-
pound 6 could be co-crystallized in MET, and the 3D-structure of the complex was
assessed. Structural analysis revealed compound 6 bound into the ATP pocket,
developing in total three H-bonds, two with a hinge residue (Metl1160), and one
with the main-chain nitrogen atom of Asp1222 (DFG motif) via a nitrogen atom of
the triazolopyridazine moiety. Moreover, the triazolopyridazine ring made a specific
n-n interaction with Tyr1230 of the activation loop found in a non-competent
conformation (Fig. 8). This specific binding mode involving Tyr1230 is believed
to be a major driver of the selectivity for MET displayed by this chemical series and
others [52]. Moreover, MET does not respect the general mode of kinase activation
described by Taylor [16] since the salt bridge between Lys1110 and Glu1127 of the
o-C Helix is disrupted (or not formed) as observed in the 3D structure of MET with a
non-hydrolysable ATP analog (AMP-PNP) [53]. Instead o-C Helix Glul1127 inter-
acts with Arg1227 of the A-loop which opens up an additional hydrophobic pocket
exploited by ARQ197, a selective inhibitor of MET auto-phosphorylation [54]. In
contrary to ARQ197, compound 6 did not disrupt the hydrophobic spine of MET
formed by a stacking cascade of Leull42, “He'™Met1131, PF©Phe1223, and
HRPHi$1202, but the a-C Helix was somewhat further displaced compared to the
structure with AMP-PNP. The reported binding mode of 6 is shared with crizotinib,
INJ-38877605, SGX-523, and AMG-337, and other members of the so-called type I
class of MET inhibitors [52].

The switch from the benzimidazole chemical scaffold to the benzothiazole core
(compound 7) dialed out affinity for tubulin and positive outcome in the Ames assay.
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Fig. 9 2D representation of N,N\7/s s
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Table 1

Subsequent incorporation of various chemical groups (amides, amines, carbamates,
and ureas) in position 2 (R1, Fig. 9) of the benzothiazole scaffold gave rise to more
potent compounds not only against WT MET but also vs the different mutants tested
(Table 1).

In general, reduced affinity was measured vs the mutants tested compared to the
WT protein which tolerated a broad range of substituents in this 2-position. Intro-
duction of the morpholino-ethyl urea moiety led to the most active derivative of this
sub-series in particular against the clinically relevant Y1230H mutant (cpd 11;
IC50 = 204 nM).

Attempts to co-crystallize compound 11 in WT MET turned out to be unsuccess-
ful, but 3D co-structures were otherwise readily obtained with the selected MET
mutants. Structural analysis of the three complexes with 11 revealed a very similar
conformation (Fig. 10a), the ligand developing four conserved major hydrogen
bonds in the ATP binding site, three with Metl1 160 and Lys1161 of the hinge, and
one with Aspl1222 of the DFG motif (Fig. 10b). However, the activation loop
segment bearing residue 1,230 was not visible in any structure generated. Our
hypothesis at least regarding Y1230H was that the strong n- & interaction observed
in the WT protein between Tyr1230 and 11 was affected in the case of His1230
preventing stabilization of the activation loop and leading to reduced affinity for this
mutant.

Potency against the Y1230H mutant could be significantly enhanced by modifi-
cation of the substituent attached to the triazolopyridazine core. In particular replace-
ment of the para-fluorophenyl moiety by a thiophene afforded the most potent
derivative (12, Fig. 11a) vs Y1230H mutant (ICsy = 23 nM) which could be
co-crystallized in the mutant protein. 3D co-structure analysis detected a clear
positioning of the histidine residue (Fig. 11b), and the triazolopyridazine plane of
12 was twisted outward by ~20° compared to its position in the crystal structure of
compound 6 in WT protein (Fig. 11c) [50].

High potency of 12 against MET Y 1230H mutant could then be rationalized by
more productive hydrophobic contacts between H1230 and the triazolopyridazine-
thiophene segment which is planar compared to the skewed nature of the
triazolopyridazine-p-fluorophenyl one.

Compound 11 was eventually selected as a candidate for development with
respect to its eADME properties, its overall PK profile, and observed pharmacolog-
ical effects in MET driven tumor models [55]. SAR125844 (11) displayed a favor-
able tolerance profile and preliminary evidence of antitumor activity in phase I
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Fig. 10 Superimposition of co-crystal complexes of compound 11 bound to MET Y1230H
(purple), MET L1195V (orange), and MET M1250T (green). (a): Mutated residues are displayed
as CPK, when visible. (b): Focus on the ATP-binding pocket, highlighting a conserved binding
conformation of compound 11 in the three mutant proteins

compound 12 \—
A

Fig. 11 (a) 2D structure of compound 12. (b) Co-crystal of compound 12 bound to the
ATP-binding pocket of MET Y 1230H. (c¢) Superimposition of co-crystal complexes of compound
6 bound to MET WT (carbon atoms colored in grey) and of compound 12 bound to MET Y 1230H
(carbon atoms colored in blue). Residue 1,230 is on the right-hand part of the picture

patients which triggered the decision to evaluate the drug in a phase II clinical trial in
MET-amplified NSCLC patients (NCT02435121) [56].
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4 Design of Specific VPS34 Inhibitors for Autophagy
Blockade in Tumors

VPS34 (also known as PIK3C3) is a lipid kinase of the class III PI3K
(phosphoinositide 3-kinases) isoform which specifically catalyzes the phosphoryla-
tion of phosphatidylinositol (PtdIns) generating (PtdIns)3P [57]. VPS34 is the
catalytic subunit of different complexes which associates the regulatory subunit
Vpsl15 (also known as p150) for activity and several accessory subunits. Vpsl5 is
myristoylated allowing the VPS34 protein complex to be anchored to intracellular
membranes. Membrane-bound PtdIns3P binds to proteins which are involved in the
formation of autophagosomes and participate also in endosomal trafficking from
early to late endosomes [58, 59].

VPS34 plays an active role in the autophagy process by which cells adapt to
protect themselves from metabolic stresses and hypoxic conditions. Autophagy is
thought to be a process by which cancer cells develop resistance against chemother-
apy and radiotherapy treatments. VPS34 has hence emerged as a new promising
approach for cancer treatment as a single agent or in combination and recently as a
target for insulin resistance in type 2 diabetes [60].

At the time we embarked in a drug discovery project in this field, no selective
VPS34 inhibitors were known in the literature [61], and research studies were
reported with pan PI3K inhibitors reflecting the high similarity in sequences between
classes of PI3K (I-III) [62]. Using a phenotypic screen [63], the pyrimidinone hit 13
was identified with regard to its ability to inhibit (PtdIns)3P production in a
transfected Hela cell line (ICso, 1 nM). However, this molecule displayed a poor
selective profile, being equally potent vs VPS34 than vs the four class I PI3K
isoforms (Scheme 3) [64].

Further analog testing in the pyrimidinone series highlighted compound 14 as a
more interesting starting point for chemical optimization, keeping the same level of
potency vs VPS34 but with improved selectivity. Compound 14 could be
co-crystallized in VPS34 protein, and the 3D structure of the complex was elucidated
with satisfactory resolution (3 A-Fig. 12a). Compound 14 interacted in the ATP site
in a DFG-in conformation and developed key interactions with Phe684 (H-bond
with the hinge), the N-lobe Lys636, and privileged residues, namely, Asp644 of the

o
N Compound 13 Compound 14
| )\/j\ ICsps: ka ICgps:
_ . .
ﬁN N N7 CF, VPS34:2 nM /)\ VPS34: 7nM
OJ HO .,

PI3Ka: 6 nM —) ﬁN N N CF, PI3Ka: 740 nM

3
PI3KR: 16 nM OJ PI3KR: 340 nM
PI3K3: 2 nM PI3K3: 270 nM
PI3Ky: 15 nM F E PI3Ky: 3510 nM

Scheme 3 Selectivity profile of compounds 13 and 14
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Scheme 4 From hit to lead

aC-helix, the floor residue Leu750, the DFG-1 residue Ile760, and Phe612 in the
P-loop (Fig. 12b).

Despite a significant impact of the lateral N-side chain structure on selectivity, it
was not possible to totally dial out affinity vs PI3Kd in particular via chemical
modifications at this position only (compound 14 and 15 profiles in Schemes 3 and
4). Therefore, we turned our attention to the morpholine hinge binding motif
environment. There are few residues which differ in the active site of VPS34 vs
the class I PI3Ks. In particular in the hinge region, both the gatekeeper and floor
residues are mutated (Met vs Ile and Leu vs Met, respectively) offering potential
levers for selectivity [64]. The introduction of two methyl groups on the morpholine
gave rise to compound 16 exhibiting high potency on VPS34 and exquisite selec-
tivity vs the PI3Ks and mTOR (Scheme 4).

Compound 16 was able to co-crystallize in VPS34, and a 3D structure segment is
displayed in Fig. 13a. The shape of 16 positioned in the published X-ray structure of
PI3Kd (PDB code, 2WXL, Fig. 13b) highlighted potential steric clashes near [1e825
(GK) on one hand and with Met900 (floor residue) on the other hand.

Multi-parametric optimization eventually led to the discovery of SAR405
(Scheme 4) which affected vesicle trafficking and autophagy in cell lines and
demonstrated sustained inhibition of the autophagy process in a murine tumor
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Fig. 13 (a) X-ray structure of compound 16 (displayed with carbon atoms in orange) bound to
VPS34; surface of VPS34 ATP-binding pocket is displayed in grey. (b) Superimposition of
co-crystal complex of compound 16 (carbon atoms colored in orange) bound to VPS34 and of
X-ray structure of PI3K3 (PDB code 2WXL; protein carbon atoms and surface colored in green).
VPS34 protein is not displayed. Steric clashes between compound 16 and residues 11825 and
Met900 of PI3KS are depicted as red dotted lines

xenografted model [64, 65]. Moreover SAR405 synergized with mTOR inhibitor
everolimus for cell proliferation inhibition in renal carcinoma models [66].

5 PI3Kp Inhibitor: Leveraging Water Molecules
in the Active Site for Selectivity Enhancement

The class I PI3K lipid kinases are key mediators of the Akt pathway which they
contribute to activate by phosphorylating the phosphatidylinositol-4,5-bisphosphate
(PIP2) on the 3-position to form phosphatidylinositol-3,4,5-trisphosphate (PIP3)
[67]. The class I PI3Ks comprises four isoforms PI3Ka, PI3Kf, PI3K3, and PI3Ky
which share high level of sequence identity. Whereas PI3Ka, PI3Kf, and PI3Kd
(subclass IA members) can be activated by receptor tyrosine kinases or GPCRs,
PI3KYy the single member of the subclass IB is activated by GPCRs. In addition, class
IA PI3Ks are heterodimer enzymes composed of a p85 regulatory subunit and a p110
catalytic subunit harboring the kinase domain [68]. PIP3 then recruits PDK1 and Akt
(PKB) at the membrane surface which allows phosphate transfer from PDK1 to Akt
(on Thr308). Additional phosphorylation of Akt on Ser473 by mTORC?2 results in
full activation of Akt triggering downstream upregulation of effectors and elicits
cellular processes as proliferation, angiogenesis, survival, and metabolism [69]. In
normal cells, the Akt pathway is tightly regulated by the phosphatase and TENsin
homologue (PTEN) which dephosphorylates PIP3 back into PIP2. In cancer cells,
several activating genetic abnormalities have been detected in the Akt pathway such
as gain of function mutations in PIK3CA gene, which encodes for the pl10a
catalytic subunit of PI3Ka, amplification of the PIK3CA gene, and deletion of the
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Fig. 14 (a) 3D view of p110f /p85 interface. (b) LY-294002 docked in PI3Kf active site
(homology model)

tumor suppressor PTEN gene. Both PIK3CA somatic mutation and PTEN deletions
are in general mutually exclusive [70]. PTEN-deficient cell lines have been demon-
strated to depend on PI3K[ activity as downregulation of the PIK3CB gene by
shRNA led to cell growth and tumor growth inhibitions correlated with pAKT
inhibition. In those cells, PIK3CA gene inhibition induced no effect regarding
phosphorylation of AKT 473-residue [71].

As PTEN is deficient in many cancers including the most prevalent ones and
those associated with the lowest survival rates (e.g., 23% occurrence in lung, 35% in
colon, and 47% in gastric cancers) [72], it was relevant to engage a discovery
program to identify selective PI3Kp inhibitors, expecting a superior safety profile
for such agents compared to the generation of pan-PI3K inhibitors which exhibited
limiting adverse effects in clinical settings [73].

Our drug discovery strategy was to target the ATP site of PI3Kp (p110p) and to
disregard other approaches such as protein-protein interactions inhibition. The
disruption of the p110 P /p85 interface in the activated state of the protein complex
via inhibition of the C2 (p110b) /iSH2 (p85) domains interaction [74] (Fig. 14a) was
investigated but estimated to be of low probability of success due to computed
limited drugability [75].

Sequence similarity analysis of the kinase domains of the four PI3K isoforms
revealed that PI3Kf shares 76% identity with PI3KS9, its closest isoform. Focusing
on the ATP cleft per se, identity reaches 100% with PI3Ka and PI3KS. Only few
residues differ across the four isoforms and are located at the ATP site entrance
(Ser855, Thr856, GIu858, and Asp862) or in the P-loop (Lys777, Asp780, and
Val789). These residues are highlighted in the PI3Kf docking structure established
in complex with LY-294002 [76], a well reported and widely used pan-PI3K
inhibitor (Fig. 14b).
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F F "
F OoH F
0s_N-_N
—_— SN
~ N
[ j I-I(-ZGS?)( 22!\/1I Compound 17 [ j Compound 18
(n 1C50 (nM) 1C50 (nM
PI3Ka : >10000 PI3Ka : 67 P|3Ko(,n )6
PI3KB: 30 PI3KB : 56 PI3BKB : 16
PI3Ks: 851 PI3KS : 11 PI3Ks : 2
PI3Ky : >10000 PI3Ky : 75 PI3Ky : 15

Scheme 5 Hit chemical exploration

It is worth noting that Glu858 is one of the privileged residues [23] of PI3Kp
(“next to hinge” residue) which is mutated in a valine (Val688) in VPS34 (Fig. 15).
Overall, PI3Kp and VPS34 share 27% identity and 40% homology with respect to
the nature of these privileged residues (Fig. 15). It was therefore expected to identify
PI3K inhibitors with no off-target activity on VPS34 (and vice versa).

Rather than embarking in an ab initio drug design approach for hit finding, we
decided to leverage high-throughput screens performed with our in-house compound
collection on PI3Ka and PI3KYy by testing resulting actives on PI3Kf. Among them,
our attention focused on compound 17, a potent inhibitor of PI3Kp (ICsy = 56 nM)
but also vs the other isoforms. Interestingly, compound 17 exhibited structural
resemblance with TGX221 a publicly reported PI3Kp selective inhibitor (Scheme
5). Tested against a panel of kinases, compound 17 showed potency against CDKs in
particular and low nanomolar inhibition of VPS34 as a close analog of the afore-
mentioned compounds 13-16. Replacement of the pyridine group on the
pyrimidinone scaffold afforded compound 18, still a pan-PI3K inhibitor but other-
wise selective vs the other kinases tested, including the CDKs, VPS34, and mTOR,
and except DNA-PK.

Further chemical exploration of this bicyclic pyrimidinone series did not really
succeed in gaining selectivity towards PI3Kf. Fortunately, in an attempt to synthe-
size the malonate derivative 20, excess of reagent 19 offered the pyridinone 21 as a
by-product which was then modified into anilide 22 to reflect TGX-221 structure
(Scheme 6). To our delight, compound 22 turned out to be potent on PI3Kp and
reasonably selective vs PI3K®d [77].
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Fig. 16 (a) Compound 22 co-crystallized in PI3Ky. (b) Compound 23 co-crystallized in PI3K3.
Ligand carbon atoms are colored in orange

To rationalize the observed selectivity and potency, compound 22 was
co-crystallized in PI3Ky, which served as structural platform at the time the com-
pound was synthesized, despite no inhibitory activity measured on this isoform
(ICso > 10 pM). Interestingly compound 22 exhibited a different mode of binding
compared to L'Y-294002, adopting a propeller shape as previously described for the
selective PI3Kd inhibitor PIK-39 in complex also with PI3Ky despite again no
activity on this isoform [78]. In the co-crystal, compound 22 interacted classically
with the hinge Val854 NH residue via the morpholine oxygen, but more interestingly
the phenyl group was projected towards the P-loop in the so-called selectivity pocket
resulting from a movement of Met804 (Fig. 16a), a conserved residue across the
PI3Ks.

Compound 22 and other anilide derivatives suffered from lack of in vivo stability
due to rapid cleavage of the amide bond. We next generated a series of benzimid-
azoles derivatives and identified compound 23 as advanced lead for the project
[77]. The 3D-structure of compound 23 in complex with PI3K& could be obtained
and confirmed the binding mode of 22 observed in PI3Ky. Similarly, the
corresponding methionine residue of YMet804 in the P-loop (*Met752) changed its
conformation compared to its position in the apo-structure, leaving space for the
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Fig. 17 (a) X-ray crystal structure of 24. (b) Outcome of the methyl scan approach

methyl-benzimidazole moiety to bind in the created selectivity pocket delineated on
the other hand by another conserved residue, namely, Trp760. However limited
aqueous solubility and modest on-target potency precluded further development of
compound 23 which chemically evolved then towards the more active but still
poorly water-soluble pyrrolidine derivative 24 (Scheme 7). Improvement of potency
on PI3Kp for 24 was translated into potent pAkt inhibition in PTEN-deficient PC3
cell line, superior to 23 (ICso = 15 nM vs 65 nM). The indoline 24 structure is
associated with a moderate experimental logP (1.4); therefore, the lack of solubility
in the thermodynamic conditions tested was attributed to potentially high-energy
packing forces in its solid form in line with the high melting point value measured
with the produced batch (mp = 285°C).

The X-ray crystal structure of compound 24 was solved from single diffraction
data. Crystal packing analysis underlined the formation of dimers via head-to-tail
alignments through donor-acceptor N — H--O contacts (2.74 A) between
pyrimidone moieties (Fig. 17a). Close interconnection of molecules was further
favored both by indoline n-stacking and indoline/morpholine C — H:--x interactions.
It was then postulated that solubility in the series could be enhanced by introduction
of substituents (e.g., methyl group) which would disrupt such network of inter
molecule interactions. We embarked then in methyl scan chemistry approach
supported by molecular modeling calculations which highlighted several positions
in the 24 chemical structures which would tolerate substitution.
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Table 2 Biochemical activities of compounds (R)-27 and (S)-27 on five kinases, in nM

PI3Ka PI3Kp PI3KS PI3Ky pAkt inh. PC3
COmpOund Structure (IC50) (IC50) (ICSO) (ICSO) (IC50)
(S)-27 1,000 23 468 10,000 49
i
N o
N.
)
(R)-27 569 6 6 3,315 12
o
N.
J

Methylation of the phenyl ring was tolerated by the PI3Kf binding site only in
position 4 (indoline 25a, Fig. 17b), but no improvement of solubility was noticed.
Methylation of the pyrimidinone core (indoline 28) was tolerated regarding activity,
slightly increased solubility compared to 24, but this avenue was dismissed since it
introduced a metabolic hot spot. Methylation in position 3 had no effect in contrary
to position 2 which brought an outstanding improvement of solubility. The racemic
indoline 27 was separated into its two pure enantiomers, and another unexpected
finding was obtained: the (R)-isomer-27 was found equipotent on PI3Kf and PI3KS$,
whereas the (S)-isomer-27 retained selectivity vs PI3KO but at the expense of
activity on PI3Kf (Table 2).

Whereas PI3Kf had been refractory to intensive efforts deployed in house and
elsewhere to find conditions and constructs in order to obtain crystals of the kinase
domain [74], we finally succeeded and reported for the first time the X-ray structure
solved at 2.8 A of a propeller shaped ligand ((S)-27) in complex with p110p (http://
www.rcsb.org/structure/4BFR). Moreover (S)-27 could be also co-crystalized in
PI3KS (2.6 A), and we realized that both co-structures were extremely similar
(Fig. 18) despite one log difference in biochemical activity exhibited by (S)-27
(Table 2) [79].

The two co-structures obtained were otherwise very consistent with those previ-
ously collected in the pyrimidinone series using PI3Ky as a surrogate protein (e.g.,
Fig. 16a) and for other publicly reported propeller-shaped selective ligands
[80]. With respect to PI3Kp, key and common observations were interaction of the
morpholine moiety with the hinge region via the main-chain nitrogen of Val848,
movements of the P-loop Trp781 and Met773 opening a specific pocket where the
indoline moiety stacks.

From these findings emerged the following paradoxes:

1. A similar conformational change can occur across the different PI3K isoforms to
create a specific pocket.

2. Biochemically inactive but propeller-shaped molecules can co-crystallize in
PI3Ks and occupy the so-called selectivity pocket.
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Fig. 19 (a) 24 in PI3KP. (b) (S)-27 in PI3Kp. (c) (S)-27 in PI3KS

3. All the selectivity pocket residues in interaction with the propeller-shaped ligand
are extremely conserved across the PI3K isoforms.

To tentatively rationalize at least the unintuitive observed selectivity profile of
(S)-27 vs (R)-27, we further explored the two 3D co-structures collected with (S)-27
in PI3Kp and PI3Kd and embarked in molecular dynamics simulations, solvent
clustering, and statistical thermodynamic analysis using the WaterMap methodology
[81] in order to investigate the network of water molecules at the vicinity of the
ligand (<7 A) and assess their respective entropy, enthalpy, and free energies
[82]. With this algorithm, regions of high water density are identified as “hydration
sites,” and their corresponding enthalpies and entropies are computed relative to
bulk solvent using inhomogeneous solvation theory.

Using WaterMap calculations, a large number of water molecules were predicted
to be present around the non-methylated ligand 24 (Fig. 19a), but one drew our
attention as it was associated with high positive free energy (+6.0 kcal/mol) and
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Table 3 Calculated free energies of binding in kcal/mol relative to 24 with WaterMap (WM)

Compound AAG WM PI3Kp AAG WM PI3KS
(S)-27 —0.04 0.84
(R)-27 —0.45 -3.59

Fig. 20 Results of watermap calculations performed with (S)-27 bound to PI3Kp (A) and PI3K&
(B). Hydrogen-bond network through water molecules (blue spheres) between Water1 (red sphere)
and ASP856 (in PI3Kf) or ASN836 (PI3K$) is depicted as magenta dashed lines

therefore considered highly unstable [83]. Interestingly, this water molecule (that we
will call Waterl) was computed to be located in proximity to the 2-position of the
indoline core and equi-energetically present in PI3Kd (+5.8 kcal/mol). Visual
inspection of the 3D structure established by WaterMap suggested that any substit-
uent in the indoline 2-position with R or “down” stereochemistry would be perfectly
suited for displacing Waterl leading to gain in free energy of ligand binding.
WaterMap calculations with (S)-27 recapitulated the same observation as for 24;
an unstable water molecule (Waterl) is trapped by the (S)-ligand in the active site
(Fig. 19b) decreasing its affinity (AG) vs the (R)-enantiomer which displaces it
(Table 3). To reinforce the validity of this hypothesis, it is worth mentioning that
computed free energies of binding were aligned in trends with the experimental ITC
values collected (data not shown) not only for 24 and 27 but for a series of
2-substituted indoline analogs [83].

When applied to PI3K3, Waterl was not only retrieved but also estimated to be
even more instable (+6.7 kcal/mol vs +5.9 kcal/mol in the case of (S)-27). However,
the respective free energy values are too similar to quantitatively explain the
observed selectivity pattern of the two enantiomers. A favorable displacement of
the water molecule in PI3K8 compared to PI3kf cannot solely explain why (R)-27 is
more potent and less selective.

To better assess the origin of this selectivity pattern, binding site water molecules
and nearby residues in both PI3Kp and PI3Kd were further analyzed. Water network
originating from the unstable water molecule leads to a pair of residues that differ
between the two isoforms. In PI3Kf, Asp856 is connected to Water 1 through a
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series of intermediate water molecules (Fig. 20a), whereas in PI3KS9, the equivalent
residue is Asn836, which is also located at ~7 A from the ligand and connected to
Waterl via a similar network (Fig. 20b). Due to a more efficient charge transfer
realized with Asp856 compared to the neutral Asn836, translated into more H-bonds
to Waterl, and shortest distances within the water network, PI3Kf better tolerates
the destabilizing influences of the methyl group in the (S)-configuration than PI3KS,
which encloses Waterl in a more hydrophobic environment, leading to the observed
selectivity. Interestingly, this hypothesis reconnects to the privileged residue analy-
sis [23] as Asp856 is one of them.

Compound (S)-27 became eventually SAR301260, a clinical development can-
didate tested in PTEN-deficient cancer patients [84].

6 Conclusions

Through the aforementioned projects which have been described, it was possible to
identify and design very selective kinase inhibitors and dial out off-target affinity vs
close kinase neighbors. If state-of-the art technologies were applied during the
course of those projects (in biophysics, in modeling, etc.), serendipity in screens or
in chemistry remained a significant contributor to these successful drug discovery
programs. Moreover, exquisite selectivity was in certain circumstances rationalized
a posteriori rather than guided (e.g., PI3Kp). Still, the key protein elements or ligand
properties which were identified to obtain and improve selectivity in one case or
another have served subsequent kinase projects in our group and knowledge
increased by experience for better efficiency. It is worth mentioning that other
types of mechanisms of inhibition than acting directly in the conserved ATP cleft
have been rarely explored or exploited in the kinase area [85, 86]. Only few kinases
exhibit a true allosteric site (e.g., ABL) which could have been targeted to design a
more specific generation of kinases inhibitors. In addition, to the best of our
knowledge, approaches which were based on protein-protein interactions inhibition
have failed to afford potent inhibitors except in the case of Akt [87]. Further
investigations in new assay developments for hit-finding based, for example, on
protein conformation changes [88] or in silico calculations to detect potential
additional binding sites [89], should open new avenues for selective and specific
kinase inhibitor discovery and development.
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Abstract Mutated or dysregulated protein kinases represent major oncogenic
drivers in cancer. Due to the general druggability of these potential oncoproteins,
protein kinases have been regarded the most significant drug targets in cancer cells
for the past three decades. Starting with the approval of imatinib for targeting
BCR-ABL in leukemia positive for Philadelphia chromosome, a multitude of dif-
ferent kinase inhibitors have been developed and approved for the market so far.
Additionally, many new compounds with increased efficacy and target specificity
are under development and clinical testing. While several of these compounds allow
for an efficient temporary treatment success in different tumor entities, long-term
cancer control is often limited due to the development of therapy resistance. Thus,
overcoming drug resistance in tumors represents a major challenge for successful
cancer therapies in the future.

A. Moschopoulou, S. Zwirner, L. Zender (P<), and D. Dauch (2<)
Department of Medical Oncology and Pneumology, University Hospital Tuebingen, Eberhard
Karls University Tuebingen, Tuebingen, Germany

German Cancer Research Consortium (DKTK), German Cancer Research Center (DKFZ),
Heidelberg, Germany
e-mail: lars.zender @med.uni-tuebingen.de; daniel.dauch@med.uni-tuebingen.de


http://crossmark.crossref.org/dialog/?doi=10.1007/7355_2020_100&domain=pdf
https://doi.org/10.1007/7355_2020_100#DOI
mailto:lars.zender@med.uni-tuebingen.de
mailto:daniel.dauch@med.uni-tuebingen.de

126 A. Moschopoulou et al.

Keywords Cancer therapeutics, Kinase inhibitors, Protein kinases, Therapy
resistance

Abbreviations

ALL Acute lymphoblastic leukemia

CEL Chronic eosinophilic leukemia

CLL Chronic lymphoblastic leukemia
CML Chronic myeloid leukemia

CNS Central nervous system

CRC Colorectal cancer

DFSP Dermatofibrosarcoma protuberans

ER Estrogen receptor

FDA Food and Drug Administration

GI Gastrointestinal

GIST Gastrointestinal stromal tumor

HCC Hepatocellular carcinoma

HES Hypereosinophilic syndrome
MDS/MDP  Myelodysplastic/myeloproliferative diseases
NRY Non-receptor protein-tyrosine kinase
NSCLC Non-small cell lung carcinoma

PDAC Pancreatic ductal adenocarcinoma

PH Philadelphia chromosome

PNET Primitive neuroectodermal tumor
RCC Renal cell carcinoma

RY Receptor protein-tyrosine kinase

S/T Protein-serine/threonine protein kinase
SEGA Subependymal giant cell astrocytoma
shRNA Short hairpin RNA

T/Y Threonine/tyrosine dual specificity protein kinase

1 Introduction

Over the past 20 years, research revealed that many diseases emerge from impair-
ments in signal transduction. This insight has been used by scientists to unravel
molecular mechanisms that drive complex diseases such as solid tumors, leukemias,
systemic autoimmune diseases, and inflammatory diseases. Hence, biologists, chem-
ists, physicians, and pharmacologists have focused their clinical research toward
development of specific molecules targeting key signaling cascades of these dis-
eases. To this point, most molecules aiming to this direction of treatment represented
protein kinase inhibitors. Kinases are proteins that play a critical role in cellular
signal transduction by phosphorylating downstream targets. Because dysregulation
and mutations of protein kinases play major roles in human diseases, this family of
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enzymes has become one of the most significant drug targets over the past three
decades. It all started in 1978, when the protein kinase c-SRC was found to share
high similarity to a protein from sarcoma virus and act as an oncogene [1]. In
addition, studies in the early 1980s pointed out that hyperactivation of a protein
kinase (protein kinase C) represents a key mechanism for tumor promotion [2]. The
idea to target this group of enzymes therapeutically was also fueled by findings
showing that naphthalene-sulphonamides were able to block kinases [3]. These
molecules were used as a starting point to further synthetize drugs that inhibit protein
kinases.

One of the key experiments for the development of kinase inhibitors was the
crystallization of protein kinase A in 1991. Susan Taylor and colleagues revealed the
structure of the kinase core for the very first time, giving insight into a key element of
all kinases in the genome. This study demonstrated that residues involved in the
binding of ATP were conserved among kinases [4, 5]. The crystal structure of PKA
gave valuable information for the structural function of these enzymes. However,
since core domains of kinases are highly conserved, the idea of selective inhibition
of a protein kinase was also considered to be a major challenge.

Starting from the late 1980s, molecules targeting more than one kinase with
different efficacies were developed. Some years before that, the only purely isolated
tyrosine protein kinases were epidermal growth factor receptor (EGFR) and insulin
receptor. The new molecules were 1,000-fold more potent against EGFR than against
insulin receptor kinase. Interestingly, these drugs were found to be inactive against
serine/threonine kinases [6]. Based on this evidence, scientists could then develop
more inhibitors against these kinases that show structure/activity relationships.

Later on, new findings strengthened the idea of targeted kinase drug develop-
ment. In particular, ATP mimics were found to selectively inhibit platelet-derived
growth factor receptor (PDGFR), while they were not potent against other protein
kinases. In addition, a study in the mid-1990s showed that quinoxalines are potent
inhibitors of PDGFR though not able to interact with EGFR. Accordingly,
quinazolines showed the opposite effect [7, 8]. Based on this finding, years later,
Zeneca developed the inhibitor gefitinib that targets EGFR. Since 1988, when the
first study showing targeted inhibition of the catalytic activity of EGFR was
published, the number of protein kinase inhibitor agents developed climbed steadily.
It is interesting to note that although EGFR and receptor tyrosine-protein kinase
erbB-2 (HER2) share high homology, scientists were able to develop selective
molecules against these targets with low cross-reaction already since 1993 [9].

A breakthrough was the first approval of a protein kinase inhibitor by the FDA
(2001). This molecule was imatinib, firstly developed by Zeneca as a PDGFR
inhibitor. Interestingly, it was later shown that the drug had also high efficacy against
BCR-ABL, making it suitable for treatment of chronic myelogenous leukemia
(CML) and acute lymphocytic leukemia (ALL) patients positive for Philadelphia
chromosome [10, 11]. Since 2001, 48 kinase inhibitors have been approved to the
market (Table 1) [12]. The vast majority are drugs against tyrosine protein kinases
and receptors for the treatment of cancer. Only a few, ten of them, target serine/
threonine kinases. The main difficulty of developing selective agents against serine/
threonine kinases is the high similarity of the ATP-binding domain of these
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enzymes. In addition, more serine/threonine kinases (420) than tyrosine kinases
(90) were found in the human kinome. In the future, the use of different development
strategies along with alternative targeting domains might extend the numbers of
FDA-approved inhibitors [13, 14].

2 EGFR Inhibitors

The epidermal growth factor receptor (EGFR) is a transmembrane protein that acts
as a receptor for ligands of the epidermal growth factor (EGF) family [15]. The
EGFR gene is located at chromosome 7, and the encoding protein product encom-
passes 1,210 amino acids. EGFR is a member of the ErbB family, which is a family
of four similar receptors with tyrosine kinase activity. The family consists of EGFR
or HER1, HER2, HER3, and HER4. EGFR is a cell surface receptor and represents
the starting point of signal transduction mechanisms controlling diverse cellular
responses such as cell proliferation, migration, survival, and apoptosis [16]. Muta-
tions and amplification of the EGFR gene can lead to overexpression of the receptor.
This results in constant kinase activity and uncontrolled activation of downstream
pathways. In breast cancer patients, the incidence of overexpressed EGFR is approx-
imately 10-30% [17]. Apart from breast cancer, upregulated EGFR can also be
found in several other epithelial tumor entities such as lung cancer, prostate cancer,
and squamous carcinomas of head and neck [17-19] (Fig. 1).

In addition, deletion of EGFR can also be found in several malignancies. One of
the most common deletions in the EGFR locus is EGFRvVIII, where exons 2-7 of
EGFR are deleted giving rise to a receptor lacking ligand-binding domain but
remaining constantly active [20, 21]. Amplification of this mutant is present in
gliomas such as glioblastomas with a frequency of 64% (grade IV) but also in
head and neck squamous carcinomas and medulloblastomas [21, 22]. High expres-
sion of EGFR has been also correlated with short survival time of cancer
patients [23].

Lapatinib is an inhibitor of both EGFR and Her2 receptor tyrosine kinases. It was
approved in 2007 for treatment of breast cancer, non-small cell lung cancer
(NSCLC), head and neck cancer, as well as gastric cancer. The use of lapatinib
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Gefitinib (Iressa) Erlotinib (Tarceva) Afatinib (Giotrif)

Fig. 1 Chemical structures of EGFR inhibitors
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can inhibit the signaling of MAPK and PI3K pathways in patients with
overexpressing EGFR and HER2. In particular, the response to lapatinib is linked
to HER2 overexpression. The dual specificity of this drug results in inhibition of
phosphorylation of AKT, RAF, and ERK. Interestingly, breast cancer patients
positive for HER2 amplification with brain metastases are treated with lapatinib in
combination with capecitabine for improvement of survival rates [24—-27]. Gefitinib
is an inhibitor targeting selectively EGFR (Fig. 1). Patients with locally advanced or
metastatic NSCLC experienced beneficial outcome when treated with gefitinib
[28]. In addition, treatment of EGFR mutation-positive NSCLC patients with
gefitinib improved progression-free survival in comparison with chemotherapy.
This was the first study that showed longer progression-free survival of patients
treated with selective therapy compared to classic chemotherapy [29, 30]. Erlotinib
(another kinase inhibitor targeting EGFR) is used for treatment of locally advanced
or metastatic NSCLC (Fig. 1). A clinical study published in 2011 revealed that use of
erlotinib prolongs survival of NSCLC patients, previously treated with first-line
chemotherapy, leading to its approval for this use [31]. In addition, erlotinib
combined with gemcitabine increases overall survival of patients with unresectable
pancreatic cancer positive for mutant EGFR [32]. Despite providing therapeutic
benefit, use of erlotinib has severe side effects such as breathing abnormalities, skin
rush, diarrhea, and cough, and the recommended dosage is close to the maximum
tolerated dose [33].

Afatinib is an irreversible inhibitor of ErbB family of kinase receptors (Fig. 1). As
a first-line treatment of patients with lung adenocarcinoma carrying activating
mutations in EGFR, afatinib increased progression-free survival but not overall
survival, when compared to gefitinib [34]. In addition, the LUX-Lung 6 trial
revealed that patients with advanced lung adenocarcinoma treated with afatinib
had prolonged progression-free survival and time to treatment failure in comparison
with those treated with gemcitabine in combination with cisplatin [35].

3 ALK Inhibitors

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase receptor. In 1994, ALK was
described for the first time as a component of a fusion protein derived from
translocation t2;5 in anaplastic large cell lymphoma [36]. Several years later, the
full length of ALK receptor tyrosine kinase was characterized. It consists of an
extracellular ligand-binding domain, a transmembrane domain, and an intracellular
kinase domain that shares high similarity with the insulin receptor
(ER) [37, 38]. Although the physiological function of ALK is not completely
revealed, it has been described to play a critical role in early embryo development
and neural system development [38—41]. Furthermore, activation of ALK is
involved in activation of PI3K-AKT, CRKL-C3G, MEKK2/3-MEKS5-ERKS,
JAK-STAT, and MAPK signaling pathways [38, 42—45]. Around 3-7% of
NSCLC patients (usually non-smokers) have a particular mutation, where
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Fig. 2 Chemical structures of ALK inhibitors

echinoderm microtubule-associated protein-like 4 (EML4) gene is fused to ALK
gene. This inversion of chromosome 2 results in the expression of the fusion protein
EMLA4-ALK consisting of the N-terminal region of EML4 and the intracellular/
kinase region of ALK [46, 47] (Fig. 2).

The first inhibitor of this category approved by FDA was crizotinib (2011) Fig. 2.
Initially, it was developed as a c-Met inhibitor but is also able to target ALK, proto-
oncogene tyrosine-protein kinase (ROS1), and hepatocyte growth factor receptor
(HGFR) [48]. Profile 10,019 phase-I clinical trial and profile 100,513 showed
significant objective response rates, prolonged progression-free survival, and median
progression-free survival in pretreated ALK-positive (EML4-ALK) NSCLC patients
[49, 50]. Based on this evidence, crizotinib received conditional approval for use
also in Canada, in 2012. Subsequently, phase-III trials revealed superior median
progression-free survival and greater reduction in symptoms related with lung cancer
when treated with crizotinib compared to chemotherapy [51, 52]. The results from
these studies led to full approval of crizotinib marking it as the “gold standard” of
ALK-positive NSCLC.

Ceritinib represents a next-generation ALK inhibitor and showed a higher
potency than first-generation inhibitors such as crizotinib (Fig. 2). Ceritinib showed
a potency in inhibiting ALK-positive NSCLC that were previously treated and
resistant to crizotinib [53]. This finding suggested potency in treatment of mutated
and therapy-resistant ALK tumors. Indeed, phase-I ASCEND-1 trial resulted in
significant overall response rates in patients pre-acquired with both identified and
non-identified resistance mechanisms to crizotinib [54]. An ASCEND-2 phase-II
trial showed beneficial response of ceritinib in patients pretreated with crizotinib or
chemotherapy and with or without brain metastases [55]. These data resulted in the
approval of ceritinib as the first-choice treatment for crizotinib-resistant,
ALK-positive NSCLC patients in 2014. In addition, an ASCEND-5 phase-III trial
confirmed superior response of ceritinib. In this trial, NSCLC patients with brain
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metastases that were previously treated either with crizotinib or platinum-based
chemotherapy were treated with ceritinib or chemotherapy [56]. Finally, ceritinib
demonstrated potency against naive ALK-inhibitor NSCLC patients. The ASCEND-4
study revealed a median progression-free survival of 16.6 months of patients with
advanced ALK-positive NSCLC treated with ceritinib versus 8.1 months of the
chemotherapy-treated group [57]. The results from this study led to approval of
ceritinib in 2017 by FDA as first-line treatment for patients with ALK-positive
NSCLC [58]. Alectinib is another selective ALK inhibitor (Fig. 2). It was approved
by FDA in 2015 for the treatment of NSCLC patients with acquired resistance to
crizotinib (NP28673 and NP28761 phase-II clinical trials) [59, 60]. Later, the
randomized phase-III clinical trial ALEX showed extended beneficial activity of
alectinib in ALK-positive NSCLC patients. In particular, results demonstrated a
superior progression-free survival rate of alectinib compared to crizotinib in naive
ALK-inhibitor patients. In addition, alectinib was found to be less toxic and more
active toward CNS. Only 12% of patients in the alectinib group showed a CNS
progression event compared to 45% of the crizotinib group. Taking into account the
previous results, FDA approved alectinib as first-line treatment of ALK-positive,
metastatic NSCLC in 2017 [58, 61]. Latest additions to the ALK inhibitors’ list
include brigatinib and lorlatinib. Brigatinib is an ALK inhibitor used for NSCLC
resistant to crizotinib (Fig. 2). It has received accelerated approval by the FDA in
2017 after phase-II clinical trial ALTA demonstrated significant results for the
treatment of patients with progressed NSCLC [62, 63]. Lorlatinib was accepted for
the same treatment in 2018 (Fig. 2). Both drugs demonstrate significant intracranial
activity making them very potent in decreasing the formation of brain metastasis
[63, 64]. Phase-III clinical trial CROWN is currently ongoing for comparison of
lorlatinib with crizotinib as first-line treatments [58, 65].

4 VEGFR Inhibitors

More than 40 years ago, the hypothesis of targeting angiogenesis as a tumor therapy
was established [66]. Although many factors are involved in mechanisms leading to
blood vessel formation, activation of vascular endothelial growth factor (VEGF)
pathways was described to be critical in pro-angiogenic signaling. Several types of
solid cancers overexpress VEGF-A, making initially this protein to a highly relevant
target for selective antiangiogenic therapeutic strategy [67, 68]. Another strategy for
inhibiting angiogenesis is the blockage of tyrosine kinase activity of the
corresponding receptors VEGFR1, VEGFR2, and VEGFR3. Many receptor tyrosine
kinase inhibitors targeting VEGFR have been approved so far. Sorafenib, sunitinib,
axitinib, regorafenib, pazopanib, vandetanib, cabozantinib, and lenvatinib are used
for treatment of different solid carcinomas such as renal cell carcinoma (RCC),
hepatocellular carcinoma (HCC), thyroid cancer, pancreatic neuroendocrine tumor,
gastrointestinal stromal tumor (GIST), and metastatic colorectal cancer (CRC)
(Fig. 3). Sorafenib and sunitinib represent pioneer kinase inhibitors for the inhibition
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Fig. 3 Chemical structures of VEGFR inhibitors

of angiogenic signaling in cancer. These multikinase inhibitors were initially
approved for the treatment of advanced renal cell carcinoma. The pivotal phase-IIT
study TARGET resulted in significantly prolonged progression-free survival time of
patients with resistant, advanced renal cell carcinoma when treated with sorafenib.
Sunitinib showed similar results in the randomized phase-III trial, where it was
compared as first-line treatment to subcutaneous injection of interferon-o for treat-
ment of metastatic RCC. Patients of sunitinib group showed improvement in median
progression-free survival and objective response rate [69—72]. Sorafenib and
sunitinib have been also accepted by FDA for treatment of HCC and advanced
pancreatic neuroendocrine tumors, respectively [73, 74] (Fig. 3).

Regorafenib was the first therapeutic agent to show improvement in the overall
survival of patients with metastatic CRC, previously progressed on classic therapies
[75]. Based on these results, regorafenib was approved by FDA in 2012 for treatment
of metastatic CRC. Half a year later, regorafenib was also accepted for the treatment
of advanced GIST [76]. Regorafenib also shows beneficial outcome when used as
treatment of HCC, significantly longer overall survival in second-line HCC patients,
leading to its approval by the FDA for this use in 2017 [77].
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Second-generation =~ VEGFR/multikinase  inhibitors include pazopanib,
cabozantinib, lenvatinib, axitinib, and vandetanib (Fig. 3). All of them have been
approved by the FDA for the treatment of one or several cancer types including
thyroid cancer, RCC, soft tissue sarcoma, and medullary thyroid cancer [78].

5 BCR-ABL Inhibitors

The ABL protein family consists of two members: c-ABL and ARG.
Physiologically, c-ABL is involved in actin remodeling, cell adhesion, motility,
DNA damage response, and microbial pathogen response. In several types of cancer,
deregulation and uncontrolled expression of c-ABL kinase has been described
[79, 80]. When phosphorylated, c-ABL induces activity of downstream targets,
activating ERKS, RAC/JNK, and STAT 1/3 pathways. C-ABL is also a molecular
component driving CML. Translocation of part of chromosome 9 to chromosome
22 (Philadelphia chromosome) leads to the expression of oncogenic fusion protein
BCR-ABL [81] highlighting ABL is an important target for the development of
selective inhibitors. Imatinib was the first kinase inhibitor to be approved by FDA
(2001) (Fig. 4). It is an inhibitor of three different targets: ABL, mast/stem cell
growth factor receptor (tyrosine kinase KIT or CD117), and PDGFR [82]. After
phase-III clinical trial showed improved cytogenetic response rates of CML patients
treated with imatinib, the drug was accepted for treatment of CML in blast, accel-
erated, and chronic phases [83]. Later, in 2002 and 2008, imatinib was approved also
for treatment of GIST both for advanced, metastatic tumors and previously resected
tumors [84, 85]. Unfortunately, imatinib treatment is not successful in around 30%
of patients [86]. The reason is acquired resistance, based on either a reduced cellular
uptake of the drug, an increased activity of efflux transporters, or point mutations
leading to conformational changes of BCR-ABL and therefore to a reduced binding
to imatinib. In addition, resistance is acquired by amplification and overexpression
of BCR-ABL gene [87]. Second-generation ABL inhibitors such as nilotinib,
dasatinib, and bosutinib were developed, in order to overcome mutation-related
resistance (Fig. 4). They were all approved for the treatment of CML: nilotinib
and dasatinib as first- or second-line treatment and bosutinib as second-line therapy
[88]. Nilotinib showed highly promising results because it was potent against almost
all mutations resulting in BCR-ABL-dependent resistance [89]. Dasatinib showed
high potency in patients with chronic phase CML and a faster treatment response
when it was compared to imatinib [90]. Due to its unique structure, dasatinib is also
potent against some conformation-altering mutations of BCR-ABL
[91, 92]. Bosutinib has a much different structure. It was initially designed as a
SRC inhibitor but found to have activity against ABL [93]. Although bosutinib is not
potent against major resistant mutants and does not have high selectivity for
BCR-ABL, it has the benefit to be not sensitive to resistance efflux transporters
and remains in the cells [94, 95]. Therefore, bosutinib is approved for second-line
treatment of CML, while trials that test it as first-line treatment are ongoing [88, 96]
(Fig. 4).
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The only approved third-generation inhibitor against ABL is ponatinib (Fig. 4). It
is a dual SRC/ABL inhibitor that is accepted for the treatment of CML and Ph+ ALL.
The structure of ponatinib was modified accordingly so that is highly potent against
resistant mutants [97]. Clinically, it shows potency in the treatment of progressed
and pretreated Ph+ leukemias. In addition, patients with resistant mutations also
benefit from ponatinib treatment. In the corresponding study with 43 patients har-
boring the abovementioned characteristics, 98% showed a complete hematologic
response and 72% a major cytogenetic response [98]. Finally, ponatinib has proven
to be a valuable alternative to stem cell transplantation in patients with mutant,
advance CML and Ph+ ALL [88, 99].

6 RAF Inhibitors

The RAS/MAPK pathway controls cell growth, proliferation, and survival in a broad
range of different tumor entities. Activation of membrane-associated RAS proteins
(KRAS, NRAS, HRAS) results in a recruitment of RAF proteins (ARAF, BRAF,
and RAFI) leading to a phosphorylation of MEK1 and MEK2 which in turn
phosphorylate and activate extracellular signal-regulated kinase (ERK1 and
ERK?2) (Fig. 5).
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Fig. 5 Chemical structures of RAF inhibitors

RAS represents an important proto-oncogene and a major oncogenic driver. It
was found mutated in around 30% of all human cancer entities [100]. Due to the fact
that RAS proteins do not harbor any cavities for small molecule interaction,
approaches to directly inhibit the function of RAS have not been successful so far.
Therefore, the inhibition of RAS downstream factors such as RAF, MEK, and ERK
has gained interest for the treatment of cancer [100].

RAF monomers are usually inactive, since the N-terminal domain of BRAF
triggers autoinhibition [101, 102]. Upon activation, RAF forms homo- and
heterodimers which induces downstream signaling to MEK. While physiological
RAS activation induces MEK activation mainly via the formation of BRAF dimers
[103], oncogenic RAS often triggers the formation of BRAF-RAF1 heterodimers
[101, 104, 105].

BRAF mutations are present in 8% of all human tumors [106]. They were found
in more than 50% of melanoma patients and were also identified in CRC (5-10%),
hairy cell leukemia (~100%), thyroid carcinomas (25-45%), and, as a rare event,
ovarian and lung cancer [106, 107]. Ninety percent of all BRAF mutations account
for a substitution of valine with glutamic acid at position 600 (V600E) [100]. This
mutation results in a constitutive kinase activity of BRAF monomers and protects
BRAF from ERK-mediated negative feedback signaling [102].

The identification of BRAF mutations as oncogenic drivers led to intensified
efforts in order to develop more selective and potent BRAF inhibitors. This work
yielded in the development of vemurafenib (Zelboraf) and dabrafenib (Tafinlar) as
FDA-approved drugs for the treatment of BRAFY***F-mutated advanced melanoma
[108-110] (Fig. 5).

Vemurafenib is a BRAFY®%F inhibitor with an ICs, of 31 nM, which inhibits also
BRATF proteins with other mutations (V600D, V600K, and V600R) as well as RAF1
(ICsp = 48 nM) [109]. It shows only a low affinity to wild-type BRAF
(ICs50 = 100 nM) [111]. In preclinical treatment studies, vemurafenib was effective
in xenograft models of BRAFY%E_mutated melanoma [108] and showed efficacy
against BRAF-mutated melanoma cell lines [112].

Upon successful phase-I and phase-II clinical trials, a phase-III clinical trial of
vemurafenib was initiated on 675 patients suffering from metastatic, BRAFY?E.
mutated melanomas (who did not receive any treatment before). This trial showed a
median overall survival of 13.2 months for patients under vemurafenib treatment,
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while patients under dacarbazine (as a control) showed only a survival of 9.9 months.
Furthermore, vemurafenib resulted in a significant response in 48.4% of patients
(in comparison with 5.5% in the dacarbazine-treated group) [113, 114].

Although vemurafenib was in general well tolerated by patients, several adverse
symptoms were found upon treatment such as fatigue, nausea, alopecia,
lymphopenia, neutropenia, headache, and diarrhea [113, 115-118].

Dabrafenib was shown to be in general a more potent Raf inhibitor than
vemurafenib. It inhibits BRAFY®?°F with an ICs, of 0.8 nM, wild-type BRAF with
an ICsg of 3.2 nM, and RAF1 with an IC5q of 5 nM [109, 119]. In preclinical assays,
dabrafenib also showed efficacy against BRAF-mutated cell lines and reduced tumor
development in xenograft melanoma mouse models [119]. A phase-III clinical trial
of dabrafenib was performed in a total of 250 patients suffering from BRAFY¢°°E-
mutated metastatic melanoma. While 187 patients received 150 mg dabrafenib twice
per day, 63 patients received dacarbazine treatment [120]. In the dabrafenib-treated
group, 6 patients (3%) showed a complete and 87 patients (47%) partial response,
while 78 patients (42%) displayed a stable disease. In the dacarbazine group, one
patient (2%) showed a complete and three patients (5%) partial response. A stable
disease was seen in 30 patients (48%). The median progression-free survival in the
dabrafenib group was 5.1 months, while dacarbazine-treated patients showed a
progression-free survival rate of 2.7 months.

Side effects found often associated with dabrafenib treatment were pyrexia,
headache, neutropenia, fatigue, thrombocytopenia, leukopenia, asthenia,
hyponatremia, arthralgia, nausea, chills, myalgia, vomiting, diarrhea, and hair loss
[108, 109, 117, 118, 120].

Overall, vemurafenib and dabrafenib induced initial therapeutic effects against
BRAFY®® mutant melanomas. However, the long-term treatment success is limited
due to the development of secondary resistance. Thus, most patients relapse after
1 year of treatment [121]. In addition, other tumor entities with BRAFY%E muta-
tion, such as colorectal, pancreatic, and thyroid cancer, mostly show a primary
resistance to these drugs [122, 123]. It was hypothesized that long-term control of
tumor development by these inhibitors is limited by the fact that they do not
efficiently inhibit the dimerization of RAF and are partly unsuccessful in targeting
BRAF and RAF1 dimers. Thus, BRAF homodimeric or BRAF-RAF1 heterodimeric
signaling can trigger therapy resistance [100-102]. In addition, it was shown that
therapy resistance of RAF inhibition can be also induced by the formation of
different BRAFY®0E splice variants which can form resistant dimers [124].

Of note, RAF inhibitors were also applied in tumors without BRAF mutation. For
example, the previously mentioned multikinase inhibitor sorafenib represents a RAF
inhibitor and showed certain efficacy in the treatment of patients with HCC and
RCC. Sorafenib was approved by the FDA for the treatment of these tumor types
[125-129]. However, development of resistance against sorafenib is a frequent
incident in treated patients.

Sorafenib inhibits RAF1 with an ICsy of 6 nM, wild-type BRAF with an ICs, of
25 nM, and BRAFYF with an ICs, of 38 nM. Of note, it is hypothesized that the
effect of sorafenib is based on a combined inhibition of RAF and other kinases such
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as VEGFR. Sorafenib inhibits VEGFR1 with an ICsq of 26 nM and VEGFR2 with
an ICsg = 90 nM. Other kinases that were found to be influenced by sorafenib are
FLT-3 (ICso = 33 nM), p38 (ICso = 38 nM), RET (ICs5q¢ = 47 nM), c-KIT
(ICs9 = 68 nM), and FGFR1 (ICso = 580 nM) [109, 126, 130]. A phase-III clinical
trial testing sorafenib in advanced HCC (SHARP trial) was performed with
602 patients that were treated either with 400 mg sorafenib twice daily (299 patients)
or with placebo (303 patients) [74, 129]. In that trial, 7 patients (2%) showed partial
response, and 211 patients (71%) had a stable disease in the sorafenib group,
whereas 2 patients (1%) showed partial response and 204 patients (67%) had a
stable disease in placebo group. The median overall survival was 10.7 months upon
sorafenib and 7.9 months upon placebo treatment. Median time to symptomatic
progression was 4.1 months in the sorafenib group and 4.9 months in the placebo
group. In addition, median time to radiological progression was 5.5 months in the
sorafenib group and 2.8 months in the placebo group [109].

As mentioned before, phase-III clinical trials of sorafenib were also conducted
against other tumor entities such as RCC and thyroid carcinoma [74, 128, 131]. In a
trial against radioactive iodine refractory thyroid cancer (DECISION), 417 patients
were treated either with 400 mg sorafenib twice per day (207 patients) or with
placebo (210 patients) [132]. Sorafenib triggered a partial response in 12.2% of
patients which was seen in only 0.5% of patients treated with the placebo. Further-
more, the sorafenib-treated group showed a median overall survival of 10.8 months
compared to 5.8 months in the placebo-treated group.

Adverse effects associated with sorafenib were fatigue, anorexia, hypertension,
nausea, vomiting, alopecia, flushing, constipation, voice change, diarrhea, headache,
joint pain, pruritus, weight loss, hemorrhage (upper GI), neuropathy, stomatitis,
hypophosphatemia, musculoskeletal pain, and abdominal pain [74, 109, 118, 125,
129, 132].

The molecular mechanisms for resistance against sorafenib are complex. It was
shown that activation of p38alpha signaling during sorafenib therapy circumvents
sorafenib-mediated inhibition of Raf in HCC. In line with this, inhibition of
p38alpha improved the outcome of sorafenib in HCC mouse models [133].

For patients that show a progressive disease under sorafenib, recently the RAF
inhibitor regorafenib (which targets also several other kinases, such as VEGFR,
PDGFR) was approved by the FDA [77] (Fig. 5). In the RESORCE trial, 573 patients
that progressed under sorafenib received either 160 mg regorafenib or placebo. The
median survival under regorafenib was 10.6 months compared to 7.8 months under
placebo treatment [77]. Furthermore, regorafenib was approved by the FDA for the
treatment of metastatic colorectal cancer and advanced gastrointestinal stromal
tumor (GIST) [75, 76].
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7 MEK Inhibitors

The observation of therapy resistance and paradoxical ERK activation upon RAF
inhibition resulted in increased effort to develop inhibitors targeting MEK. Several
MEK inhibitors, such as refametinib, selumetinib, cobimetinib, and trametinib, have
been tested in clinical trials for different tumor entities, e.g., NSCLC and melanoma
[134, 135] (Fig. 6).

Also combination therapies of RAF and MEK inhibitors were tested and FDA
approved and were able to further increase the treatment responses in melanoma
patients [136]. In patients with metastatic melanoma, two phase-III trials were
performed in order to test the combination of BRAF inhibitors and MEK inhibitors.
In the COMBI-d trial, 423 patients with BRAFY6 mutations, which were not
treated before, received either dabrafenib in combination with trametinib or
dabrafenib alone [137]. The application of the combination therapy resulted in a
3-year overall survival of 44% compared to 32% in the group that received a
dabrafenib monotherapy. Adverse effects of the trametinib and dabrafenib combi-
nation were pyrexia, fatigue, nausea, headache, diarrhea, rash, and arthralgia
[137, 138].

In addition, also a combination of cobimetinib and vemurafenib was tested in
495 patients with untreated advanced BRAFY°_mutated melanoma (coBRIM trial)
[139]. In this trial, the 3-year rate of relapse-free survival was 58% in the group that
received the combination therapy compared to 39% in the placebo group. The 3-year
overall survival rate was 86% in the combination-therapy group compared to 77% in
the placebo group [139].

In addition, different studies tested also the combination of RAF/MEK inhibitors
with immunotherapies [140].
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8 Next Clinical Developments

The human genome encodes for over 500 kinases which gives ample scope for novel
target finding and drug development in cancer therapy [141]. In addition to the
48 FDA-approved kinase inhibitors, a huge range of potential inhibitors are currently
in clinical or preclinical trials. For example, clinical phase-I trials of compounds
targeting nerve growth factor receptors [142], polo-like kinase 1 [143],
phosphatidylinositol 4,5-bisphosphate 3-kinase delta and gamma [144], protein
kinase B [145], focal adhesion kinase [146], casein kinase II [147], and Aurora
kinases [148] were performed within the last years (Fig. 7).

Notably, the Aurora A kinase inhibitor alisertib could finish two clinical phase-II
trials with promising responses in patients with neuroendocrine prostate cancer
[NCTO01799278] as well as advanced breast cancer and small cell carcinoma of the
lung [NCT01045421] (Fig. 7). However, a phase-III trial in patients with relapsed/
refractory peripheral T-cell lymphoma [NCT01482962] was announced to be
discontinued based on a pre-specified interim analysis by Takeda.

In parallel, the research on PI3K and mTOR inhibiting compounds was heavily
impelled in recent years [13]. In addition to idelalisib which was the first
FDA-approved compound to inhibit a lipid kinase (PI3K$ isoform) [149, 150], in
total seven dual PI3K/mTOR small molecule inhibitors are tested in advanced
clinical trials [13] (Fig. 7). These comprise PKI587 (advanced solid malignancies)
[151], quinacrine (various leukemias) [152, 153], GSK2126458 (colorectal, breast,
NSCLC, and pancreatic cancer) [154], PF04691502 (breast cancer) [155], GDC0980
(mRC) [156], XL765 (breast cancer) [157], and NVP-BEZ235
(glioblastomas) [158].

The oral pan-PI3K inhibitor buparlisib which targets all four isoforms of class I
PI3K was registered for three phase-IIl clinical trials against breast cancer.
Buparlisib was tested in combination with fulvestrant in an advanced breast cancer
study (Fig. 7). Due to the safety profile, the results do not endorse an expansion in
this clinical setting [159, 160].

Interestingly, patients with a PIK3CA mutation have shown a median
progression-free survival of 4.2 months (95% CI 2.8-6.7) after buparlisib treatment
compared to 1.6 months (95% CI 1.4-2.8) in the placebo group. These results
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support the application of PI3K inhibitors combined with endocrine therapy in this
genetic background [160].

Nearly all hallmarks of cancer can be targeted by approved protein kinase
inhibitors. However, there are currently no FDA-accepted kinase inhibitors influenc-
ing genome instability and DNA damage response. The success story of olaparib, a
Poly [ADP-ribose] polymerase 1 (PARP-1) inhibitor, underlines the high potential
of small molecules in this field. In general, the incidence of DNA single- or double-
strand breaks is mainly controlled by the network of ATR/ATM and CHK1/CHK2
signaling pathways leading to active DNA repair mechanisms and cell cycle check-
point regulation [161]. At the moment, two different ATR inhibitors, AZD6738 and
M6620, are tested in clinical phase-II trials with four and six studies. They are
administered in prostate cancer, CLL, recurrent ovarian cancer, progressive meta-
static gastric or gastroesophageal junction cancer, small cell lung carcinoma, as well
as metastatic tumors including RCC, urothelial carcinoma, ovarian cancer, and
PDAC [NCTO03787680, NCT03328273, NCT03641313, NCT03517969,
NCT03682289, NCT02595892, NCT02567409, NCT03462342, NCT02627443,
NCT02487095].

Furthermore, checkpoint kinases are valid targets in DNA damage response. The
CHK1/CHK?2 inhibitor prexasertib is tested in small cell lung cancer, ovarian cancer,
breast cancer, and prostate cancer in phase-II clinical trials [NCT02735980,
NCTO03414047, NCT02873975, NCT02203513] (Fig. 7).

In BRCA wild-type recurrent high-grade serous ovarian cancer, prexasertib could
exhibit clinical activity and was in general well tolerated by treated patients
[162]. Particularly patients with platinum-resistant or platinum-refractory cancer
could profit here from further drug development [162].

9 Challenges

Beside numerous advances of kinase inhibitors, profound understanding of mecha-
nisms in vivo is needed to overcome actual limitations in clinical oncology [13].
Secondary therapy resistance based on kinase mutations is an abundant phenom-
enon arising after kinase inhibition [163]. The diversity of such mutations among
different kinases hampers the overall treatment success in cancer patients
[164]. Acquired resistance is the most common resistance type caused by kinase
inhibitors and relates to tumors that respond to therapy initially but show posterior
resistance to permanent delivered therapy [13]. Secondary resistance can be induced
by changes in the kinase gatekeeper residue since hydrophobic interactions in the
sub-pocket are decisive for the inhibitor binding affinity [165, 166]. The gatekeeper
residue interacts with Type I and Type II kinase inhibitors and sterically influences
inhibitor binding to the hydrophobic region in the binding pocket [167]. In addition
to gatekeeper mutations in BCR-ABL kinases inducing imatinib resistance, numer-
ous other targets are affected by gatekeeper mutations [168—173]. A prominent
example is the T790M mutation in EGFR kinase leading to boosted affinity toward
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ATP that triggers resistance to quinazoline inhibitors as well as gefitinib and
erlotinib [174—-176]. To circumvent drug resistance in the clinic, structural
optimization of small molecule inhibitors is required [13]. In case of mutated
EGFR-induced resistance to gefitinib and erlotinib, newly developed EGFR inhib-
itors can covalently bind to the ATP-binding site of EGFR [177, 178]. That repre-
sents an example for highly selective inhibitors against mutated targets [13].

To further counter kinase inhibitor resistance, scientists break fresh ground with
innovative strategies. In the context of gatekeeper mutations, currently developed
inhibitors are going to accept varying amino acids at the gatekeeper mutation site
[179, 180]. In a second approach, kinases will be targeted at alternative binding sites
to avoid the ubiquitous ATP-binding pocket by a presumable unique cavity
[181, 182]. Apart from that, also indirect kinase targeting via inhibition of kinase
transformers would be a valid option to overcome resistance [183].

An additional clinical challenge represents the reduction or elimination of critical
toxicities associated with kinase inhibitors, such as proteinuria, skin reactions,
hypertension, or cardiotoxicity [184, 185].

Well-known examples are associated side effects of BCR-ABL inhibitors, includ-
ing cytopenia, cardiotoxicity, and cardiac sequela. HER2 and ALK inhibition cause
gastric problems and dermatological irregularities. EGFR inhibition is linked to
dermatological issues, and VEGFR inhibition can trigger cardiotoxicity [186, 187].

To exclude toxicities triggered by off-target binding of the inhibitor, more
specific therapeutic strategies are required. RNA interference is not only a powerful
tool for specific gene knockdown in basic research, but it also raises expectations as a
therapeutic approach to inhibit crucial players in cancer such as kinases [13]. How-
ever, since important drug targets cannot be efficiently eradicated by RNA interfer-
ence so far, clinical resistance to kinase inhibitors will continue to be an important
challenge to kinase-associated therapies [13, 188].

Altogether, the development of clinical relevant kinase inhibition has just started,
but the rapid progress in the development of molecular technologies and engineering
raises confidence for further success stories.
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Abstract Receptor tyrosine kinases (RTKs) are cell-surface proteins that trigger
key cellular responses, such as survival, proliferation, differentiation, migration, and
cell-cycle control. As increased activity, abundance, and/or cellular distribution of
wild-type and mutant forms of RTKs is often associated with tumor establishment,
growth, and progression, several drugs directed to clinically relevant RTKs have
entered the pharmaceutical market since the beginning of the twenty-first century,
representing innovative approaches for cancer treatment. The modulation strategies
include small-molecule tyrosine kinase inhibitors (TKIs), targeting the ATP-binding
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site of the intracellular TK domain, and monoclonal antibodies directed to the
extracellular domain, interfering with RTK activation and/or marking
RTK-expressing cells for destruction by the immune system. Even though these
drugs clearly represented an impressive breakthrough in the therapy of
RTK-addicted tumors, resistance development and detection of refractory tumors
have given rise to novel therapeutic challenges, pushing the drug discovery process
forward. This chapter focuses particularly on the discussion of several case studies
on the development of small-molecule tyrosine kinase inhibitors (TKIs) directed to
EGFR, VEGFR, and PDGFR, clinically relevant RTKs, and the subset of advances
in this field.

Keywords Cancer, Epidermal growth factor receptor (EGFR), Platelet-derived
growth factor receptor (PDGFR), Receptor tyrosine kinases (RTKs), Tyrosine
kinase inhibitors (TKIs), Vascular endothelial growth factor receptor (VEGFR)

1 Receptor Tyrosine Kinases and Inhibitors

Receptor tyrosine kinases (RTKs) are cell-surface proteins that trigger key cellular
responses, such as survival, proliferation, differentiation, migration, and cell-cycle
control [1, 2]. All RTKs belonging to 20 subfamilies encoded by human genome
share a common structural architecture, comprising an extracellular (EC) agonist-
binding domain, a single transmembrane helix, and a cytoplasmic subunit with a
juxtamembrane (JM) region and a tyrosine kinase (TK) domain, which is in turn
subdivided into the ATP-binding region (TK1) and the phosphotransferase region
(TK2) [1, 3, 4].

Particularly the TK domain is responsible for transferring the terminal phosphate
of adenosine triphosphate (ATP) to the corresponding substrates. This catalytic
domain contains a typical bilobal architecture connected by the so-called hinge
region, located in the cleft between these two lobes (Fig. 1). The adenine core of
ATP forms two hydrogen bonds with the hinge amino acid backbone, while the
phosphate and ribose groups of ATP are directed to the solvent-accessible surface
area through a hydrophilic channel, while the side chain of the so-called gatekeeper
residue defines the total volume of the ATP-binding pocket among different kinases
[5-7]. The conformational topology of the glycine-rich region (GXGXXG) in the N-
lobe, also known as flexible phosphate-binding loop (P-loop), is considered to be a
structurally determinant factor for the pocket configuration. Moreover, kinases
present an activation loop (A-loop), which starts with a flexible conserved amino
acid sequence Asp-Phe-Gly (DFG). Since the A-loop has flexible variations in size
and sequence, its conformation is critical for modulating kinase catalytic activity
[6, 8].
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Fig. 1 (a) Tyrosine kinase domain with a typical bilobal architecture connected by the so-called
hinge region, located in the cleft between the N-lobe and the C-lobe. (b) Kinase ATP-binding
pocket with the conserved amino acid sequence Asp-Phe-Gly (DFG) in the active DFG-in and the
inactive DFG-out conformations. The backbones of hinge and gatekeeper residues are also
highlighted
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The active DFG-in conformation of a kinase is characterized by the conserved
DFG Asp residue facing the ATP-binding site. This Asp coordinates to Mg>* ions,
forming a bridge contact with the ATP’s triphosphate group, while the side chain of
the Phe residue is contained in a hydrophobic adjacent pocket (Fig. 1) [5, 7].

In turn, in the so-called DFG-out conformation, the side chain of Asp is placed
away from the ATP pocket through a rearrangement of the DFG loop, preventing
ATP binding and prompting the phenyl ring to leave the aforementioned adjacent
hydrophobic pocket (Fig. 1) [5, 9].

Several cancer types are associated with genetic modifications or abnormalities in
RTKs, resulting in increased activity, abundance, and/or cellular distribution. There-
fore, many efforts have been dedicated to the search of novel drugs able to block or
attenuate RTK signaling pathways, with a number of RTK inhibitors already
approved by the US Food and Drug Administration (FDA) [2, 7, 10].

The modulation strategies include small-molecule tyrosine kinase inhibitors
(TKIs), targeting the ATP-binding site of the intracellular TK domain [7, 10], and
monoclonal antibodies directed to the extracellular domain, interfering with RTK
activation and/or marking RTK-expressing cells for destruction by the immune
system [1].

TKIs can be, in turn, subdivided according to their preferential interactions with
active DFG-in or inactive DFG-out target conformations. Type I TKIs interact in and
around the ATP-binding region of the target in a DFG-in conformation, performing
hydrogen bonds with the hinge residue and additional hydrophobic and electrostatic
interactions with the adjacent amino acid residues, which can differ between the TK
family members [11]. In contrast, type II TKIs bind and stabilize the inactive
DFG-out conformation of the target RTK, not only interacting with the
ATP-binding site but also occupying the adjacent hydrophobic pocket available in
this conformation as an allosteric binding site (Fig. 1) [6, 7]. This chapter focuses
particularly on the discussion of several case studies on the development of small-
molecule tyrosine kinase inhibitors (TKIs) directed to clinically relevant RTKs and
the subset of advances in this field.

2 Epidermal Growth Factor Receptor (EGFR)

Epidermal growth factor receptor (EGFR, ErbB-1, HER-1) is a RTK member of the
ErbB receptor family, which is related to cellular growth, differentiation, and
survival. The other members of the ErbB RTK family are ErbB-2 (HER-2), ErbB-
3 (HER-3), and ErbB-4 (HER-4) [12, 13]. The EGFR activation process is initiated
by extracellular ligand recognition, inducing receptor dimerization with formation of
homodimers of EGFR or heterodimers between EGFR and other ErbB family
members [14, 15], among which ErbB-2 (HER-2) is the most common EGFR
heterodimerization partner [16].

Ligands of the EGFR extracellular binding domain comprise epidermal growth
factor (EGF), transforming growth factor alpha (TGF-a), amphiregulin (AR), epigen
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(EP), B-cellulin (BTC), heparin-binding EGF (HB-EGF), and epiregulin (EPR)
[17, 18], and the main signaling pathways triggered by EGFR activation are PI3K/
AKT and MAPK and indirectly IL-6-mediated STAT activation [19, 20].

Deregulation of EGFR activity is associated with more aggressive epidermal
tumors, e.g., lungs, pancreas, breast, colon, and head and neck, and with poor
prognosis [21, 22], usually as a consequence of receptor overexpression, ligand
overproduction, and/or constitutive receptor activation due to point mutations or
other genetic alterations [23-27].

In this context, scientific efforts were extensively dedicated to enable the phar-
macologic modulation of EGFR activity through the inhibition of its catalytic
domain with small molecular weight TKIs. Subsequent approval of several drugs
from this class by FDA demonstrated their clinical efficacy in different tumor types
[28]. However, challenges for the near future of this therapeutic strategy have also
emerged, as discussed throughout this chapter.

2.1 FDA-Approved EGFR Inhibitors

Currently six small molecular weight TKI drugs (1-6) are approved by FDA for
treating patients with tumors related to EGFR-deregulated activity (Fig. 2)
[7, 10]. Gefitinib (1; ZD1819; Iressa™; AstraZeneca), erlotinib (2; CP-258,774;
Tarceva™; Roche), and afatinib (§; BIBW2992; Giotrif™; Boehringer Ingelheim)
are approved by FDA for treatment of patients with non-small cell lung cancer
(NSCLCQ). In late 2015, osimertinib (6; AZD9291; Tagrisso™; AstraZeneca) was
approved as breakthrough therapy to treat NSCLC with no clinical benefits from
prior EGFR TKIs [29].

Lapatinib (3, GW572016; Tykerb™; GlaxoSmithKline) has as a primary indica-
tion for the treatment of breast cancer patients with HER-2 overexpression and with
no response to first choice drugs. In turn, vandetanib (4, ZD6474; Caprelsa™,;
AstraZeneca) is approved to treat medullary thyroid cancer [30-32].

The 4-anilinoquinazoline moiety has been extensively explored for the last
decades in TKI drug discovery projects, especially for EGFR inhibition [33]. Notice-
ably, five of six approved EGFR TKI drugs have in common this privileged scaffold
in their chemical structure (Fig. 2).

2.2 Development of 4-Anilinoquinazolines as EGFR
Inhibitors

The history of the development of 4-anilinoquinazoline derivatives as EGFR inhib-
itors begins in the 1990s during research efforts undertaken at Zeneca Pharmaceu-
ticals. Through a virtual screening approach using Zeneca Company Compound
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Fig. 3 First examples of 4-anilinoquinazoline EGFR inhibitors described in literature during the
1990s: 4-(3-chloroanilino)quinazoline (7, CAQ) from Zeneca Pharmaceuticals and PD153035 (8)
from Parke Davis Laboratory
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Fig. 4 The influence of substituents at quinazoline carbon 4 (C4), highlighted in orange, on EGFR
inhibitory activity

Collection, researchers were able to identify compound 4-(3-chloroanilino)
quinazoline (7, CAQ) as an ATP-competitive inhibitor with high affinity to EGFR
(Ki = 16 nM) (Fig. 3) [34].

Simultaneously, researchers from Parke Davis Laboratory described compound
PD153035 (8; Fig. 3) as a highly potent ATP-competitive EGFR inhibitor
(IC50 = 30 pM) presenting an outstanding selectivity profile against other tyrosine
kinases, e.g., platelet-derived growth factor receptor (PDGFR), fibroblast growth
factor receptor (FGFR), insulin receptor (IR), and colony-stimulating factor-1 recep-
tor (CSF-1R) [35].

As selectivity represents a major concern in the development of ATP-competitive
protein kinase (PK) inhibitors, these data shed light on a brand-new world, where
potent and selective compounds would be able to be designed and developed for
treating disorders related to the deregulation of these proteins.

During the following years, the structure-activity relationship (SAR) of
4-anilinoquinazolines for EGFR inhibition and their selectivity against other kinases
were better understood through a ligand-based drug design (LBDD) approach.

Rewcastle and colleagues studied the influence of substituents at quinazoline
carbon 4 (C4) for the EGFR inhibitory activity (Fig. 4), exploring the homologation
strategy of molecular modification. The aniline (9) and benzylamine (10) derivatives
are equipotent EGFR inhibitors, while phenylethylamine derivative 11 is about ten
times less potent. By contrast, the N-methylated derivative 12 loses its EGFR
inhibitory potency, demonstrating the requirement of a secondary amino group in
the anilinoquinazoline moiety [36].
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Table 1 Enzymatic and cellular EGFR inhibitory potencies for the selected 4-anilinoquinazoline
derivatives [37]

1Cso EGF-stimulated KB Basal EGF-stimulated KB cellular
Compound (M) cells (uM) KB cells (pM) selectivity

0.55 12.5 38 3.04

N 1 >12.5 25 not determined

N 0.04 1.2 15 12.5

N 0.5 3.6 6 1.67
0
_N
HN
14 \©\
Cl
0.02 0.8 12.5 15.6

Subsequently, Wakeling and coworkers described the influence of substituents in
the aniline moiety on EGFR inhibition (Table 1), based on enzymatic and cellular
assays. The determination of cellular activity in EGF-dependent cells and selectivity
against EGF-non-dependent cells was performed through the inhibition of KB cell
line proliferation when stimulated and non-stimulated by EGF [37].

Among the chlorine-substituted derivatives (7, 13, 14), the most potent com-
pound is the previously described meta-chloro analogue (7, CAQ). Moreover, the
meta-bromo derivative 15 was identified in the KB cell line assay as the most potent
and selective from this series (Table 1) [37].

Intending to explore the role of nitrogen atoms in the heteroaromatic core, several
nitrogen-containing bicyclic aromatic systems with the meta-bromo-aniline substit-
uent were also evaluated for EGFR inhibition (Fig. 5). The 4-anilinoquinazoline
moiety was identified as an ideal heteroaromatic bicyclic system, suggesting that the
particular substitution pattern is favorable for interaction with the target protein and
that electronic aspects might also be considered once the electron density of the N1
atom differs between the quinazoline, quinoline, isoquinoline, cinnoline,
phthalazine, benzo[d][1,2,3]triazine, and quinoxaline bicyclic systems [36].
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Fig. 6 The influence of alkoxy substituents in the quinazoline moiety, highlighted in magenta, on
EGFR inhibition

The substitution pattern of the quinazoline core was also explored. Initially,
monosubstituted and disubstituted derivatives bearing nitro, amino, and methoxy
groups were evaluated, highlighting the impressive potency of the 6,7-dimethoxy
analogue PD153035 (8; IC5o = 29 pM) in comparison with other monosubstituted
and disubstituted members of the congener series [36, 38]. An additional study with
dimethoxy, methylenedioxy, and trimethoxy derivatives proofed the pivotal role of
6,7-dialkoxy groups as substituents in the quinazoline moiety for EGFR inhibition
(Fig. 6) [39].

It is important to keep in mind that subtle modifications in the chemical structure
of protein kinase inhibitors (PKIs) might affect not only the potency for the target
kinase but also the selectivity of compounds toward the kinome. For instance,
methylation of the aniline nitrogen of derivative 27 led to a loss of EGFR (~80
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Fig. 8 Structural modifications performed in C6 alkoxy substituent of the EGFR inhibitor 29 in
order to improve physical-chemical properties and optimize oral bioavailability, originating from
gefitinib (1; ZD1819; Iressa™; AstraZeneca) as the first EGFR inhibitor approved for clinical use in
EGFR-addicted tumors

times) and p56ICk (more than 10 times) inhibitory potencies, but, on the other hand,
the N-methyl analogue 28 gained significant potency on CSF-1R (Fig. 7) [40-42].

Gefitinib (1; ZD1819; Iressa™; AstraZeneca; Fig. 2), the first EGFR inhibitor
approved for clinical use in EGFR-addicted tumors, was discovered in a research
effort for clinical development of novel 4-anilinoquinazoline derivatives with ade-
quate oral bioavailability for once-a-day administration [43].

Aiming to optimize the pharmacokinetics of the already described
6,7-dimethoxy-4-anilinoquinazoline inhibitor 29, modifications in the C6 substitu-
ent were performed in order to improve physical-chemical properties (Fig. 8).
Derivative 29 presents satisfactory metabolic stability with reduced clearance in
mice and high in vitro potency in enzymatic IC5o = 9 nM) and cellular assays
(EGF-stimulated KB cells ICsy = 80 nM).

The introduction of a para-fluorine is a well-known strategy to improve meta-
bolic stability of bioactive compounds and clinical candidates, protecting the C4
position from aromatic hydroxylation and ensuring a lower metabolic lability
[44, 45].

It is important to mention that during hit-to-lead optimization other parameters
besides potency are considered for the selection of the best compound for further
clinical development, including oral bioavailability, distribution, clearance, and
metabolic stability. In this context, even though more potent EGFR inhibitors were
known, derivative 29 was selected for additional SAR studies, considering adequate
plasmatic concentrations achieved 6 and 24 h after oral administration [43].

Among all C6-modified alkoxy derivatives, those bearing a cyclic morpholine
side chain were equipotent in the enzymatic assay (30 ICso = 20 nM and
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1 ICs¢ = 23 nM), presenting the most promising results from the series. However,
compound ZD1839 (1) with a longer spacer in the C6 side chain was selected as this
analogue presented high and sustained blood concentration after oral administration
and was more potent than 30 in the cellular assay (ICsqo = 80 x 380 nM, respec-
tively; Fig. 8) [43].

Preclinical studies confirmed the antitumor efficacy of ZD1919 (1), later named
gefitinib (Iressa™), in animal xenograft models, and early phase I clinical trials
established the adequate oral bioavailability of 1 in a once-a-day dose regimen [46].

Since EGFR crystallographic data were not yet available, Palmer and colleagues
constructed an in silico structural model [47] using as background the previous SAR
studies and the crystal structure of a cAMP-dependent protein kinase [48]. According
to this model, the 4-anilinoquinazoline derivatives would interact with the EGFR-
ATP-binding site through hydrogen bonds with specific amino acid residues and
nonpolar interactions within a hydrophobic pocket at the hinge region neighborhood.
H-bonds between the hinge methionine residue 793 (M793) and the quinazoline N1
atom and between the side chain of the gatekeeper threonine residue 790 (T790) and
the quinazoline N3 atom were suggested. In turn, the aniline moiety would fit into a
hydrophobic pocket non-occupied by ATP, and this particular interaction was
supposed to confer selectivity for EGFR inhibition within the kinome [47].

Analyses of previous results also indicated that a polar interaction with M793
would be more important than one with T790 residue, as the 4-anilinoquinoline
derivative 16 presented significant EGFR inhibitory activity while the
2-anilinoisoquinoline derivative 17 did not (Fig. 5).

Five years later, in 2002, a co-crystallized structure of EGFR with a
4-anilinoquinazoline inhibitor was finally obtained and elucidated. Erlotinib (2;
CP-258,774; Tarceva™; Roche, Fig. 2), the inhibitor present in the mentioned
crystal structure (Protein Data Bank code: 1M17), was originally described in
1997 as a potent and selective ATP-competitive EGFR inhibitor (EGFRi) [49].

Compound 2 has an acetylene group at the meta position of the aniline ring,
which is twisted in an angle of 42° in relation to the quinazoline moiety and is placed
inside a hydrophobic pocket in the binding region, performing nonpolar interactions
with T790, K745, and L788 amino acid residues. As already anticipated by Palmer
[47], the quinazoline N1 acts as a hydrogen bond acceptor to the amide hydrogen of
the M793 residue backbone. Additionally, the quinazoline N3 atom interacts with
the side chain of the gatekeeper residue T790 through a water-bridged H-bond, and
both C6 and C7 substituents are directed to a solvent-exposed region in the outer area
of the protein [50] (Fig. 9).

Gefitinib (1; ZD1819; Iressa™; AstraZeneca) and erlotinib (2; CP-258,774;
Tarceva™; Roche) were initially approved in 2003 and 2004, respectively, as
third-line therapies for patients with metastatic or advanced NSCLC who did not
respond to chemotherapy with docetaxel and platinum-based antineoplastic drugs
[51-53]. These EGFRi are currently being approved as first-line therapies for
treatment of metastatic NSCLC characterized by the occurrence of EGFR-activating
mutations.
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Fig. 9 Binding mode of erlotinib (2; CP-258,774; Tarceva™; Roche) to the EGFR kinase domain
elucidated by co-crystallization with the target protein

2.3 EGFR Inhibitors for Non-small Cell Lung Cancer
(NSCLC) Treatment

The 4-anilinoquinazoline EGFRi gefitinib (1) and erlotinib (2) represented an
impressive innovation in NSCLC therapy. However, clinical responses differ sig-
nificantly among the treated patients. Over the last years, clinical data have demon-
strated a clear connection between therapy responsiveness to first-generation EGFRi
and the existence of mutations in this protein [54].

EGFR mutations may be beneficial for treatment when associated with enhanced
response rates and antitumor efficacy but may also be deleterious when related to
drug resistance and clinical inefficacy [55]. For this reason, genetic diagnostic
testing has become an important tool for the identification of patients tending to be
more responsive to a specific EGFRi [56, 57].

Among NSCLC patients, only 10-20% respond to EGFRI first-generation drugs.
The most common EGFR genetic alterations associated with a better clinical out-
come are the point mutation L858R in exon 21, with the change of a leucine for an
arginine residue, and the amino acid deletion 746750 in exon 19 [55, 58]. First-
generation EGFRI present higher affinity for EGFR| gsgg and EGFR 4¢1747.750 than for
EGFR wild-type (EGFR,,), and NSCLC patients harboring these mutations conse-
quently show a better treatment response to these drugs [59, 60].

Moreover, after 10—14 months of treatment, initially responsive patients usually
become resistant to these drugs. A single-point mutation in the gatekeeper threonine
residue to a methionine (T790M) and an EGFR gsgr/m790Mm double-mutant form are
commonly associated with this acquired resistance. The T790M-mutated EGFR is
more frequent in advanced tumors and can be observed in approximately 60% of
resistant patients [61, 62]. It is worth mentioning that gatekeeper mutations of other
protein kinases, e.g., Abl (T315I), PDGFRA (T6741I), c-KIT (T670I), and ALK
(L1196M), have already been described as common causes for clinical resistance
to inhibitors [63, 64].
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Several studies were performed in an attempt to elucidate the precise molecular
reason behind the resistance development in T790M-mutated EGFR. Initially, the
loss of affinity observed for EGFRIi gefitinib (1) and erlotinib (2) was associated with
steric constraints in the binding pocket due the substitution of the smaller threonine
by the bulkier methionine residue, hampering a proper interaction with the
ATP-binding site [65]. However, crystallographic data revealed no significant dif-
ferences in the crystal structures of gefitinib (1) co-crystalized with EGFR,,, and
EGFR| gssr/T7oom- These experimental results weakened the steric clash
hypothesis [66].

Subsequently, Yun and colleagues demonstrated that the lower potency of
gefitinib (1) and erlotinib (2) for EGFR179g\ inhibition was actually a consequence
of an altered enzymatic kinetic. These authors clearly showed that ATP has a higher
affinity for EGFR,, and EGFR79gy When compared to the sensible EGFR; gsgr-
mutated form. Consequently, competitive reversible inhibitors, e.g., gefitinib (1) and
erlotinib (2), have shorter residence times and are easily displaced by ATP in the
clinical nonresponsive EGFR variants. On the other hand, as ATP has a lower
affinity for EGFR| gsgR, first-generation EGFRI result in a better clinical outcome
for patients harboring this EGFR mutation [60].

Moreover, these data indicate that NSCLC patients harboring EGFR179g\ OF
EGFR| gsgr/T790Mm are not expected to respond adequately to treatment with first-
generation EGFRi drugs, highlighting the critical need for the discovery of novel
inhibitors active against these mutated forms [62, 67, 68].

2.4 Second-Generation EGFRi and the Strategy
to Circumvent Resistance Development Mediated by
EGFR T790M Mutation

Some years after the first reports of acquired resistance to gefitinib (1) mediated by
EGFRT790m mutation, Kwak and coworkers suggested the benefits of designing
irreversible EGFRi to overcome this issue, due to their ability to inhibit diverse
EGFR mutant forms, including EGFR9gn\ [69]. The proposed irreversible inhibition
would take place in two steps, comprising the formation of an initial reversible
ligand-receptor complex, through complementary molecular recognition and
induced fit of the ligand to the target protein, followed by a reaction between an
electrophilic group in the structure of the EGFRi and a nucleophilic amino acid to
generate a covalent bond. Usually, the nucleophilic amino acid contains a hydroxyl
or thiol side chain, while the electrophilic site consists of a reactive chemical scaffold
placed in a strategic position in the ligand structure after considering the chemical
reactivity of the nucleophile and the topology of the target binding site [70-72].
The longer residence time observed for covalent inhibitors would be enough to
inactivate the target protein until its de novo synthesis, allowing wider dosage
intervals. Moreover, permanent inhibition of EGFR mutant forms and slow
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Table 2 Alignment of a primary amino acid sequence fragment among ErbB family members,
highlighting the cysteine residue conserved in EGFR (ErbB-1), HER-2 (ErbB-2), and HER-4
(ErbB-4)
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Fig. 10 First examples of EGFR covalent inhibitors described in literature by [77] (31-32), [78]
(33-35), and [79] (36=37). The covalent binding acrylamide moiety is highlighted in purple and the
solubilizing basic propoxymorpholine substituent in green

resistance development were expected to be relevant advantages of EGFR covalent
irreversible inhibitors over ATP-competitive reversible inhibitors [73—75].

At that moment, the easy access to crystallographic data of EGFR,,, and mutant
forms provided the basis for planning novel irreversible EGFRi through the
structure-based drug design (SBDD) approach. Careful analysis of EGFR primary
amino acid sequence and of its ATP-binding site tridimensional structure indicated
the possibility of exploring a specific cysteine residue at position 797 (C797) for the
design of selective covalent inhibitors, as C797 is not conserved among other protein
kinase families. Actually, only EGFR (ErbB-1), HER-2 (ErbB-2), and HER-4
(ErbB-4) present this cysteine residue in an analogue position around the hinge
region, and the proposed covalent inhibitors were expected to inhibit these ErbB
family members, according to the data depicted in Table 2 [76].

At the end of the 1990s, Fry’s research group described for the first time EGFR
covalent inhibitors (Fig. 10) demonstrating their inhibitory mechanism by using
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washout experiments, mass spectrometry, and mutagenesis assays [77]. Among the
synthetized derivatives, PD168393 (31), substituted with an acrylamide moiety at
quinazoline C6, presented an ICs, of 0.70 nM and a faster EGFR kinetic inactivation
in comparison with the C7-substituted regioisomer 32, which had shown a similar
inhibitory potency (ICsy = 0.45 nM).

Additionally, even though covalent inhibitors usually raise some questions
concerning selectivity, safety, and the possibility of adduct formation with
off-targets, PD168393 (31) was demonstrated to be selective for EGFR, showing
no inhibitory activity against several other PKs, e.g., platelet-derived growth factor
receptor (PDGFR), fibroblast growth factor receptor (FGFR), protein kinase C
(PKC), and insulin receptor [78].

Subsequently, a novel series of quinazoline (33) and pyrido[d]pyrimidine
(34-35) EGFR covalent inhibitors was described (Fig. 10), and despite the similar
enzymatic inhibitory potencies, the quinazoline derivative 33 showed selectivity to
inhibit the proliferation of A431 cell line, which overexpresses EGFR, while pyrido
[d]pyrimidine derivatives 34-35 were equipotent or even selective to the MDA-MD-
435 cell line, overexpressing HER-2. Compound 33 presented promising preclinical
results in tumor xenograft animal models, but solubility issues had hampered its
clinical development considering the relevance of this molecular property for phar-
macokinetics and in vivo activity [78]. To overcome these issues, the same research
group in Parke Davis Laboratory designed novel EGFR covalent inhibitors bearing
basic moieties at quinazoline C7, which would be easily protonated in vivo, keeping
the acrylamide moiety at C6 [79].

According to enzymatic and cellular assays, the propoxymorpholine substituent
(36-37) was identified as the most promising among the evaluated structural mod-
ifications (Fig. 10). The pyrido[d]pyrimidine derivative 37 showed lower hydrolysis
stability and a higher reactivity to glutathione in comparison with quinazoline 36.
The more stable and less reactive derivative 36 also demonstrated a higher potency
both in cellular and mouse xenograft models [79]. Compound PD 183805 (36), later
named canertinib, was then selected for clinical development as a pan-ErbB family
covalent inhibitor, but it was discontinued during phase II clinical trials due to
unacceptable skin toxicity [80].

Simultaneously, researchers from Wyeth Pharmaceuticals were working on a
series of compounds harboring basic sites at the C6 substituent close to the covalent
reactive group (Fig. 11) aiming to optimize their aqueous solubility [81]. Moreover,
the basic tertiary amines at quinazoline C6 would act as in situ catalysts for cysteine
side chain thiol group deprotonation improving the reactivity of this atom to covalent
bond formation; and a protonated basic group would increase, by inductive effect,
the electrophilicity of the -carbonyl nucleophilic carbon [82].

Several tertiary amines linked to butynamides (38), crotonamide (39) and
butenamide (40) were evaluated in enzymatic and cellular assays [81]. According
to the oncogene addiction phenomenon, which describes the dependency of certain
tumor cells on a specific oncogenic protein, if the corresponding target or signaling
pathway is inhibited, an antiproliferative effect would be observed [83]. The cellular
assays employed A431 EGFR overexpressing cells; SKBR3 HER-2 overexpressing
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Fig. 11 EGFR covalent inhibitors (38—40) developed by Wyeth Pharmaceuticals. The covalent
binding moiety is highlighted in purple and the solubilizing basic substituent in green

cells, which also overexpress EGFR to a lower extent; and the SW620 cell line. The
inhibitory potency against SW620 tumor cells, with no alteration in EGFR and
HER-2 expression rates, was used as a cytotoxic selectivity parameter [81]. For
this reason, the TK inhibitors 38—40 were expected to inhibit selectively the EGFR
and/or HER-2 overexpressing cell lines (Fig. 11).

Butenamide 40 was chosen as the inhibitor with best potency and selectivity
combination. This derivative was evaluated in mouse xenograft models based on
A431 tumor cell line, presenting high efficacy after oral administration. Structural
optimization gave rise to afatinib (5; BIBW2992; Giotrif™; Boehringer Ingelheim),
which is 100 times more potent than gefitinib (1) for inhibition of the clinical
resistant EGFR| gsgr/T790m mutant form [84]. This drug is a pan-ErbB inhibitor
with significant activity on EGFR,, and EGFR mutant forms. Phase I clinical data
detected as major adverse effects skin rash, acne, and diarrhea, also observed for
first-generation EGFRI as a result of EGFR,, inhibition [85-87].

As you would expect for a covalent inhibitor, experimental data showed that
when the crotonamide double bond of drug 5 was replaced by a simple bond,
generating derivative BI37781 (41), a significant loss of potency against
EGFR| gsss5r/T790m, HER-2, and HER-4 was observed (Fig. 12) [88].

Afatinib (5; BIBW2992; Giotrif™; Boehringer Ingelheim) was approved in 2013
for treatment of NSCLC patients expressing EGFR mutant forms. This drug
represented a breakthrough in NSCLC treatment as the first 4-anilinoquinazoline
derivative bearing an electrophilic reactive group able to form a covalent bond with a
cysteine residue conserved in EGFR, HER-2, and HER-4. However, this compound
frequently induces adverse effects related to EGFR,,, covalent inhibition, such as
skin rash and diarrhea [89, 90].

In late 2015, a new covalent inhibitor, osimertinib (6; AZD9291; Tagrisso™,;
AstraZeneca), was approved by FDA for the treatment of NSCLC patients resistant
to first- and second-generation drugs. This novel EGFRi, classified as third-
generation, is supposed to induce less adverse skin effects, acting as a selective
inhibitor of EGFR-harboring T790M mutation [91, 92].

As life is not a bed of roses, a point mutation at cysteine residue 797 (C797S) has
recently been described in NSCLC patients [93]. This C797S mutation abolishes the
antitumor efficacy of second- and third-generation EGFRIi that act through covalent
inactivation of EGFR. On the other hand, novel mutant selective competitive and
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allosteric EGFRIi have recently been described and are currently being considered as
the new promises for a short future in the fight against NSCLC [94-96]. Since the
approval of the first EGFR inhibitor, gefitinib (1; ZD1819; Iressa™; AstraZeneca),
in 2003, time has shown that the therapeutic challenges for EGFR inhibition keep
changing and pushing the drug discovery process into a new direction.

3 Vascular Endothelial Growth Factor Receptors
(VEGFRs)

Vascular endothelial growth factor receptors (VEGFRs) are RTKs implicated in
vascular development, angiogenesis, and lymphangiogenesis, which are activated by
their natural ligands, i.e., the vascular endothelial growth factors (VEGFs). VEGFRs
are classified as VEGFR-1, VEGFR-2, and VEGFR-3, differing from each other in
their cellular roles, distribution, and ligand-specific recognition [6].

VEGFR-1, also known as FMS-like tyrosine kinase 1 (Flt-1), is expressed in the
cell surface of blood endothelial cells, as well as in monocytes and hematopoietic
and smooth muscle cells. VEGFR-1 activation mediates hematopoietic precursors’
recruitment and monocytes’ and macrophages’ migration, playing an important role
in early inflammation. For this reason, VEGFR-1 signaling is considered as crucial
for rheumatoid arthritis progression [6, 97].

Subtype VEGFR-2, also known as kinase insert domain receptor (KDR) or fetal
liver kinase (Flk-1), is expressed in vascular endothelial cells, megakaryocytes, and
neuronal and hematopoietic stem cells. VEGFR-2 is a key regulator of
vasculogenesis during embryonic development and of angiogenic processes during
adult life, participating in wound healing, diabetic retinopathy, rheumatoid arthritis,
psoriasis, inflammatory disorders, tumor growth, and metastasis [6, 97].
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In turn, VEGFR-3, also known as Flt-4, is located on lymphendothelial cells,
inducing proliferation and survival [98-100].

3.1 VEGF and Angiogenesis

Tumor growth and metastatic dissemination demand previous formation of new
blood vessels from an existing vascular network, in a process known as angiogen-
esis. As a consequence of neovascularization, solid tumor cells receive the oxygen
and nutrients necessary for their survival and growth and also become able to
migrate through blood circulation, establishing distant metastases [101, 102].

Under physiologic conditions, especially during the female reproductive cycle
and wound healing, a fine balance between pro-angiogenic and antiangiogenic
factors takes place. On the other hand, pathological angiogenesis can be found in
several diseases, such as rheumatoid arthritis, age-related macular degeneration,
proliferative diabetic retinopathy, atherosclerosis, and postischemic vascularization
of the myocardium. Mainly in solid tumors, the dynamic balance between pro- and
antiangiogenic factors is disrupted, with a clear overexpression of pro-angiogenic
mediators, providing an ideal condition for neovascularization and tumor metastasis.
Therefore, the inhibition of angiogenesis is well-established as a promising strategy
in the development of novel antitumor drugs [103-105].

Fibroblast growth factors (FGFs), platelet-derived growth factors (PDGFs),
tumor necrosis factor alpha (TNF-o), angiogenin, cyclooxygenase-2 (COX-2),
interleukin-8 (IL-8), neptine, and vascular endothelial growth factors (VEGFs) are
known positive modulators of angiogenesis. Among them, VEGFs are highlighted
as the most important, being implicated in physiologic and pathological angiogen-
esis [104, 106]. VEGF expression and release are regulated by environmental
factors, such as hypoxia and pH; by other growth factors, such as PDGF, TNF-a,
transforming growth factor-f, and insulin-like growth factor-1, among others; by
cytokines, such as IL-6 and IL-1; and by hormones, such as estrogen. VEGF
overexpression has been associated with poor prognosis and progression of several
tumor types, e.g., renal cell carcinoma; colorectal, gastric, and pancreatic carcino-
mas; breast, prostate, and lung cancers; and melanoma [104, 107].

The VEGFs family comprises six structurally related proteins: VEGF-A, VEGF-
B, VEGF-C, VEGF-D, VEGF-E, and the placental growth factor (PIGF). VEGF-A,
usually mentioned only as VEGEF, is the most important growth factor among this
family and represents the most potent pro-angiogenic endothelial chemoattractant
released by cancer cells [108], mediating this effect mainly by VEGFR-2
activation [97].
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3.2 VEGFR-2 Structural Characteristics

First isolated by Terman and colleagues in 1991, VEGFR-2 belongs to the 7-1g/5-Ig
RTK superfamily, being closely related to previously described class IIl RTKs, e.g.,
platelet-derived growth factor receptors (PDGFRs), colony-stimulating factor-1
receptor (CSF-1R), and c-KIT receptor [109]. The human VEGFR-2 gene encodes
a full-length protein of 1,356 amino acids, comprising an extracellular (EC) domain
with seven immunoglobulin-like (7-Ig) motifs, a short transmembrane (TM) helix,
and the cytoplasmic subunit. VEGFR-2 is originally translated as a 150 kDa protein,
giving rise to the mature 230 kDa form located in the cell surface after a series of
glycosylations [6, 109—113].

Ligand binding induces receptor dimerization and autophosphorylation of spe-
cific intracellular tyrosine residues (Fig. 13), culminating in VEGFR-2 activation
and cell signaling through the intracellular tyrosine kinase (TK) domain. Several
intracellular proteins are phosphorylated by this RTK, including phospholipase Cy
(PLCYy), phosphatidylinositol 3-kinase (PI3K), p38 mitogen-activated protein kinase
(p38 MAPK), and Ras protein. These signaling proteins trigger downstream path-
ways that result in increased endothelial cell proliferation, migration, and survival
and vascular permeability, culminating in angiogenesis [6, 109-113].

3.3 VEGFR Inhibitors

The assumption that solid tumors are not able to grow beyond 2 mm in diameter and
are not able to spread to distant sites without developing a vascular supply, provided
by angiogenesis, has indicated the relevance of VEGFR inhibitors (VEGFRIi) as
therapeutic tools for cancer treatment. In fact, the efficacy of VEGFRi has been
demonstrated in several preclinical models and in human clinical trials. As previ-
ously mentioned, therapeutic approaches to block the VEGF/VEGFR signaling
pathway include those designed against the extracellular ligand-binding domains
of VEGFR, such as monoclonal antibodies, and the small-molecule tyrosine kinase
inhibitors (TKIs) [10, 114, 115]. From the perspective of this chapter, only the latter
approach, i.e., VEGFR TKIs, will be discussed.

The resolution of co-crystal structures of small-molecule TKIs with VEGFR-2
has provided clear structural evidence regarding their general binding mode, guiding
the further design of novel VEGFR-2 inhibitors. In general, the majority of known
VEGFR-2 TKIs bind to the kinase domain through three key hydrogen bonds with
specific amino acid residues, i.e., the backbone NH of hinge residue Cys 919; the
backbone NH of Asp 1046 of the conserved DFG motif; and the side chain
carboxylate of Glu 885. Moreover, a lipophilic pocket defined by residues Ile
888, Leu 889, Ile 898, Val 899, Leu 1019, and Ile 1044 is usually involved in
hydrophobic interactions with ligands’ nonpolar subunits. Finally, hydrophilic con-
tacts with a solvent-exposed region can also be observed for those inhibitors bearing
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Fig. 13 Simplified signal transduction pathway mediated by VEGF-A binding to VEGFR-2,
inducing receptor dimerization and autophosphorylation of specific intracellular tyrosine residues.
PLC-y phospholipase C-y, PKC protein kinase C, eNOS endothelial nitric oxide synthase, NO nitric
oxide, Ras rat sarcoma (it is a small GTPase), Raf rapidly accelerated fibrosarcoma, MEK MAPK/
ERK kinase, ERK extracellular regulated kinases, p38 p38 mitogen-activated protein kinase, HSP27
heat-shock protein 27, PI3K phosphoinositide 3-kinase, PIP3 phosphatidylinositol (3,4,5)-
trisphosphate, AKT Protein kinase B (PKB) (also known as Akt), mTOR mammalian target of
rapamycin

a long terminal solubilizing chain, such as in the structure of nintedanib (48; Fig. 14)
[6, 116, 117].

It is worth mentioning that all approved VEGFR inhibitors in clinical use
(Table 3), and many others in different stages of drug development, present weak
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Table 3 Small-molecule VEGFR TKIs approved by FDA and their ICs values against VEGFR
subtypes

Inhibitory profile against
VEGER subtypes (ICso in nM)
VEGFR- | VEGFR- | VEGFR-
Drug Company Main targets 1 2 3
Sorafenib Bayer/Onyx | VEGFR, c-KIT, Raf, 26 90 20
PDGFR-$
Sunitinib Pfizer VEGFR, c-KIT, Raf, PDGFR, | 15 38 30
Flt3, CSR-1F
Pazopanib GSK VEGFR, c¢-KIT, PDGFR, 10 30 47
FGFR, c-Fms
Vandetanib AstraZeneca | VEGFR, EGFR 1,600 40 100
Nintedanib Boehringer | VEGFR, FGFR PDGFR 34 21 13
Ingelheim
Axitinib Pfizer VEGFR, c-KIT, PDGFR-p 1.2 0.25 0.29
Cabozantinib | Exelixis VEGFR-2, Met, Ret, c-KIT N.D. 0.035 N.D.
Flt-3, Tie2
Regorafenib | Bayer VEGEFR, c-KIT, RET, Raf-1 13 4.2 46
PDGFRp
Lenvatinib Eisai VEGFR, RET, PDGFR, 22 4 5.2
FGFR, c-KIT

to moderate selectivity among VEGFR subtypes (VEGFR-1, VEGFR-2, and
VEGFR-3), with exception of cabozantinib (46, Fig. 14), a potent and selective
inhibitor of VEGFR-2 (Table 3) [7, 10, 118, 119]. Nevertheless, VEGFR subtype
selectivity is not considered an essential requirement for clinical efficacy and safety.
In fact, VEGFR-2 and VEGFR-3 dual inhibition is considered strategic to prevent
blood and lymphangiogenesis, respectively. Furthermore, known VEGFR TKIs are
usually not selective against other tyrosine kinases closely related to VEGFR-2, such
as PDGFRs, CSFIR, and c-KIT receptors (Table 3), and are commonly referred to as
multi-kinase inhibitors.

As can be noted from structures depicted in Figs. 14 and 15, different heterocyclic
scaffolds are employed in the development of new VEGFR TKI drug candidates,
including quinazolines, quinolines, pyrimidines, pyridines, indolinones, indazoles,
pyrrolo-triazines, pyridazines, and quinolinones, and these rings are usually
involved in the hydrogen bond interaction with the hinge amino acid residue.
These scaffolds are properly decorated with the introduction of substituents able to
perform complementary interactions with specific amino acid residues in the
ATP-binding site of VEGFRs, exploring the hinge region (adenine pocket), the
DFG sequence, the hydrophobic adjacent pockets, and the solvent-exposed region.
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Fig. 15 Examples of VEGFR TKIs on clinical trials as anticancer drug candidates

3.4 Lenvatinib Story Case

Lenvatinib (49; E7080; Lenvima™; Eisai; Fig. 15) is the most recent VEGFR TKI
approved by FDA for clinical use in cancer treatment. This drug actually consists an
oral multi-kinase inhibitor that selectively inhibits VEGFR 1-3 and other
pro-angiogenic and prooncogenic receptor tyrosine kinases, including fibroblast
growth factor receptors 1-4 (FGFR1-4), platelet-derived growth factor receptor-o
(PDGFR-a), c-KIT, and RET. Compound 49 is a quinoline-functionalized derivative
belonging to the general formula depicted in Fig. 16, which was first described as a



178 L. M. Lima et al.

H H
NN N_N
o Re DGV
(o] (o]
[o] o (o]
o N” 0 N7
R, CH, 49
general formula | Lenvatinib

Fig. 16 General formula I of a quinoline-functionalized congener series, highlighting the VEGFR
TKI lenvatinib (49) able to inhibit tube formation from vascular endothelial cells stimulated by
VEGF, FGF2, or HGF

VEGFR TKI able to inhibit tube formation from vascular endothelial cells stimu-
lated by VEGF, FGF2, or HGF [120].

Lenvatinib (49) was granted Orphan Drug Designation for thyroid cancer by the
health authorities in Japan in 2012, followed by Europe and the USA in 2013. The
first application for marketing authorization was submitted in Japan in June 2014. In
2015, US FDA approved lenvatinib (49) for treatment of patients with locally
recurrent or metastatic, progressive, radioactive iodine-refractory differentiated thy-
roid cancer. More recently, in 2016, FDA approved this drug in combination with
everolimus, an mTOR inhibitor, for treatment of advanced renal cell carcinoma.

3.4.1 3D Structure and Kinetic Profile

The X-ray analysis of the crystal structure of VEGFR-2-lenvatinib complex, at a
resolution of 1.57 A, demonstrated that lenvatinib (49) binds to VEGFR-2 in a
DFG-in conformation, characterizing a particular binding mode for this inhibitor in
comparison with known VEGFR-2 type II TKIs, which bind and stabilize the
inactive DFG-out conformation of the target RTKs, such as sorafenib (42) and
regorafenib (47).

The binding site of drug 49 is situated in the hinge region, i.e., in the cleft between
N-terminal and the C-terminal lobes (Fig. 1). This inhibitor completely occupies the
adenine ring-binding site (Fig. 17), performing a strong hydrogen bond between the
backbone NH of hinge residue Cys 919 and the nitrogen of the quinoline ring.
Additional hydrogen bonds between the urea subunit and the backbone of Asp1046
and the side chain of GIu885 are observed, as well as between the amide group
linked to the quinoline scaffold and Asn923, in this case bridged by water molecules
(Fig. 17) [121].

It is important to notice that in the VEGFR-2-lenvatinib complex (Fig. 17), the
small cyclopropyl substituent of the urea moiety is performing a CH-pi interaction
with the phenyl ring of the DFG Phe1047 residue, this interaction being essential for
the favored recognition in a VEGFR-2 DFG-in conformation. Other urea type II
inhibitors, such as sorafenib (42) and regorafenib (47), present larger aromatic
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and gatekeeper residue in green. (b) Simplified representation of VEGFR-2-lenvatinib complemen-
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substituents in the urea moiety, inducing a favored recognition in a VEGFR-2
DFG-out conformation with the phenyl ring of Phel047 located outside of the
adjacent hydrophobic pocket.

Kinetics studies revealed a dissociation constant (Kd) of 2.1 4+ 0.1 nmol/L
between lenvatinib (49) and VEGFR-2 and a residence time of 17 & 2 min. When
compared to sunitinib (43), a classical VEGFR-2 type I TKI, with a residence
time < 2.9 min, compound 49 clearly shows a prolonged residence time and a faster
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association rate (ko, = 4.8 x 10° + 1.4 x 10%. This experimental evidence
demonstrated that this compound doesn’t fit in the classical type I or type II inhibitor
definition, presenting a distinct binding mode able to interact with the neighboring
allosteric pocket of VEGFR-2 in a DFG-in conformation [121, 122].

3.4.2 Pharmacokinetic Profile

Lenvatinib (49) is rapidly absorbed (t,.x is typically 1-4 h post-dose), and
co-administration with food slows the rate (t.x is delayed by 2 h), but not the
extent, of absorption. The drug is extensively metabolized, and in vitro and in vivo
studies have shown this drug to be eliminated via both liver and kidney, primarily by
excretion in bile, with a half-life of approximately 28 h and oral clearance of
4.2-7.1 L/h [123, 124]. Although earlier in vitro studies indicated that oxidative
metabolism of lenvatinib (49) would be primarily be mediated by CYP3A4, this
does not appear to be a major pathway involved in drug clearance, since no
significant changes were observed in the metabolism profile of healthy volunteers
concomitantly treated with ketoconazole, a potent and specific inhibitor of
CYP3A4 [125].

Lenvatinib (49) demonstrated high (98-99%) binding to human plasma proteins,
mainly albumin, in vitro and a blood-to-plasma concentration ratio that ranged from
0.589 to 0.608. It is considered a substrate for P-glycoprotein (P-gp) and breast
cancer-resistant protein (BCRP), but not for organic anion transporters (OAT1 and
OAT3), organic anion transporting polypeptides (OATP1B1 and OAT1B3), organic
cation transporters (OCT1 and OCT?2), or the bile salt export pump. Moreover, this
drug presents a low potential for drug-drug interactions based on clinical
studies [126].

3.4.3 Pharmacodynamic Profile

As already mentioned, lenvatinib (49) is a potent multi-kinase inhibitor. The most
sensitive kinases, with half-maximal inhibitory concentration (IC50) values below
10 nM, include VEGEF receptors (VEGFR 1-3) and RET. The second most sensitive
group includes FGF receptors (FGFR1-4), PDGFR-a, and ¢-KIT with IC50 values
below 100 nM (Table 4). All targets are typical pro-angiogenic and oncogenic
pathway-related receptor tyrosine kinases (RTKs). This drug potently inhibits
VEGF-driven KDR phosphorylation in human umbilical vein endothelial cells
(HUVECs) and inhibits VEGF-driven HUVEC proliferation and tube formation.
Lenvatinib (49) exhibited weak direct antiproliferative activity in vitro against
several human cancer cell lines, showing a typical response for an antiangiogenic
agent. However, this drug presents potent antitumor activity against a number of
human cancer cell lines in mouse xenograft models which is clearly mediated via
angiogenesis inhibition [120, 127-129].
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Table 4 Receptor tyrosine Kinase ICs (nM)

i:;’j;‘:fnf‘; (d;‘;)g targets for VEGFR-3 (FLT4) 23
VEGFR-2 (KDR) 3.0
VEGFR-1 (FLT1) 46
RET 6.4
FGFR-2 27
PDGFR-a 29
FGFR-4 43
FGFR-3 52
FGFR-1 61
-KIT 85

IC50 half-maximal inhibitory concentration, FGFR fibroblast
growth factor receptor, PDGFR-a platelet-derived growth factor
receptor alpha, VEGFR vascular endothelial growth factor recep-
tor, RET rearranged during transfection (the receptor for GDNF
family ligands), ¢-KIT a transmembrane protein with tyrosine
kinase activity encoded by the oncogene c-kit, also referred to as
stem cell factor receptor or CD117

Lenvatinib (49) has demonstrated antiangiogenic and/or antitumor properties in
preclinical in vitro and in vivo studies, showing promising anticancer activity in
11 human thyroid cancer xenograft models derived from the following human cell
lines: (a) differentiated thyroid cancer (DTC) — the most prevalent type of thyroid
cancer; (b) medullary thyroid cancer (MTC); and (c) and anaplastic thyroid cancer
(ATC) — one of the most deadly human diseases with prevalence below 2%. The
broad antitumor activity observed for most of the human thyroid cancer models is
attributed to the potent antiangiogenic effect, as a result of a multiple inhibition of
RTKs that play an essential role in the development of tumor-dependent angiogen-
esis, e.g., VEGFR-2, PDGFR, and FGFR [128, 129].

Particularly, the efficacy of lenvatinib (49) in patients with radioiodine-refractory
differentiated thyroid cancer (RR-DTC) was established based on a randomized,
double-blind, multinational phase III SELECT study, in which this anticancer drug
significantly improved median progression-free survival (PFS) and the overall
response rate when compared with placebo. The beneficial effect of lenvatinib (49)
on PFS was also seen across all pre-specified subgroups including those based on
sex, race, geographic region, prior or no prior VEGF-targeted therapy, age (aged
<65 or >65 years), histological (sub)type, and baseline TSH level [130, 131]. Taken
together, these clinical findings validate lenvatinib (49) as an oral active multi-kinase
inhibitor with potential to modify the role of systemic treatment in the management
of patients with radioiodine-refractory thyroid cancer, representing an exciting
therapeutic option to RR-DTC treatment.
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3.4.4 Safety Profile

The safety and tolerability profiles observed for orally administered lenvatinib (49)
in the SELECT clinical study were consistent with those of VEGF-VEGFR-targeted
therapies and mostly manageable through dose modifications and standard clinical
interventions [123, 130, 131].

Most frequent treatment-related adverse events (TRAEs) occurred in 75.9% of
lenvatinib (49) recipients versus 9.9% of placebo recipients including hypertension,
proteinuria, diarrhea, fatigue or asthenia, decreased appetite, decrease in
bodyweight, nausea, and stomatitis. In the SELECT trial, the incidence of grade
>3 TRAE:s in the lenvatinib-treated group was as follows: hypertension (42.9%);
proteinuria (10.0%); arterial thromboembolic effects (2.7%); venous thromboem-
bolic effects (3.8%); renal failure (including acute renal failure; 1.9%); hepatic
failure (0.4%); gastrointestinal fistula (0.8%); and corrected QT prolongation
(1.5%). Dose interruptions and reduction of lenvatinib (49) were most commonly
due to diarrhea (22.6% of patients), hypertension (19.9%), and proteinuria (18.8%);
discontinuation of treatment was most commonly due to development of hyperten-
sion (1.1%) and asthenia (1.1%) [128, 130].

4 Platelet-Derived Growth Factor Receptor (PDGFR)

The platelet-derived growth factor (PDGF) family consists of four polypeptide
members (A-D) that can generate disulfide-bonded homodimers or the heterodimer
PDGF-AB [132]. PDGF dimers bind to the platelet-derived growth factor receptor
subtypes PDGFR-a and PDGFR-f, inducing receptor dimerization and culminating
in intracellular autophosphorylation and activation [133].

PDGFRs belong to the 7-Ig/5-Ig RTK superfamily, being characterized by an
extracellular (EC) domain containing five immunoglobulin-like (5-Ig) motifs typical
from the type III subclass of RTKs [3, 4].

PDGF-AA, AB, BB, and CC are able to bind to receptor aa-homodimers; PDGF-
BB and DD to receptor Bp-homodimers; and PDGF-AB, BB, CC, and DD to
receptor of} heterodimers [133]. The platelet-derived growth factor (PDGF) isoforms
and their receptors (PDGFRs) play key roles in the regulation of several cellular
processes, e.g., survival, growth, and motility of mesenchymal cells, such as fibro-
blasts, pericytes, and smooth muscle cells; embryonal development; as well as tissue
repair and homeostasis in adults [133, 134].

PDGFR-«a signaling is mainly related to the development of several tissues and
organs, e.g., the lungs, intestine, skin, kidney, bones, and neuroprotective tissues. On
the other hand, PDGFR-f signaling is recognized as essential for early hematopoi-
esis and blood vessel formation [135]. During angiogenesis, the recruitment of
pericytes, which represent the cells in charge of supporting and stabilizing the
vasculature, is mainly driven by activation of PDGFR-f [134]. This receptor also
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induces vascular endothelial growth factor (VEGF) expression [136]. Furthermore,
both PDGFR-a and PDGFR-f are related to the development of novel lymphatic
vessels [134].

4.1 PDGFR and Tumorigenesis

PDGFs and their receptors (PDGFRs) act as important mediators of tumor growth
and invasion through direct effects on tumor cells, as well as on their surrounding
microenvironment [132]. PDGFs are largely produced by different types of solid
tumors, inducing stroma formation and angiogenesis in order to ensure nutrient and
oxygen supplies [137]. Several tumors are associated with genetic alterations that
culminate in constitutive activation of PDGFRs. The overexpression of these RTKs
can be detected directly in tumor cells or in tumor-associated pericytes and stroma
cells [134]. PDGFR-f expression by pericytes mediates their recruitment and proper
integration in tumor vessels [137].

Moreover, the higher expression and activation of PDGFRs in solid tumors
contribute to an increase in the interstitial fluid pressure (IFP), causing tumor
interstitial hypertension (TIH), which reduces the permeability from the capillary
into tissue, thus decreasing the diffusion of anticancer drugs [136, 137].

Consequently, PDGFR inhibition is considered a promising therapeutic approach
for anticancer treatment, as it is supposed to control tumor growth by directly
targeting tumor cells and by decreasing angiogenesis, and is also associated with
higher chemotherapy delivery and exposure [133, 134, 136].

4.2 PDGFR Role in Several Tumor Types

Prominent expression of PDGFs and PDGFR-« in human glioma cells suggests the
relevance of this signaling pathway in gliomagenesis and disease progression
[132]. Simultaneous expression of PDGFR-o/p was detected in around 60% of
human colorectal carcinoma samples [138, 139]. High stromal expression of
PDGFR-p is also observed in breast cancer and associated with tumor aggressive-
ness and poor prognosis [138, 140]. Additionally, PDGFR-f is frequently
upregulated in primary and metastatic prostate cancer cells [133].

Moreover, PDGFR gain-of-function mutations and derived fusion proteins are
implicated in several tumor types. Suzuki and coworkers demonstrated that PDGFR-
f carrying the gain-of-function mutation D849N in the activation loop accelerates
the establishment of B16 melanoma in a murine model of this disease [137]. These
PDGFR genetic alterations and their role in myeloid malignancies and gastrointes-
tinal stromal tumors (GISTs) represent the most relevant examples described in
scientific literature so far.
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4.2.1 Myeloid Malignancies

Myeloid malignancies are stem cell-derived clonal disorders and comprise three
different categories: acute myeloid leukemia (AML), myelodysplastic syndrome
(MDS), and myeloproliferative neoplasms (MPN). Both PDGFR-« (gene PDGFRA
located on chromosome 4q12) and  (gene PDGFRB located on chromosome 5q31—
q32) are linked to myeloid malignancies [141]. In 1994, a fusion protein containing
the tyrosine kinase domain of PDGFR-p (tel-PDGFRp) was associated with a
subtype of MDS, ie., the chronic myelomonocytic leukemia (CMML)
[141, 142]. Later, in 2003, a fusion of the Fip1-like 1 (FIP1L1) gene to the PDGFRA
gene generated by an interstitial deletion on chromosome 4q12 was identified as a
marker of the hypereosinophilic syndrome, a rare hematologic disorder with
sustained overproduction of eosinophils in the bone marrow [143]. Moreover, the
FIP1L1-PDGFRA fusion gene was also identified in rare cases of acute myeloid
leukemia and T-cell acute lymphoblastic leukemia [144]. The generated fusion
protein FIP1L1-PDGFR-a is constitutively activated [143].

4.2.2 Gastrointestinal Stromal Tumors (GISTs)

Gastrointestinal stromal tumors (GISTs) are the most common mesenchymal tumors
of the gastrointestinal tract, most of them (~80%) presenting activating mutations in
the c-KIT receptor tyrosine kinase [145—147]. Around 50% of GISTs are metastatic,
usually to liver or peritoneum [148]. In 2003, a study from Heinrich and coworkers
demonstrated that around 40% of GISTs lacking c-KIT mutations present activation
mutations in a related receptor tyrosine kinase, i.e., PDGFR-«, indicating that
mutations in these RTKs represent mutually exclusive oncogenic mechanisms in
GISTs. Moreover, these authors concluded that tumors expressing c-KIT or
PDGFR-a oncoproteins were indistinguishable regarding the activation of down-
stream signaling pathways [147, 149].

Among PDGFRA-mutated patients, the most common mutation (~60%) was
located in the exon 18, producing an activation loop with a valine instead of the
conserved aspartic acid at codon 842 (PDGFR-a D842V) [145, 147, 149]. Another
gain-of-function mutation of PDGFR-« in GIST was described by Hirota et al. [150],
comprising the substitution of Val-561 to Asp (PDGFR-a V561D) at the
juxtamembrane domain (exon 12). These authors also demonstrated that mutated
PDGFR-a D842V and V561D represent constitutively activated forms of this RTK
[150]. From then on, several other PDGFR-a mutations affecting the activation loop
(exon 18), the juxtamembrane domain (exon 12), or the tyrosine kinase domain
(exon 14) have been described for GIST patients [145].
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4.3 PDGFR Inhibitors

Considering the relevance of the PDGFR pathway for tumor establishment, growth,
and aggressiveness, the development of PDGFR inhibitors has become a promising
therapeutic approach in cancer treatment. This inhibition is achieved by three main
strategies, i.e., antagonism with specific antibodies directed to the protein extracel-
lular (EC) domain; sequestration of PDGF isoforms by soluble extracellular parts of
the receptors, preventing their binding to cellular PDGFRs; and direct inhibition of
the enzymatic activity by the well-known TKIs [133].

Several potent inhibitors of PDGFR kinase activity are available for therapeutic
use (Fig. 18) or under preclinical and clinical evaluation [7, 10]. Up to now, none of
the approved inhibitors are highly selective for this target, but, in turn, they inhibit
several structurally related tyrosine kinases, showing particular selectivity profiles
depending on their binding modes to the TK domain [3, 133].

The first PDGFR inhibitor approved for clinical use was imatinib (60), which also
inhibits the stem cell receptor c-KIT and Abl kinases. However, imatinib (60)
treatment in PDGFR-dependent tumors has recurrently been associated with primary
and secondary resistance and disease progression. Second-line drugs include
approved multi-kinase inhibitors, such as sorafenib (42) and sunitinib (43)
(Fig. 18). For instance, sunitinib (43, SU11248; Sutent™; Pfizer) was approved by
FDA in 2006 for imatinib-refractory GIST patients, although not all imatinib-
resistant patients benefit from this drug [3, 148, 151].

Moreover, considering the relevance of PDGFRs as therapeutic targets for cancer
treatment, selective drug candidates rationally designed to act as PDGFR inhibitors
are under development in ongoing clinical trials. The most advanced prototype is
crenolanib (63; Fig. 20), a TKI designed to target PDGFRa/p [152] which is
currently in clinical development for acute myeloid leukemia (AML), gastrointesti-
nal stromal tumor (GIST), and glioma treatments [11].

4.3.1 Imatinib: The First PDGFR TKI

Imatinib (60, STI571; Glivec™ or Gleevec™; Novartis) is a small-molecule tyrosine
kinase inhibitor (TKI) belonging to the 2-phenylaminopyrimidine chemical class
[3, 153]. It was originally described by Druker and colleagues in 1996 as a potent
inhibitor of the fusion BCR-ABL oncoprotein, which is associated with chronic
myeloid leukemia (CML) and other types of Philadelphia chromosome-positive
leukemias [4, 153, 154]. Therefore, this drug received its first approval by FDA in
2001 for treatment of CML [3, 155]. Later, the receptor tyrosine kinases (RTKs)
PDGFR-a, PDGFR-f, and KIT were also found to be potently inhibited by 60,
resulting in an additional approval of this drug in 2002 for advanced GISTs, taking
into account the important role of KIT and PDGFR in the pathogenesis of this type of
cancer [3, 4, 155]. Several other therapeutic uses were further established for
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Fig. 19 Predicted binding mode of imatinib (60) with the target kinases PDGFR-o and PDGFR-f,
based on previous NMR and crystallographic results for the inhibition of BCR-ABL

imatinib (60), an innovative drug for clinical management of tumors with constitu-
tively activated forms of the target TKs, i.e., c-ABL, c-KIT, or PDGFR-a/p [153].

No co-crystallized structure of imatinib (60) with PDGFR-a or  has been
reported. However, it is possible to predict the binding mode of drug 60 to these
targets based on previous NMR and crystallographic results for the inhibition of
BCR-ABL and c-KIT (Fig. 19). This drug acts as a type II TKI by binding and
stabilizing the inactive DFG-out conformation of the target TKs. Imatinib (1)
explores the ATP-binding site (Fig. 19), interacting via hydrogen bond with the
hinge residue, and performs hydrophobic interactions with an adjacent allosteric
pocket exposed in the DFG-out conformation, establishing additional electrostatic
interactions with the Asp of the DFG motif and with a conserved Glu residue located
in the adjacent helix C [7, 8, 156].

Considering the favored binding of 60 to the DFG-out conformation (Figs. 1 and
19), equilibrium imbalance between these conformations due to mutations in the
activation loop can result in primary or secondary resistance [4, 153].

Two main cellular mechanisms are associated with imatinib resistance, including
gene amplification and mutations [153]. The most common PDGFRA D842V
mutation observed in GIST patients causes a shift in equilibrium favoring the active
DFG-in conformation and an increase of the affinity for ATP [5], and these patients
typically relapse to imatinib (60) treatment [145, 157].

Moreover, the use of imatinib (60) as clinical inhibitor of the fusion oncoprotein
FIP1L1-PDGFR-a in hypereosinophilic syndrome is correlated with the emergence
of the secondary resistant mutation T6741 in the gatekeeper amino acid residue
[143, 144]. The mutated T6741 FIP1L1-PDGFR-a loses a hydrogen bond between
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the aminopyrimidine moiety and the gatekeeper residue, and the binding site
becomes too narrow to accommodate the ligand due to introduction of the larger
isoleucine side chain [4, 145, 153]. This mutation is analogous to the T315I
substitution in BCR-ABL, classically associated with secondary resistance develop-
ment in CML patients (Fig. 19) [4].

For that reason, nature and location of PDGFR oncogenic mutations will translate
in different prognoses, influencing tumor aggressiveness and the expected clinical
response to imatinib (60) treatment [146].

It is worthy of note that imatinib (60) represented an impressive breakthrough in
the therapy of PDGFR-addicted tumors. However, considering resistance develop-
ment and refractory tumors, an urgent need for novel and alternative therapeutic
strategies has emerged [157].

4.3.2 Crenolanib: A Novel PDGFR Inhibitor Drug Candidate

Crenolanib (63, CP-868,596; AROG Pharmaceuticals; Fig. 20) is an orally bioavail-
able benzimidazole tyrosine kinase inhibitor (TKI) designed as highly selective
modulator of TKRs PDGFR-a and f (Kd = 3.2 nM, IC5g = 2.25 nM and
Kd = 2.1 nM; IC59 = 0.9 nM, respectively) [11, 134, 158]. Subsequently, it was
demonstrated that this compound also acts as a potent inhibitor of the FMS-like
tyrosine kinase 3 (FLT3; Kd = 0.7 nM) [158, 159]. Crenolanib (63) is currently
recognized as a highly selective inhibitor of class III RTKs PDGFR-oa, PDGFR-p,
and FLT-3, presenting a weaker inhibition for the other members of this RTK class;
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i.e., c-KIT (Kd = 78 nM) and CFS-1R (Kd = 30 nM) [11, 158]. On the other hand,
crenolanib (63) does not inhibit any other known tyrosine or serine/threonine kinase
at clinically achievable concentrations [134, 158].

This class of benzimidazole TKIs (Fig. 20) was first described by Pfizer in 2001
(WOO0140217A1) as antiproliferative and antiangiogenic agents, showing ICs,
values in the nanomolar range for PDGFR- inhibition. Although no structure-
activity relationship is described for this series, the most promising derivatives
from this research effort, i.e., crenolanib (63, CP-868,596) [134] and CP-673,451
(64) [160], clearly share common structural features and similar inhibitory potencies
against PDGFRs, differing exclusively in the ether side chain (Fig. 20).

The promising antiangiogenic properties and adequate safety and pharmacoki-
netic profiles described for crenolanib (63) during preclinical studies encouraged
further clinical trials. Phase I clinical evaluation of crenolanib (63) in humans
indicates an optimal and well-tolerated dose regimen of 100 mg twice daily, with
nausea and vomiting as the most frequent adverse effects, which are, however,
mitigated by concomitant food ingestion [134]. AROG Pharmaceuticals licensed
this drug candidate from Pfizer in April 2010.

Crenolanib (63) is currently undergoing multiple phase II and III clinical trials, as
a single agent or in combination with known antitumor drugs, for acute myeloid
leukemia (AML, NCT01522469, NCT01657682, NCT02400281), gastrointestinal
stromal tumor (GIST; NCT01243346, NCT02847429), and glioma treatments
(NCT01229644, NCT01393912) [11, 136, 158].

Biochemical studies clearly demonstrated that this prototype acts as a type I TKI,
presenting greater affinity to the target kinases’ active states. For instance, crenolanib
(63) showed tenfold higher affinity to active FLT3 (Kd = 0.7 nM) versus auto-
inhibited FLT3 (Kd = 6.7 nM) [11].

Considering that active states are often derived from the gain-of-function muta-
tions of PDGFR-encoding genes, crenolanib (63) represents a promising alternative
for patients with PDGFR mutations, especially those that render the kinase domain
constitutively phosphorylated, causing acquired resistance to imatinib (60) and other
type II TKIs, such as sorafenib (42) and nilotinib (61) [11, 152].

In this context, crenolanib (63) was described by Heinrich and colleagues as the
most potent PDGFR-a D842V kinase inhibitor identified so far, with an ICsy in a
range of 10 nM, being at least 100-fold more potent than imatinib (60). Moreover,
the prototype retained its inhibitory activity when the gatekeeper T6741 mutation
was added to the D842V mutated protein. Similar to the biochemical assay results,
compound 63 was significantly more potent (IC5o = 22 nM) than imatinib (60;
ICso = 1,510 nM) against BaF3 D842V cell line proliferation [158].

Moreover, this highly selective inhibitor of class IIl RTKs is expected to show
reduced toxicity in comparison with other nonselective multi-kinase inhibitors,
demonstrating that type I inhibitors are not necessarily associated with lack of
selectivity [152]. However, the exact molecular reasons for this impressive selectiv-
ity profile remain yet to be elucidated. Representing the first example of a potent and
highly selective type I TKI, crenolanib (63) may characterize a novel breakthrough
in target therapy in cancer [159].



190 L. M. Lima et al.

Eletrostatic interaction Hydrophobic interactions with gatekeeper

with conserved Asp residue and Leu conserved residues
FLT-3: D698 FLT-3: F691, L818, L616

PDGFR-c: D681 PDGFR-o: T674, L825, L599
PDGFR-[&Z D688 PDGFR-[{Z T681, L833, L606

=2~. Hydrophobic

. s pocket
NH, ) | \
N,
o7 0. :
+ ’4
N 1
AN
=

Adenine

N=\ N H3N CHs

N
/@ @ H-bond to hinge backbone
o]

FLT-3:  C694 o
o PDGFR-a: C677
\3% 63 PDGFR-: C684 %N
CH,4 Crenolanib HS

AROG Pharmaceuticals
PDGFRa/B, FIt-3

Aromatic interactions with conserved Tyr
FLT-3: Y693
PDGFR-a: Y676
PDGFR-B: Y683
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B, based on previous docking studies for the interaction of this compound with FLT-3

Despite the well-described biochemical results indicating that crenolanib (63)
acts as a type I inhibitor, up to now no co-crystallized structure of this prototype with
any of the target RTKs has been reported. Smith and coworkers performed a docking
study to predict the binding mode of compound 63 to FLT-3. According to their
results, crenolanib benzimidazole nitrogen interacts via hydrogen bond with the
hinge residue Cys-694, and the aromatic bicyclic rings fit into a hydrophobic pocket
that includes Leu-616, Phe-691, Tyr-693, and Leu-818, with the quinoline ring
performing aromatic interactions with gatekeeper Phe-691 and the benzimidazole
ring with Tyr-693. It is noteworthy that these authors also report a relevant electro-
static interaction between the positively charged amino group in the piperidine
moiety and the Asp-698 residue [159]. A similar binding mode is expected for the
other members of class III 5-Ig RTKSs, including PDGFR-o/f (Fig. 21).

Considering the unusual highly selective profile of this type I TKI, it is interesting
to observe whether the mentioned amino acid residues are conserved among the
class IIT 5-Ig RTKSs in comparison with other tyrosine kinases outside this specific
class. Taking into account the results depicted in Fig. 22, one can notice that the ionic
interaction between the prototype and the Asp-698 residue is conserved for all the
class IIT 5-Ig RTKs, though this is not the case for the other analyzed kinases,
suggesting a clear role of this amino acid-mediated interaction for the selectivity
among the evaluated targets. However, further achievement of a crystal structure
with the target enzymes may bring new light into this hypothesis.

In this context, the drug candidate crenolanib (63) could be clearly considered a
next-generation type I RTK inhibitor with a novel chemical framework and a unique
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FLT3 614 KVLGS 618 690 IFEYCCYGD 698 818 LVTHGKVVKICDFG 831
PDGFR-ou 597 RVLGS 601 673 ITEYCFYGD 681 825 LLAQGKIVKICDEG 838
PDGFR-B 604 RTLGS 608 680 ITEYCRYGD 688 833 LICEGKLVKICDEG 846
KIT 593 KTLGA 597 669 ITEYCCYGD 677 799 LLTHGRITKICDEG 812
VEGFR-I 831 KSLGR 835 908 IVEYCKYGN 916 1029 LLSENNVVKICDEG 1042

VEGFR- 838 KPLGR 842 915 IVEFCKFGN 923 1035 LLSEKNVVKICDFEG 1048
II

EGFR 716 KVLGS 720 789 ITQLMPFGC 797 844 LVKTPQHVKITDEG 857

FGFR-1 482 KPLGE 486 560 IVEYASKGN 568 630 LVTEDNVMKIADFEG 643

ABL 246 HKLGG 250 314 ITEEMTYGN 322 370 LVGENHLVKVADEG 383
gatekeeper hinge

FLT3 Lé616 F691 Y693 C694 D698 L818
PDGFR-a L599 T674 Y676 C677 D681 L825
PDGFR-B L606 T681 Y683 C684 D688 L833
KIT L595 T670 Y672 C673 D677 L799
VEGFR-I L.833 V909 Y911 C912 NI16 L1029
VEGFR-1I L840 VIie6 FI18 C919 N923 L1035
EGFR L718 T790 L792 M793 C797 L844
FGFR-1 L1484 V561 Y563 A564 N568 L630
ABL 1.248 T315 F317 M318 N322 L370

Fig. 22 Sequence alignment and the modification of amino acid residues described as important for
crenolanib (63) recognition by FLT-3 in comparison with other relevant tyrosine kinases (TKs). For
all the class III 5-Ig RTKSs, highlighted in green, the Asp amino acid residue involved in the ionic
electrostatic interaction with the charged amino group of drug candidate 63 is conserved. The amino
acid residues from FLT-3 are highlighted in brown, as well as those conserved in other PKs

binding mode, showing favored inhibition of active phosphorylated class III 5-Ig
RTKSs, comprising wild-type and mutant forms of the target proteins PDGFR-a,
PDGFR-p, and FLT3.
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5 Epilogue

As increased activity, abundance, and/or cellular distribution of wild-type and
mutant forms of RTKs is often associated with tumor establishment, growth, and
progression, small-molecule TKIs directed to clinically relevant RTKs have entered
the pharmaceutical market since the beginning of the twenty-first century,
representing innovative drugs for cancer treatment.

Their clinical use is based in the oncogene addiction phenomenon, which
describes the dependency of certain tumor cells on a specific oncogenic protein.
Even though these drugs clearly represented an impressive breakthrough in the
therapy of RTK-addicted tumors, resistance development and detection of refractory
tumors have given rise to novel therapeutic challenges, pushing the drug discovery
process forward.

The valley of death between preclinical assays and clinical practice is gradually
becoming narrower as a result of constant collaboration and exchange of information
from the bed to the bench and back, aiming to better understand the drug resistance
molecular mechanisms and to plan innovative inhibitors able to overcome the
unexpected clinical challenges.

One thing is certain, “drugs on demand” to attend to a limited group of patients is
a growing therapeutic principle in the field, and the near future will bring exciting
novelties concerning tumor resistance development, individualized therapies, selec-
tion of responsive patients, and the development of new clinical candidates.
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Abstract The serine/threonine kinase c-Jun N-terminal kinase (JNK) 3 is
implicated in the pathogenesis of various disorders ranging from neurodegenerative
diseases to inflammation, metabolic disease, diabetes, liver diseases, and cancer.
Although the number of publications reporting on JNK3 inhibitors has been
decreasing in the last few years, this enzyme still constitutes an attractive target.
Within the last years, significant progress in the design of JNK3 inhibitors displaying
good to excellent selectivity versus other protein kinases has been achieved.
However, the development of a JNK-isoform-selective JNK3 inhibitor, which may
serve as a tool compound in animal studies to further evaluate the role of JNK3
as a therapeutic target, is highly desirable. This chapter summarizes the progress
in the development of reversible and irreversible inhibitors of JNK3.
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Abbreviations
AP Activation protein
ATF Activating transcription factor

CYP450 Cytochrome P450
EGFR Epidermal growth factor receptor kinase

INK c-Jun N-terminal kinase

MAP Mitogen-activated protein
SAPK Stress-activated protein kinases
SAR Structure-activity relationships

1 Introduction

The c-Jun N-terminal kinases (JNKs) are serine/threonine kinases belonging to the
family of mitogen-activated protein (MAP) kinases. First members of this enzyme
class were discovered in the early 1990s and originally termed as stress-activated
protein kinases (SAPKSs). Three different isoforms with molecular weights ranging
from 46 to 55 kDa have been classified within this group, namely, JNK1 (also known
as SAPK-y/MAPKS), INK2 (SAPK-o/MAPKY), and JNK3 (SAPK-B/MAPKI10),
which are encoded by the three distinct genes jnkl, juk2, and jnk3, respectively
[1,2].

The JNKSs are activated by different forms of cellular stress via the classical MAP
kinase signaling cascade by tandem phosphorylation by two upstream kinases, in
detail by a MAP kinase kinase kinase and by MAP kinase kinases 4 or 7 (Fig. 1) [4].
Activated JNK can phosphorylate a broad subset of downstream targets including
both transcription factors and nonnuclear substrates [3].

Phosphorylation of c-Jun, which takes part in the formation of the activation
protein (AP)-1, increases the transcriptional activity of this complex. An analogous
effect derives from the phosphorylation of the activating transcription factor
(ATF)-2, which modifies gene expression through the formation of dimers with
members of the Jun family [5]. Besides these two well-characterized pathways,
JNKs can also act on additional nuclear targets, thereby modulating their
effects on gene transcription (Fig. 1). Furthermore, the members of the JNK family
phosphorylate cytosolic and mitochondrial substrates resulting in a modification
of their functionality or in the regulation of their stability [3].

Due to diverse downstream targets, the JNKs are involved in various
physiological functions. These kinases are implicated in the regulation of cell
survival/apoptosis in response to external stimuli. The role of JNKs in cell death
has been described as bivalent, since it depends on the entity of the stimulus and
on the signal integration with additional pathways.
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Fig. 1 Representation of the different substrates of JNK. The figure was realized using the
information from Bogoyevitch and Kobe [3]
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Whereas JNK1 and JNK2 are present in all cells and tissues of the human
body, JNK3 is almost exclusively expressed in the brain and to a lesser extent
in the testis and heart. The deregulation of JNK3 is linked to several disorders
ranging from neurodegenerative diseases, like Parkinson’s and Alzheimer’s disease,
to inflammation, metabolic diseases, diabetes, liver diseases, and cancer [6-8].

Nevertheless, the design of isoform-selective JNK inhibitors is very challenging
as JNK1, JNK2, and JNK3 share more than 80% sequence identity. In particular,
the sequence comprising the ATP-binding site or the surrounding area is highly
conserved among the isoforms (Fig. 2). In these regions, the JNK3 displays 98%
and 95% similarity to JNK1 and JNK2, respectively.

The JNK3 has become an attractive therapeutic target. Several inhibitors targeting
this enzyme have been reported from both pharmaceutical industry and academia
in the last two decades. However, there are only few reported examples of JNK3
inhibitors that display selectivity versus the other JNK isoforms. For reviews about
inhibitors of the JNKs, see Koch et al. [9] and Gehringer et al. [10]

A limited number of small molecule inhibitors of JNKs have been investigated in
clinical trials (Table 1). Most of them are ATP-competitive inhibitors (GL5001,
CC-401, and CC-930) showing no intra-JNK selectivity. The structure as well as the
mechanism of action of CC-90001 is undisclosed. Nevertheless, no JNK3 inhibitor
has been launched into the market yet. The phase II clinical trial studies of CC-401
and CC-930 were terminated because of an unfavorable benefit/risk profile.

An alternative strategy to target the JNKSs is represented by the retro-inverso
peptide inhibitor XG-102 (formerly referred to as AM-111) developed by Xigen SA
[11, 12]. While tanzisertib, bentamapimod, and CC-401 are classical type I inhibitors

Glycine rich loop N-lobe (1)

JNKI1 | 132 G33 S34 G35 A36 Q37 G338 139 As53 154 K55
JNK2 | 132 G33 S34 G35 A36 Q37 G338 139 A53 V54 K55
JNK3 | 170 G71 S72 G73 A74 Q75 G76 177 A91 192 K93

C-helix N-lobe (2)
JNK1 | R69 E73 L74 M77 186 L88 1106 V107
JNK2 | R69 E73 L74 L77 186 L88 L106 V107
JNK3 | R107 Ell1 L112 MI115 1124 L126 L144 V145

Hinge-region C-lobe

JNK1 | M108  E109 Lito Mill D112 Al13  Ni14 | Cil6 D151 KI53
JNK2 | M108  E109 Lito Mil1 D112 Al13  NIi14 | Cil6 D151 KI53
JNK3 | M146  E147 L148 Mi149 D150 Als51 Ni152 | Ci154 D189 KI91l

C-lobe (continued) DFG-motif

JNK1 | P154 S155  NI156 1157 V158 L168 D169 F170 G171
JNK2 | P154 S155  NI156 1157 V158 L168 D169 F170 G171
JNK3 | P192 S193  N194 1195 V196 L206 D207  F208 G209

Fig. 2 Sequence alignment of JNK1, JNK2, and JNK3 in the catalytic cleft and adjacent area.
Differences in amino acid sequence in the N-lobe and C-helix are highlighted
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Fig. 3 Amino acid H>N-DAsp-DGIn-DSer-DArg-DPro-DVal-DGIn-DPro
sequence of D-retro-inverso ]
peptide inhibitor XG-102 rDArg-DPro-DThr-DThr-DLeu-DAsn-DLeu-DPhe

DLys-DPro-DArg-DPro-DPro-DArg-DArg-DArg]

HOOC-Gly-DArg-DLys-DLys-DArg-DArg-DGIn

Fig. 4 Structure and 0

biological activities of ICso (INK3) = 40 nM

SP600125. Biological O‘O ICs0 (JNK2) = 40 nM

data are taken from ICs0 (JNK1) = 90 nM

Bennet et al. [13] N—~NH ICs0 (p38c) >10,000 nM
SP600125

binding reversibly to the ATP-binding site, the retro-inverso peptide inhibitor
XG-102 occupies the docking site of the JIP scaffold protein. XG-102 consists of
30 D-configured amino acids and 1 glycine residue (Fig. 3). Clinical phase III trials
for treatment of hearing loss as well as for post-cataract surgery inflammation
and pain were recently completed for this peptide inhibitor.

2 Reversible Inhibitors

2.1 Prototypical JNK Inhibitor SP600125

One of the first reported small molecule JNK3 inhibitors is 1,9-pyrazoloanthrone
(SP600125), an ATP-competitive pan-JNK inhibitor developed by Celgene (Fig. 4)
[13]. SP600125 was one of the first INK inhibitors displaying selectivity versus
the related p38a MAP kinase, which is also a member of the MAP kinase family.
Although SP600125 has been described to be lacking selectivity within the kinome
[14, 15], it is a widely used reference compound in biological JNK assays [16—-18].
SP600125 binds to the ATP-binding site of the JNKs and forms two hydrogen
bond interactions with the hinge region. The N1-atom accepts a hydrogen bond
from the backbone amide group of Metl11 (JNKI numbering), and the NH group
at the 2-position acts as a hydrogen bond donor toward the backbone carbonyl
group of Glul09 (JNK1 numbering). In addition, SP600125 is surrounded by
hydrophobic residues in the adenine-binding region of the enzyme [15].

2.2 Aminopyrimidines

Aminopyrimidine derivatives as potent inhibitors of the JNKs have been reported
from different research groups [19-24]. In contrast to previous studies, LoGrasso
and coworkers focused on brain-penetrant JNK-selective aminopyrimidines with



Inhibitors of ¢c-Jun N-Terminal Kinase 3 209

promising cellular potency. Their aminopyrimidine series comprised about 500
compounds and 12 examples, all showing no inhibition toward p38a MAP
kinase at a test concentration of 20 pM, were further profiled [24]. Compound
1 represents the most potent inhibitor of this series displaying ICs, values in
the low nanomolar range against JNK3 and JNKI1 (Fig. 5). Aminopyrimidine
1 showed moderate cellular activity. It inhibits the phosphorylation of c-Jun in
INS-1 cells with an ICsy value of 210 nM. However, compound 1 is not able to
penetrate into the brain. Although being less potent in the in vitro enzyme assay,
compound 2 showed an increased cell penetration profile resulting in a strong
inhibition of cellular c-Jun phosphorylation (ICsy = 54 nM) and promising pharma-
cokinetic properties [24]. Inhibitor 2 is able to cross the blood-brain barrier (brain/
plasma ratio = 75%) and possesses good oral bioavailability in rats (F = 45%).
However, its plasma protein binding in different species (mouse, rat, dog, monkey,
and human) is high (>92%). The metabolic stability of 2 in liver microsomes is
reasonable. When dosed at 1 mg/kg (iv) in in vivo studies in rats, aminopyrimidine
2 has a favorable PK profile with a half-life of 2.4 h and a clearance of 20 mL/min/
kg. Furthermore, inhibitor 2 lowers the generation of reactive oxygen species in
INS-1 cells. However, aminopyrimidine 2 displays a high affinity toward the
cytochrome P450 (CYP450) isoforms 2C9, 3A4, and 1A2 (>70% inhibition at a
tested concentration of 10 pM).

The X-ray crystal structure of aminopyrimidine 2 bound to JNK3 (PDB
code: 3KVX) revealed an unexpected binding mode [24]. Although the
2-aminopyrimidine motif is a typical hinge-binding motif present in numerous
kinase inhibitors, inhibitor 2 does not form any hydrogen bond interactions
with the enzyme. It binds in the ATP-binding site of JNK3 with a highly planar
arrangement of the aromatic rings (Fig. 6). Compared to another X-ray structure
published by the same group (PDB code: 1PMN) [26], the glycine-rich loop
was collapsed toward the active site by 2.5 A. The compression of the binding
pocket might be the driver of selectivity.

F
H
N. __CHj
//\\o
= i % = ‘ N = ‘ Nﬁ
e S
s T g
NN -N -
NN N \>/Nuo N\\ @cm
N= \QN N
1 2 (SR-3562) 3 (SR-3306)
ICsp (JNK3) = 4nM ICsp (JINK3)=  148nM  ICsy(JNK3) = 159 nM
ICso (INK2) = 283 nM
ICso (JNKT)= 16 M ICso (JNKT)=  99nM  ICso (JNK1)= 67 nM
ICs (p380:) >20,000 M ICs (P380) >20,000 NM  ICsp (p38c:) >20,000 M

Fig. 5 Structure and biological data of aminopyrimidines 1-3. Biological data are taken from
Kamenecka et al. [24] and Chambers et al. [25]
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Fig. 6 X-ray crystal structure of 2 bound to JNK3. The protein backbone is displayed as cartoon
in gray. The compound is highlighted as sticks

Another example of the aminopyrimidinyl-based JNK inhibitors is compound
3 (SR-33006) (Fig. 5) [25]. Compared to inhibitor 2, pan-JNK inhibitor 3 lacks the
fluoro substituent on one of the benzene rings, and the morpholino moiety
at the triazole moiety is replaced by a methylpyridine. In terms of JNK3 inhibition
in the biochemical activity assay, compound 3 is an equipotent inhibitor as
compound 2. However, in the cellular assay, JNK inhibitor 3 showed a fourfold
reduced activity (ICsy = 216 nM) than 2. Pyrimidinylamine 3 possesses a moderate
selectivity. At a test concentration of 3 pM, compound 3 inhibited 35 out of the
tested 347 kinases. Additionally, compound 3 showed a clean human ether-a-go-go-
related gene (hERG) (ICsy > 30 uM) as well as CYP profile (IC5o > 50 pM against
1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2EI1, and 3A4 isoenzymes). Furthermore,
inhibitor 3 is able to cross the blood-brain barrier (plasma/brain ratio: 30-40%).

Inhibitor 3 displayed a neuroprotective effect in different in vitro and
in vivo models of Parkinson’s disease [25, 27] and effectively protects against
ischemia/reperfusion injury in rats at a test concentration of 5 mg/kg [28].

2.3 2-Alkylsulfanyl-5-(pyridin-4-yl)imidazoles

2-Alkylsulfanyl-4-(4-fluorophenyl)-5-(pyridin-4-yl)imidazoles are a prominent
class of kinase inhibitors and can be considered as open analogs of the early
lead p38a MAP kinase inhibitor SKF86002 [29] developed by researchers from
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Smith, Kline & French Laboratories (Fig. 7). In different target hopping approaches,
several compounds of this class served as lead structures for the design of (selective)
inhibitors of other protein kinases not belonging to the family of MAP kinases,
e.g., the epidermal growth factor receptor kinase (EGFR) [30, 31], as well as the
protein kinases CK10 and CKle [32].

Using a rational structure-based design approach, a series of different reversible
and covalent JNK inhibitors was established [33, 34]. In case of the reversible series
[33], pyridinylimidazole-based p38x MAP kinase inhibitor LN950 [35, 36]
that also shows moderate affinity toward JNK3 (ICsq = 181 nM) [33] served as
lead structure. With the aim to improve the inhibition of JNK3 for this class of
compounds and simultaneously erase their initial p38a MAP kinase inhibition, a
broad series of derivatives was generated, and structure-activity relationships (SAR)
were established. The lead compound was extensively modified keeping the putative
hinge-binding motif (2-aminopyridine) constant in all analogs (Fig. 8). Structural
modifications included (bio)isosteric replacement of the five-membered core
scaffold as well as variations in the imidazole N-substitution pattern. The
4-fluorophenyl ring located in the hydrophobic region I was replaced by other
substituted phenyl rings, by cycloalkyl rings, as well as by (branched) alkyl groups.
Moreover, different substituents at the pyridine-C2 position interacting with
the hydrophobic region II were probed. Modifications in this position included
branched aliphatic moieties as well as (substituted) carbocyclic and phenyl rings.

As general SARs, aryl moieties at the pyridine-C2 position were better tolerated
by JNK3 than by p38a MAP kinase. A major contribution in shifting inhibitory
activity from p38a MAP kinase to JNK3 was achieved by modifying the
4-fluorophenyl ring at the imidazole C4-position. Replacement of this moiety by a
small methyl group (compound 6) resulted in a complete loss of p38a MAP
kinase activity, whereas only a slight decrease in JNK3 affinity was observed.

As the central core, a 2,4,5-substituted imidazole ring is the most favored one
in terms of improving both JNK3 inhibitory activity and selectivity over p38a MAP
kinase. Alkylation of the imidazole nitrogen atom either vicinal (compound 7) or
distal (compound 8) to the pyridinyl substituent resulted in a decrease of JNK3
inhibitory activities.

F. OH
\%s
N \>\s :> \%S ‘ N
N‘ _— 7 CH3
SKF86002 CH3
CHj3
4 (LN950)

ICso (P380) = 11 M

Fig. 7 Derivation of 2-alkylsulfanylimidazoles from SKF86002 as well as structure and biological
data of p38a MAP kinase inhibitor LN950
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Fig. 8 Structural modifications of the lead structure and structures as well as biological data of
the most potent reversible JNK inhibitor PIT0102014 of this series. Biological data are taken
from Ansideri et al. [33]

The most promising inhibitor of this series (compound 6) displays ICsy values
in the low triple-digit nanomolar range for JNK1 and JNK3 and shows a slight
selectivity against the JNK2 isoform (Fig. 8).

The binding mode of pyridinylimidazole 6 at the target kinase was confirmed
by X-ray crystallography (PDB code: 6EKD) (Fig. 9). This example represents
the first reported crystal structure of a 2-alkylsulfanyl-5-(pyridin-4-yl)imidazole in
complex with JNK3. The inhibitor molecule shows a typical type I teardrop binding
mode. The hinge-binding motif (2-aminopyridine) of 6 forms — as expected — two
hydrogen bond interactions with the backbone of Met149. The methyl substituent on
the imidazole-C4 position is pointing toward the hydrophobic region I. A water-
mediated hydrogen bond network exists around the imidazole core. The imidazole-
N3 atom (distal from the pyridine ring) is not interacting with the conserved Lys93
side chain via a direct hydrogen bond. This interaction was observed to be mediated
by two water molecules. Additionally, the imidazole-N1 atom (adjacent to the
pyridine ring) is also involved in a water-mediated hydrogen bond to Asnl52.
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Met149 &

Fig. 9 Crystal structure of inhibitor 6 (PIT0102014) bound to JNK3 (PDB entry: 6EKD). The
protein backbone is displayed as cartoon in gray. The compound and selected amino acids are
highlighted as sticks. Water molecules are represented as red spheres, and hydrogen bonds are
shown as yellow dashed lines

Pyridinylimidazole 6 was evaluated further pharmacologically. This inhibitor
is metabolically stable in human liver microsomes, and it possesses only low
to moderate affinity toward four out of five tested pharmacologically relevant
cytochrome P450 isoenzymes as well as toward hERG channels [33].

2.4 Aminopyrazole Derivatives

In another study, LoGrasso, Feng, and coworkers reported about a series of
aminopyrazole-based JNK3 inhibitors, which show high isoform selectivity over
JNKI1 and in some cases also versus JNK2 (Fig. 10) [37].

Starting from lead compound SR-4326, a large SAR study comprising derivatives
with modifications on the urea moiety as well as on the amide moiety was generated.

Replacement of the methylpyridine moiety present in SR-4326 by a
pyrrolidinylpyrazole moiety resulted in aminopyrazole 10 showing a subnanomolar
ICs5o value in the JNK3 activity assay as well as a good intra-JNK selectivity
(Fig. 10). JNK3 inhibitor 10 displays a more than 500- and 200-fold selectivity
over JNK1 and JNK2, respectively. However, data from a selectivity screening
of 10 has not been reported so far.



214

‘\< q Ocl
NG \S ocl N
\N N
H H
N._~_-CHs N\E\\N
(0] | 7 o N’

9 (SR-4326) 10
ICso (JNK3) = 117 nM ICsp (JNK3) < 1nM
ICso (JNK2) = 210 nM
ICs0 (JNK1) = 2,169 nM ICso (INK1) = 528 nM
ICso (p38ct) >10,000 nM

( Ocl
N, \S
N
H
N
o)
N
H

11 (SR-11935)

ICs0 (JNK3) = 206 nM
ICs0 (JNK2) = 331 nM
ICs0 (JNKT) 10,000 nM

ICs

p38a) >10,000 nM

P. Koch

Fig. 10 Structural modifications of the lead structure 9 (SR-4326) and structures as well as
biological data of inhibitors 10 and 11 (SR-11935) of this series. Biological data are taken

from Zheng et al. [37]

Fig. 11 X-ray structure of inhibitor 10 in complex with JINK3 (PDB code: 4WHZ). The protein
backbone is displayed as cartoon in gray. The compound and selected amino acids are highlighted

as sticks. Hydrogen bonds are shown as yellow dashed lines

The binding mode of INK-isoform-selective inhibitor 10 within the ATP-binding
site of JNK3 was determined by X-ray experiments (Fig. 11). The R-enantiomer of
10 forms several hydrogen bond interactions with JNK3. The chloro-substituted
phenyl ring is located in the hydrophobic region I. The N2 atom of the central
pyrazole accepts a hydrogen bond from the NH group of Met149 of the hinge region.
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A second hydrogen bond toward the backbone of Metl49 (carbonyl group) was
observed. In this case, the amide NH group serves as a hydrogen bond donor.
A water-mediated hydrogen bond interaction is formed between the NH group of
the urea group (next to the aniline) and the amino group of the Lys93 side chain.
An additional hydrogen bond is established between the NH group of the pyrrolidine
ring and Asn89.

Several dual JNK2/3 inhibitors of the aminopyrazole series have also been
reported in the same publication [37]. In the biochemical assay, SR-11935 shows
a greater than 50-fold isoform selectivity versus JNK1 and potent activity in different
cell-based assays in SHSYSY cells. At a test concentration of 10 uM, SR-11935
displays a good kinome selectivity. However, in this high-throughput screening
method, a high affinity for JNK1 was observed. SR-11935 penetrates into the
brain (plasma/brain ratio of ~2:1) showing both good solubility and good DMPK
properties. Moreover, this inhibitor displays good microsomal stability, when incu-
bated with human or mice liver microsomes as well as no affinity toward CYP450
isoforms 1A2, 2C9, 2D6, and 3A4. In addition, SR-11935 potently inhibits mito-
chondrial dysfunction and is noncytotoxic.

3 Covalent Inhibitors

The design of covalent kinase inhibitors has resurged [38—40]. In total, a number of
six covalent kinase inhibitors were introduced to the market from 2013 to 2018
(Fig. 12). All these inhibitors possess an o,p-unsaturated amide as electrophilic
moiety, which targets the side chain of a non-catalytic cysteine residue in the
proximity of the ATP-binding site.

As illustrated in the sequence alignment of the JNKs (Fig. 2), all three JNK
isoforms possess a cysteine (Cysl14 in JNKI1/2 numbering; Cys154 in JNK3
numbering) located in the C-lobe adjacent to the hinge region. In this position, this
cysteine is unique within the kinome and can be targeted by an inhibitor bearing
an electrophilic warhead in a suitable position to form a covalent bond.

3.1 Aminopyrimidine-Based Covalent Inhibitors

The first covalent inhibitors of JINK3 were reported in 2012 by Gray and coworkers
[18]. In search for covalent type II inhibitors of the c-Kit and PDGFR kinases, the
imatinib-derived pan-JNK inhibitor JNK-IN-1 (Fig. 13) was discovered.

A selectivity screening of JNK-IN-1 versus 400 kinases revealed, at a test
concentration of 10 pM, besides binding to the classical imatinib targets (Abl, c-Kit
and DDR1/2), also a strong binding to all three JNK isoforms. Determination of
the biochemical ICsy values against the latter kinases revealed JNK-IN-1 to be a
moderate inhibitor of all three JNK isoforms.
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Fig. 12 Structures, their target kinase, and the year of their FDA approval of the covalent kinase
inhibitors afatinib, ibrutinib, osimertinib, acalabrutinib, dacomitinib, and neratinib

Using a structure-based design, a series of analogs was established, and the
pan-JNK inhibitor JNK-IN-1 was further optimized regarding its inhibitory activity.
Removing the methyl group of the benzene ring at the pyrimidine-C2-amino
position and changing the substitution pattern on both benzene rings in the linker
bearing the electrophilic warhead resulted in compound JNK-IN-7. This potential
covalent inhibitor displayed ICsq values in the low single-digit nanomolar range
for INK1 and JNK2 as well as in the subnanomolar range for JNK3 (1 h incubation).
In case of JNK3, JNK-IN-7 shows a 1,000-fold higher activity compared to parent
compound JNK-IN-1. JNK-IN-7 also inhibits c-Jun phosphorylation in HeLa and
A375 cells with IC5( values of 130 nM and 244 nM, respectively [18].

The X-ray structure of JNK-IN-7 in complex with JNK3 (PDB code: 3V6S)
(Fig. 14) reveals that this covalent inhibitor has a different binding mode in
the ATP-binding site of JNK3 than imatinib in Abl kinase (PDB code: 1IEP)
(Fig. 15) [41].
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Fig. 13 Structures and biological data (after 1 h of incubation) of irreversible JNK inhibitors based
on the imatinib scaffold. Structural similarities of imatinib present in 12 (JNK-IN-1) are highlighted
in blue color. Biological data are taken from Zhang et al. [18]

JNK-IN-7 binds to JNK3 in a type I binding mode with the kinase in the active
DFG-in conformation. The covalent link between the electrophilic arylamide and the
side chain of Cys154 was also unambiguously revealed. The classical hinge-binding
motif (pyrimidinylamine) interacts with the backbone of Met149 via two hydrogen
bonds [18].

Imatinib shows a typical type II inhibitor binding mode targeting the inactive
DFG-out conformation of Abl kinase. The pyrimidinylamine moiety does not
interact via hydrogen bonds with the hinge region. Instead, the nitrogen atom
of the 3-pyridinyl moiety accepts a hydrogen bond from the backbone N-H of
Met318 (Fig. 15) [41].

In vitro kinase screening against a panel of 442 kinases revealed a very good
selectivity for JNK-IN-7. Within this panel, this covalent inhibitor bound or
inhibited eight other protein kinases with a Kp or ICs, value of 100 nM or lower
besides the JNKs.

Reintroduction of the methyl group on the phenyl ring in ortho-position to
the pyridine-C2-amino moiety on JNK-IN-7 resulted in JNK-IN-8. This inhibitor
displays almost the same inhibitory activity for the JNK3 as JNK-IN-7 yet showing
a significantly improved selectivity profile for JNK3 within the JNK family as well
as against the rest of the kinome [18].
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Fig. 14 X-ray structure of JNK-IN-7 in complex with JNK3 (PDB code: 3V6S). The protein
backbone is displayed as cartoon in gray. The compound and selected amino acids are highlighted
as sticks. Hydrogen bonds are shown as yellow dashed lines

However, in cell-based assays, INK-IN-8 shows slightly lower inhibitory activity
compared to JNK-IN-7 (ICsq values of 486 nM and 333 nM in Hela and A375
cells, respectively) [18]. In a panel of 442 different protein kinases (also including
mutants), JNK-IN-8 only bound to two Kit mutants (V559D and V557D, T650I).
In a cellular kinase profiling versus distinct protein kinases, JNK-IN-8 exclusively
inhibited JNK1,2,3. Due to its excellent selectivity profile, the covalent pan-JNK-
inhibitor JNK-IN-8 was selected by the chemical probes portal as a tool compound
to further investigate the role of JNK1/2/3 inhibition (www.chemicalprobesportal.
org). However, the same portal recommends using JNK-IN-8 along with validated
JNK inhibitors as a positive control.

3.2 Pyridinylimidazole-Based Covalent Inhibitors

The concept of covalently targeting the JNK3 was also transferred to the reversible
JNK inhibitors of the 2-alkylsulfanyl-5-(pyridin-4-yl)imidazole series, which are
already optimized to interact with different regions in the ATP-binding site of
JNK3 (see Sect. 2.3) [34]. For targeting the mentioned cysteine side chain in the
JNKs, the electrophilic warhead was attached to the pyridine-C2-amino function
via a suitable linker (Fig. 16).
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Fig. 15 X-ray structure of imatinib bound to Abl kinase (PDB code: 11EP). The compound and
selected amino acids are highlighted as sticks. Hydrogen bonds are shown as yellow dashed lines

An acrylamide was chosen as an electrophilic warhead due to the fact
that a,p-unsaturated carbonyl groups are soft electrophiles. On the one side, the
acrylamide preferentially reacts with the soft thiol present in the side chain of
Cys154. On the other side, acrylamides are less reactive than o,f-unsaturated
esters as well as o,fB-unsaturated ketones, thereby reducing possible side reactions
with thiol groups present in other intracellular proteins.

Potential covalent inhibitors bearing different linkers consisting of two phenyl
rings connected by an amide bond were synthesized wherein the linker length
and geometry was varied (Fig. 16). The contribution of the covalent bond formation
to the inhibitory activity was estimated by comparing the activity of the potential
irreversible inhibitors with the one of the corresponding saturated analogs [34].

The linker, consisting of a para-substitution pattern on the phenyl ring
connected to the pyridine-C2-amino position as well as a meta-substitution
pattern on the second phenyl ring bearing the acryl amide moiety, showed to have
the appropriate length and properties to place the reactive electrophile in optimal
position to form the covalent bond with the Cys154 side chain. The resulting
covalent inhibitor PIT0104026 inhibits JNK3 in the low nanomolar range and
possesses an approximately 1,000-fold selectivity versus the p38a MAP kinase.
The irreversible binding mode of PIT0104026 was confirmed by mass shift
experiments. This covalent inhibitor displays a good selectivity. In a screening
versus a panel of 410 kinases, 15 kinases including JNK1,2,3 were inhibited
at a test concentration of 1 pM [34].
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Fig. 16 Design of pyridinylimidazole-based irreversible JNK inhibitors as well as structures
and biological data (after 50 min (JNK3) or 60 min (p38a) of incubation) of covalent JNK inhibitors
15 (PIT0104026) and 16 (LN2332). Biological data are taken from Muth et al. [34]

The inhibitory potency as well as the selectivity of PIT0104026 was further
improved by targeting the hydrophobic region I (the so-called selectivity pocket)
of the enzyme with a 4-fluorophenyl ring as well as by introducing a methyl
substituent on the imidazole nitrogen atom distal to the 4-fluorophenyl moiety.
The resulting inhibitor LN2332 shows inhibition of JNK3 in the picomolar
range (Fig. 16) [34].

A mass shift corresponding to the molecular weight of LN2332 was detected
after its incubation with JNK3 followed by liquid chromatography-mass
spectrometry. Since neither the incubation of the saturated counterpart of LN2332
nor the incubation of LN2332 with a JNK3-C154A-mutant resulted in a mass
shift, the covalent binding mode of LN2332 with the Cysl154 side chain was
unambiguously proven.

Further pharmacological profiling identified LN2332 as a promising covalent
pan-JNK inhibitor since it remained metabolically stable when exposed to
human liver microsomes. LN2332 shows no unpredictable side reactions to other
thiol-containing enzymes and has an excellent selectivity profile. In a panel of
410 protein kinases, LN2332 inhibits at a tested concentration of 0.5 pM — besides
all three JNK isoforms — only three other protein kinases (Tie-2, MAPKAP2, and
CK-19). However, cellular data of LN2332 have not been reported so far.
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4 Conclusion

Numerous very potent reversible and irreversible small molecule JNK3 inhibitors
displaying ICs values down to the subnanomolar range have been reported within
the last years. The binding modes for most of these inhibitors were determined
by X-ray experiments. Several examples of recently published JNK3 inhibitors are
showing very good to excellent selectivity within the kinome. Most of the discussed
inhibitors display no or only low affinity versus non-JNK members of the MAP
kinase family.

Moreover, some JNK3 inhibitors displaying intra-JNK selectivity have been
reported. Within the class of aminopyrazole-derived reversible inhibitors, several
examples of JNK2/3 inhibitors, e.g., SR-11935, showing selectivity versus JNK1
have been reported. Among them, aminopyrazole 10 represents the first reported
potent JNK3 inhibitor showing very good JNK-isoform selectivity. However, its
kinome-wide selectivity has not been reported.

The targeting of the thiol group present in the non-conserved Cys154, which is
located adjacent to the ATP-binding site in JNK3, by electrophilic warheads
resulted in the very potent irreversible pan-JNK inhibitors LN2332 and JNK-IN-8.
Both compounds show an excellent selectivity within the human kinome. The
latter covalent inhibitor, which is also active in cellular assays, is the only available
high-quality kinase probe for JNK1/2/3 so far and might be used to further
investigate the role of the JNKSs in various disorders.
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Abstract During the past decade, covalent targeting has experienced a revival,
especially in the kinase field. Addressing non-conserved cysteine residues by
targeted covalent inhibitors has enabled the design of ligands with high selectivity
in the kinome and has led to five currently approved drugs (1-5; early September
2018). Covalent inhibition was also the prime strategy for the selective targeting
of JAK3, a member of the Janus kinase (JAK) family of non-receptor tyrosine
kinases. JAKs are key regulators of the immune system. However, while the
function of JAK3 is mainly limited to immune signaling, the remaining three
JAK family members also fulfill other essential functions outside the
immune system. Therefore, JAK3 has long been discussed as a promising target
for the treatment of inflammatory and autoimmune disorders with limited side
effects. Until recently, however, the development of sufficiently JAK3-selective
small molecules was impeded by the high similarity of the JAKs’ ATP binding
pockets. Addressing Cys909, which is a serine in the other JAK family members,
with electrophilic warheads, has recently enabled the generation of JAK3 inhibitors
with unprecedented selectivity in the JAK family and the kinome. These compounds
have now paved the way for the in-depth examination of JAK3-dependent signaling
in cells and in vivo. Current research efforts culminated in the development of
PF-06651600, a phase II clinical candidate from Pfizer under investigation for the
treatment of rheumatoid arthritis, inflammatory bowel disease, and alopecia areata.
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In this chapter, the history of covalent JAK3 inhibitors will be reviewed followed
by the detailed discussion of case studies on how covalent targeting of Cys909
enabled isoform- and kinome-wide selectivity for this promising therapeutic target.

Keywords Chemical probes, Covalent inhibitors, Covalent-reversible inhibitors,
Cysteine targeting, Inflammation, Isoform selectivity, Janus kinase 3

1 JAKS3 and the Janus Kinase Family

Although covalent kinase inhibitors have mostly been used in oncology so far,
the covalent inhibition of kinases regulating immune response is currently under
investigation for the treatment of inflammatory and autoimmune disorders [1].
In this context, substantial efforts have been made to selectively address Janus
kinase (JAK) 3, a member of the JAK family of non-receptor tyrosine kinases [2].
JAKs are composed of seven domains termed Janus homology domains (JH1-7, see
Fig. 1a). The name Janus kinase arose from the JAKs’ domain structure featuring
a pseudokinase domain (JH2) adjacent to the catalytic domain (JH1), representing
the two faces of the Roman god Janus [3, 4]. All four members of this kinase family,
JAK1-3 and tyrosine kinase (TYK) 2, are involved in immune signaling via the
JAK-STAT (signal transducers and activators of transcription) pathway. JAKs
are the intracellular effectors of type I and II cytokine receptors, which are
devoid of intrinsic kinase activity [5]. They associate with the intracellular receptor
domains where they signal as homo- and heterodimers or heterotrimers. Upon
receptor activation, a conformational change positions the JAKs near to each
other promoting cross-phosphorylation and thereby activation (Fig. 1b). The fully
active JAKs phosphorylate the receptor to enable the recruitment of STAT
proteins via the receptor’s SH2 domains. The STATSs are subsequently phosphory-
lated by the JAKSs. This phosphorylation event promotes STAT dimerization and
translocation to the nucleus where the STAT proteins function as transcription
factors [4]. JAK3 only associates with cytokine receptors featuring the
interleukin-2 receptor subunit gamma, also termed common gamma chain (y.), i.e.,
interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15, and IL-21 receptors [6, 7]. At
these receptors, JAK3 functions exclusively as a heterodimeric pair with JAK1. In
contrast, all heterodimeric combinations of JAKI1, JAK2, and TYK2 are possible,
and even heterotrimeric combinations of the latter JAKs as well as homodimeric
JAK? pairs occur at certain receptor types [4]. Moreover, JAK3 expression is mainly
limited to hematopoietic and epithelial cells highlighting the restricted and specific
role of JAK3 compared to other Janus kinases [8, 9].

Inactivation of JAK3 by loss-of-function mutations leads to a pathology called
JAK3-SCID (severe combined immunodeficiency), which is characterized by a
lack of T cells and NK cells and the presence of nonfunctional B cells [10].
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Fig. 1 (a) Domain structure of the Janus kinases. The C-terminal JHI domain represents the
catalytically active kinase domain, while the JH2 domain is a structurally similar pseudokinase
domain with regulatory function. The JH3 and JH4 domains possess a Src homology 2 (SH2)-like
structure, and JH5-JH7 constitute a FERM (four-point-one, ezrin, radixin, moesin) homology
domain. (b) Schematic depiction of the JAK-STAT pathway (adopted from Forster et al. [2])
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A similar phenotype is observed in JAK3-deficient mice [11] and in a genetic
disorder called X-linked severe combined immunodeficiency (X-SCID), in which
the IL2RG gene is mutated [12]. However, although the impaired function of the
JAK3-y. complex severely comprises immune response, these effects are mainly
limited to the immune system suggesting JAK3 as a promising target for the
treatment of inflammatory and autoimmune disorders with few side effects [13].

Although significant effort has recently been made to design selective
covalent JAK3 inhibitors, none of these compounds has been approved so far
(for an overview of approved covalent kinase inhibitors 1-5, see Fig. 2a). However,
several non-covalent JAK inhibitors with varying degrees of selectivity within the
JAK family and the kinome have gained approval or are in late-stage clinical trials
(Fig. 2b, c). The first JAK inhibitor that had been under clinical investigation
was CP-690,550 (tofacitinib, 6) [14], a compound developed by the US National
Institutes of Health (NIH) and Pfizer [15]. Tofacitinib was initially described as
a selective JAK3 inhibitor but later shown to target JAK1-3 and, to a lesser
degree, also TYK2 [16]. The compound was approved by the FDA in 2012 for the
treatment of rheumatoid arthritis (RA) and in May 2018 for the treatment of
ulcerative colitis [17]. The EMA, however, only granted approval in 2017 [18]
after re-evaluation of the application due to initial concerns regarding the
compound’s benefit-risk profile. In contrast, baricitinib (7), a JAK1/2 inhibitor
with good selectivity against JAK3, was approved in Europe in early 2017 as
a second-line therapy for the treatment of RA [19], while the FDA only granted
approval in May 2018 [20]. Interestingly, ruxolitinib (8), a structural analog of
baricitinib with a similar selectivity profile inside the JAK family, was already
approved by the FDA in late 2011 (EMA: 2012) for the treatment of myelofibrosis
[21] and later for polycythemia vera. Moreover, oclacitinib (9), a JAK inhibitor
closely resembling tofacitinib in terms of structure and selectivity, has gained
marketing authorization for veterinary purposes [22]. JAK inhibitors currently
under late-stage clinical development (phase III according to https://clinicaltrials.
gov) include the macrocyclic dual JAK2/FLT3 inhibitor pacritinib (10); the JAK1
inhibitors filgotinib (11), upadacitinib (12), PF-04965842 (13), and itacitinib (14);
the dual JAK1/2 inhibitor momelotinib (15); and the JAK3/pan-JAK inhibitor
decernotinib (16). However, it should be noted that these compounds generally
possess only a moderate degree of selectivity for individual JAK family members.
This can be attributed, at least in part, to the difficulties in designing truly isoform-
selective JAK inhibitors as a result of the striking similarity of the ATP pockets
within this family of protein kinases.

Non-covalent inhibitors with a certain degree of selectivity for JAK3 have also
been described (e.g., NIBR3049 (17), WYE-151650 (18), decernotinib (16), and
others (19-21); see Fig. 3 for selected examples) [23-28]. Among these compounds,
NIBR3049 (17), a low nanomolar JAK3 inhibitor, has the most pronounced JAK3
selectivity (127-fold, 318-fold, and 1,000-fold against JAK1, JAK2, and TYK?2,
respectively) as determined in a biochemical Caliper assay format [29]. As
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Fig. 3 NIBR3049 and other selected non-covalent JAK inhibitors with varying degrees of
selectivity for JAK3

researchers from Novartis found this compound to be an unexpectedly
weak suppressor of y.-cytokine-induced STAT phosphorylation, they conducted
further experiments investigating IL-2 signaling in engineered cells reconstituted
with “kinase-dead” and “analog-sensitive” JAK1 and JAK3 mutants. Their results
challenged the notion that selective JAK3 inhibition would effectively block STAT
phosphorylation to promote immunosuppression; they concluded that JAK1 was
dominant over JAK3 in the y.-cytokine signaling [29]. According to their model,
JAK3 is primarily responsible for the phosphorylation and (full) activation of JAKI.
Consequently, they suggested that JAK1 inhibition would be indispensable for
efficient suppression of immune response. Complementary results, however, were
obtained from Thorarensen et al. at Pfizer [30]. They showed that JAK inhibitors
undergo a potency shift eroding JAK3 selectivity, when moving from isolated
biochemical to cellular systems. Biochemical assays usually apply ATP concentra-
tions close to the enzyme’s K, value, while cellular ATP concentrations are much
higher, generally in the low millimolar range [31]. The observed shift in potency is
caused by the higher ATP affinity of JAK3 relative to other JAKs, an effect that is
especially pronounced when comparing JAK3 with JAKI1. Consequently,
NIBR3049 was found to be a much less potent JAK3 inhibitor at cellular ATP
concentrations suggesting that the lack of efficacy observed in the aforementioned
study resulted from NIBR3049’s insufficient inhibitory potency in cells rather than
from its selectivity for JAK3. These conflicting results fueled a discussion on
whether selective JAK3 inhibition would be sufficient to block STAT phosphoryla-
tion and thereby downstream signaling as is required for immunosuppression in vivo
[16, 30, 32]. To finally end this debate, highly isoform-selective JAK3 inhibitors
with sufficient cellular potency needed to be developed.
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2 Covalent JAK3 Inhibitors

As mentioned before, the Janus kinases feature a highly conserved ATP pocket
impeding the design of specific compounds. The very limited differences in this
binding site are highlighted in the structure-derived sequence alignment depicted
in Fig. 4. Accordingly, one of the few distinguishing features that could enable the
rational design of selective JAK3 inhibitors is a cysteine at position 909 in the solvent
exposed front region, which is amenable to covalent targeting. This residue is located
in the aD-1 position (nomenclature according to ref. [33]) seven amino acids after the
gatekeeper residue. Remarkably, there are ten other kinases (BLK, BMX, BTK,
EGFR, HER2, HER4, ITK, MAP2K7, TEC, and TXK) known to feature an equiva-
lently positioned cysteine [33]. The ligandability of this residue has long been proven
for cysteine 797 in the EGFR kinase domain, for which the first covalent inhibitors had
already been developed at the end of the last century [34]. Notably, cysteines in the
aD-1 position are also targeted by all the currently approved covalent kinase inhibi-
tors, i.e., the EGFR/HER-family inhibitors afatinib (1), neratinib (2), and osimertinib
(3) and the BTK inhibitors ibrutinib (4) and acalabrutinib (5; see Fig. 2a). Addressing
Cys909 in JAK3 has led to the phase II clinical candidate PF-06651600 [35], which is
under investigation for the treatment of rheumatoid arthritis, Crohn’s disease, ulcera-
tive colitis, and alopecia areata (vide infra). Efforts which have enabled the develop-
ment of this and other covalent JAK3 inhibitors are summarized in the following
sections. For general consideration on the design and development of covalent kinase
inhibits, please consult the respective chapter in this book. It should also be noted at
this point that ICs, values of covalent inhibitors are time-dependent and therefore
difficult to compare. Thus, the kinetics of covalent inactivation described the second-
order rate constant k;,,./K; should be used to compare the overall efficiency of
covalent inhibitors (see the aforementioned chapter on covalent kinase inhibitors for
details). However, since no kinetic data was provided in most of the cited studies, the
bulk of the discussion in this chapter is still based on ICsq data.

The first putatively covalent JAK3 inhibitors were described in the year 2000 by
researchers from AstraZeneca [37]. They investigated naphthyl(#-aminoethyl)
ketones and analogous Mannich bases (Fig. 5), which can form reactive
vinylketones upon elimination of the f-amino substituent. The covalent modification
of JAK3 was not scrutinized in this study. Nevertheless, a covalent mechanism of
action is very likely since these relatively simple compounds, although being devoid
of a classical hinge-binding motif, are potent JAK3 inhibitors (pICsy values up to
7.1) while possessing only weak JAKI inhibitory potency. In support of this
assumption, the isolated vinyl 2-naphthyl ketone 25 possessed a similar inhibitory
potency (pICso = 7.1) as the most potent compound 24, while the stabilized
derivatives 27 and 28, which cannot undergo elimination (retro-aza-Michael addi-
tion), remained completely inactive.

A similar mode of action can be assumed for the macrocyclic JAK3 inhibitors
NC1153 (29) and EP009 (30, Fig. 6), which were described in 2005 and 2014,
respectively [38, 39]. However, neither was a medicinal chemistry optimization of
these compounds disclosed nor was the covalent mode of action experimentally
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Fig. 4 Alignment of the amino acids contributing to the Janus kinases’ ATP pockets and
the adjacent regions (generated by superposition from the JAK3 X-ray crystal structure with the
PDB-code 3LXK). Colors/roman numbers were assigned according to the kinases’ subdomain
structure proposed by Hanks and Hunter [36]. The sequence and numbering of JAK3 is used as
basis for the alignment, and differing amino acids in other JAKs are highlighted in darker colors.
Amino acids contributing to the binding pocket only via their backbone are further marked with
an asterisk. Cys909 and Ala966 (highlighted with a black frame) are the key discriminators
between JAK3 and other JAK family members

confirmed. Although a certain degree of specificity was claimed in the corresponding
publications, it is likely that the highly reactive a,f-unsaturated ketones representing
the active species covalently modify additional targets beyond JAK3.
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Fig.7 Electrophilic JAK3 inhibitors from Cytopia Ltd. (a) General structure. (b) Selected example 31
and analog 32, which was later crystallized in complex with JAK3 by Goedken et al. [41] (see Fig. 8)

Besides the above compounds, further early examples of (presumably) covalent
JAK3 inhibitors have been reported in the patent literature. For example, a set of
druglike acrylamide-derived JAK3 inhibitors were claimed as early as 2005 in a
patent from Cytopia Ltd. (Fig. 7) [40]. These inhibitors possessed selectivity for
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JAK3 vs. JAK2 at 20 pM, but inhibitory potencies were only assigned to a single
structure (31). This compound showed a time-dependent ICs, value of 40 nM and
7 nM after 20 min and 90 min preincubation, respectively. Although the covalent
binding mode was not unambiguously confirmed by experimental data in this patent,
Goedken et al. later reported the X-ray crystal structure of close analog 32 covalently
bound to JAK3 (Fig. 8) [41].

Two patents from Principia Biopharma published in 2012 and 2014 claimed JAK3
inhibitors based on a SH-pyrrolo[2,3-b]pyrazine scaffold equipped with acrylamide or

N

Fig. 8 JAK3 in covalent complex with inhibitor 32 (PDB-code: 4QPS). Hydrogen bonds are
depicted as dashed yellow lines and water molecules as red spheres. The Met902 gatekeeper residue
is highlighted in the ball and stick representation
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Fig. 9 Acrylamide- and a-cyanoacrylamide-derived JAK3 inhibitors from Principia Biopharma



Covalent Janus Kinase 3 Inhibitors 235

a-cyanoacrylamide warheads (see Fig. 9 for selected examples 33-35) [42, 43]. Very
potent inhibitors with subnanomolar ICs values were reported in both series, however,
without providing further details on the binding modes.

Another patent from Merck Sharp & Dohme (MSD) published in 2013 included
a large series of 4-aryl-7H-pyrrolo[2,3-d]pyrimidines with acrylamides attached
to the meta-position of the 4-aryl-substituent. Many of these compounds featured
ICs, values in the subnanomolar range and more than 10,000-fold selectivity over
JAK2 [44]. Selected examples 36-39 are depicted in Fig. 10. Although no data
except JAK2 and JAK3 inhibitory potencies were reported, compounds from the
same structural class were later demonstrated to bind covalently to JAK3 by
researchers from Pfizer (vide infra) [35]. Moreover, JAK3i (39), another compound
of this structure type, was later used by the Taunton group to interrogate IL-2
triggered STATS signaling (vide infra) [45].

The first reports on the rational design of covalent JAK3 inhibitors occurred in the
peer-reviewed literature only in 2014. Joint efforts of the groups of Shoichet and
Taunton led to the identification of several covalent-reversible JAK3 inhibitors
equipped with a-cyanoacrylamide warheads [46]. These ligands were identified
from a targeted virtual library that was assembled and screened using a novel
covalent docking approach termed DOCKovalent. Experimental evaluation of the
most promising hits against JAK3 identified key compounds 40 and 41 (Fig. 11)
with ICso values of 93 nM and 49 nM, respectively. Notably, no substantial
inhibition of other JAK isoforms was observed for either of the two inhibitors up
to concentrations of 10 pM. Compound 41 was further tested against nine other
kinases featuring a cysteine at the same position and found to be a potent inhibitor of
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BLK, HER4, and ITK, with ICs( values of 22 nM, 44 nM, and 221 nM, respectively.
Based on the computed binding mode and the provided selectivity data, covalent
engagement of Cys909 can certainly be assumed although no X-ray or MS-data were
provided.

Almost simultaneously, our own group reported on ruxolitinib-derived
inhibitors designed to covalently address Cys909 [47]. To access ruxolitinib analogs
in a convenient and highly flexible manner, we replaced the pyrazole ring attached
to the 4-position of the 7H-pyrrolo[2,3-d]pyrimidine hinge-binding motif by an
1,4-disubstituted 1,2,3-triazole ring readily accessible by copper-catalyzed azide—
alkyne cycloaddition (Fig. 12a). Classical (reversible) and covalent docking
predicted that the attachment of a propylene oxide moiety to the triazole-N1-atom
would place the epoxide warhead in an appropriate position to react with Cys909
(Fig. 12b). We prepared (racemic) key compound 43 and tested it against all JAK
isoforms. In accordance with our design hypothesis, we found that this compound
potently inhibits JAK3 (IC5o = 35 nM) while being 70-fold to 160-fold selective
against the other JAK isoforms. Since we discontinued the development of this
compound class in favor of tricyclic covalent-reversible JAK3-inhibitors (vide infra)
[48], we did not confirm the binding mode by X-ray crystallography. However, the
biological data being in line with data from modeling strongly supports covalent
interaction with Cys909.

Only a few months later, researchers from AbbVie also reported on covalent
JAK3 inhibitors with only moderate structural complexity [41]. These compounds
were based on a 1-methyl-1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridin-2-amine
scaffold which was linked to a chloroacetamide (44), acrylamide (45), or a
(E)-4-(dimethylamino)-but-2-enamide (46) warhead (Fig. 13a). Inhibitory potency
was measured at varying ATP concentrations and (pre)incubation times revealing a
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triazoles

Fig. 12 Ruxolitinib-derived triazoles with a putative covalent binding mode. (a) Design strategy
leading to compound 43. (b) Compound 43 covalently docked in the JAK3 binding site (PDB-code:
3LXK) using the Schrodinger Small Molecule Drug Discovery Suite. Epoxide opening by the
Cys909 side chain is predicted to occur at the terminal carbon atom. The generated hydroxy group
forms a hydrogen bond to the Arg953 backbone carbonyl oxygen atom
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Fig. 13 (a) Covalent JAK3 inhibitors from Goedken et al. [41]. (b) Suggested binding mode
of compound 45 remodeled by covalent docking into the X-ray crystal structure with the PDB-code
4QPS using the Schrodinger Small Molecule Drug Discovery Suite

time-dependent behavior indicative for covalent target engagement. Kinetic analysis
in a trFRET displacement assay showed the overall efficiency of covalent inactiva-
tion (described by the second-order rate constant kj,,./K7) of compound 44 (ki,ac/
K;=3.5x 10> M~ s71) to be in the same range as for pyrazinyl benzimidazole 32
from Cytopia (kinao/ K1 = 9.0 X 10° M ), while compound 45 (ki.o/K7 =
1.7 x 10° M~ ' s7!) was even more efficient. Inhibitors 44 and 45 were selective for
JAK3 when tested against all JAKs in vitro and in cells, and a time-dependent
increase in inhibitory potency was observed exclusively for JAK3. Moreover, selec-
tivity against the ten other kinases containing an equivalently positioned cysteine as
well as in a panel of 78 protein kinases was demonstrated. However, it should be
noted that compounds 44 and 32 suffered from insufficient (reversible) binding
affinity as JAK3 inhibition was outcompeted by high ATP concentrations
(ICsp > 50 pM at 1 mM ATP; 45 was not tested). Covalent modification of
Cys909 was demonstrated by mass spectrometry for compound 45. However,
although an X-ray structure of the covalent complex between compound 32 from
Cytopia (vide supra, Fig. 8) was provided in this study, no crystal structures of
compounds 44—46 were included, and a docked model of the binding mode was
deduced instead (see the model in Fig. 13b).

In the same year, the Gray group reported a comprehensive set of covalent JAK3
inhibitors derived from WZ4002 (47), a covalent ligand of the EGFR™°°M mutant
[49, 50]. The key alteration with respect to WZ4002 was the extension of the spacer
length by replacement of the meta-substituted phenoxy linker by a benzylamine
residue (Fig. 14).

Further optimization of the other substituents and the heterocyclic hinge-binding
motif furnished a set of over 70 compounds exhaustively showing the structure—
activity relationships of this structural class. Most of the biological evaluation within
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Fig. 14 Development of covalent JAK3 inhibitors derived from the irreversible EGFR inhibitor
WZ4002 by Tan et al. [49]

this campaign was carried out by a cellular viability assay utilizing Ba/F3 cells,
which were dependent on the constitutive activity of the respective Tel-JAK1-3
fusion proteins. The key compounds 48 and 49 showed an excellent JAK3 potency
in an enzymatic assay with ICsy values of 4.8 nM and <0.5 nM, respectively,
together with a favorable isoform selectivity of 190-fold, 220-fold, and >2,000-
fold (48) and >70-fold, >100-fold, and >80-fold (49) over JAK1, JAK2, and TYK?2
as measured at an ATP concentration near the K,, value. In the aforementioned
Ba/F3 assay, 48 and 49 were able to inhibit JAK3 in presence of cellular ATP
concentrations with ICsy values of 69 nM and 19 nM, respectively. The good
isoform specificity was also maintained with an at least 33-fold (48) or 390-fold
(49) selectivity window over the other three family members. The selectivity of the
key compounds was further validated in several other cellular models. These inhib-
itors effectively blocked JAK3-dependent IL-2-mediated STATS phosphorylation in
TALL-1 leukemia cells and the IL-4-induced phosphorylation of STAT6 in bone
marrow-derived macrophages (BMDMs); JAK1/2 and TYK2-dependent pathways
were influenced neither by 48 nor by 49. A broad kinome selectivity screening was
conducted with the DiscoverX KINOMEScan technology (456 kinases,
competition-binding format) revealing 82 off-targets for 48 tested at 1 pM. The
ICsy values for major off-targets were subsequently determined with enzymatic
assays confirming inhibition of Fms-related tyrosine kinase 3 (FLT3, ICsy = 13 nM),
tyrosine protein kinase (TXK, ICso = 36 nM), TTK protein kinase (TTK,
ICso = 49 nM), B lymphocyte kinase (BLK, ICsy = 157 nM), and EGFR™'
(IC50 = 409 nM). Compound 49 showed a higher selectivity in this panel where
the most potently inhibited wild-type kinase was aurora kinase A with an ICs, value
of 43 nM. Washout and pulldown experiments with a biotinylated inhibitor clearly
demonstrated target engagement in cells, and the expected covalent binding mode
was finally proven by mass spectrometry and X-ray crystallography (Fig. 15).
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Fig. 15 Covalent complex
of 48 and JAK3 (PDB-code:
4716). Hydrogen bonds are
depicted as dashed yellow
lines, and the Met902
gatekeeper residue is
highlighted in the ball and
stick representation

The inhibitor adopts a U-shaped conformation in which the 2-aminopyrimidine
scaffold shows the typical hinge-binding pattern with two hydrogen bonds between
the inhibitor and the backbone of Leu905. The benzylamine linker spans back
through the catalytic cleft toward Cys909, where the covalent bond is formed
between the acrylamide and the thiol of the cysteine side chain. The 2-methoxy-4-
(4-methylpiperazin-1-yl) aniline moiety occupies the solvent-exposed front region.

Further evaluation of DMPK properties revealed that both, key compound 48
and 49, were poorly stable in murine liver microsomes (t;, < 5 min). Nevertheless,
compound 49 showed a moderate plasma half-life of 1.4 h after i.v. administration
and a favorable oral bioavailability of 66%. Notably, due to the relatively
rapid resynthesis rate of JAK3 (t;, approx. 3.5 h in PBMCs [35]), it is likely that
sustained exposure would be required for achieving prolonged in vivo effects
despite irreversible binding.

Very recently, a report on “dual-specific’ BTK/JAK3 inhibitors has been
published by Ge et al. [51]. The authors presented a set of 2,6-
diarylaminopyrimidines bearing an N-arylacrylamide warhead, which were derived
from the aforementioned EGFR inhibitor WZ4002. Interestingly, and in contrast to
similar JAK3-selective inhibitors described by the Gray group (Fig. 14), these
compounds do not possess a methylene group between the hinge-binding motif
and the aryl linker. Both key compounds, 50 and 51 (Fig. 16), showed subnanomolar
potencies on BTK. Furthermore, 51 was also found to be a picomolar JAK3
inhibitor, while 50 was about ten times less potent on this enzyme. However, no
data on JAK isoform selectivity or specificity within the kinome were reported, and a
confirmation of the proposed covalent interaction was not provided for either of the
two target kinases. Further evaluation focused on the inhibition of proliferation of
three B cell lymphoma cell lines (Ramos cells, Raji cells, and Namalwa cells). In
these cells, both key compounds showed comparable profiles with ICs, values
ranging from 2 to 9 pM. Although no detailed DMPK data were provided in this
report, the key compounds 50 and 51 were tested in a murine xenograft model using
human Ramos cells. Tumor growth was inhibited dose-dependently by both com-
pounds, with 50 being slightly more effective than 51 at same doses (30—-60 mg/kg,
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p.o., QD). Due to the relatively poor characterization of these compounds, it remains
unclear, however, to what extent the observed cellular and in vivo effects arise
from specific inhibition of JAK3 and BTK.

In 2016, the Taunton group utilized JAK3i (39, Fig. 10), an acrylamide-based
inhibitor from the aforementioned patent application by Merck Sharp & Dome,
for the investigation of the time dependency of STATS phosphorylation in IL-2
stimulated CD4" T cells [45]. In accordance with the data provided by MSD, the
compound exhibited excellent JAK3 potency in an enzymatic assay (IC5q = 0.43 nM).
Moreover, >3,000-fold selectivity over the other JAK family members at a fixed
ATP concentration of 100 pM was demonstrated. Kinome selectivity, however,
was not determined in this study, but a promising selectivity against three kinases
with an equivalently positioned cysteine was shown at 1 mM ATP (EGFR, ITK,
and BTK with a 1,300-fold, 600-fold, and 50-fold selectivity, respectively). A final
confirmation of the covalent engagement of Cys909 by 39 via X-ray crystallography
was not part of this work, but other groups later reported such data for closely related
molecules of the same structural class (vide infra) [35, 52]. Instead, Taunton and
co-workers proved the involvement of Cys909 using murine CD4* T cells, where
overexpression of the JAK3“**”S mutant was protective against JAK3i-dependent
effects. By using JAK3i as a chemical probe, they found that IL-2-induced STATS5
phosphorylation occurs in two independent waves, one after 15 min and a second
one peaking approx. 2 h after stimulation. In contrast to the pan-JAK inhibitor
tofacitinib, which blocked both waves, compound 39 preferentially affected the
second wave of IL-2/pSTATS signaling. Blockage of the delayed STATS5 phosphor-
ylation event was sufficient to prevent the cells from entering the S phase, and
compound 39 (40 mg/kg, i.p., BID) inhibited proliferation of T cell blasts in mice.

Our own group published a small set of tricyclic covalent-reversible JAK3 inhibitors
as chemical probes at the end of 2016 [48] and subsequently reported a detailed SAR
study of the underlying compound class in 2018 [53]. Within this project, rational
design started from tricyclic tofacitinib analogs [54] enabling the introduction of
different aromatic linkers at the imidazole’s C2-position, which were then decorated
with a variety of Michael acceptor-derived warheads. Our optimization efforts
culminated in the discovery of the key compounds 52 and 53 (Fig. 17).
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Fig. 17 Development of the covalent-reversible JAK3 inhibitors 52 and 53

While meta- and para-substituted phenyl linkers combined with acrylamide
warheads were not able to boost JAK3 inhibitory potency, the introduction
of a 2,5-disubstituted furyl residue as the linker moiety and the use of an
a-cyanoacrylamide as the electrophile were the key modifications to generate
the highly active JAK3 inhibitors 52 and 53. Both of these compounds exhibited
subnanomolar JAK3 potencies and showed an extraordinarily good selectivity
against the other JAKs (400-fold to 5,800-fold against JAK1, JAK2, and TYK2).
The ATP dependency of the selectivity of 52 was further investigated at a fixed
ATP concentration (200 pM) confirming that a similar selectivity window was
maintained [53]. In a broad kinome selectivity screen (ProQinase Kinase 410--
Profiler), compound 52 showed 11 off-targets with less than 50% residual activity,
while 53 was even more selective with only a single off-target (MAPKAPK?2) at a
tested concentration of 500 nM. When screened at 100 nM, both compounds showed
a perfectly clean profile without any notable off-targets. The somewhat better
selectivity of 53 can be attributed to the additional methyl group at the 2-position
of the cyclohexyl side chain, which is known as the key driver of kinome selectivity
from an analogous residue in tofacitinib [55]. The JAK3 selectivity determined by
enzymatic assays was recapitulated in several cellular models. Selectivity against a
set of other kinases with an equivalent cysteine placement (BLK, BTK, and TEC)
was confirmed using a nanoBRET-based cellular assay [56]. In another model
employing primary CD4" T cells, both compounds only affected the signaling of
JAK3-dependent pathways while leaving JAK1, JAK2, and TYK2 signaling unaf-
fected even at the highest tested concentration (1 pM).

The assumed covalent targeting of Cys909 was confirmed by X-ray
crystallography for compound 53. The ligand shows the expected tofacitinib-like
binding mode with the typical bidentate hinge-binding pattern to the backbone of
Glu903 and Leu905. The furan linker spans through the front region placing the
electrophilic B-position of the warhead in proximity to the Cys909 thiol group
(Fig. 18). Interestingly, the X-ray structure features two distinct binding modes,
one with the ligand covalently attached to the protein (Fig. 18b) and the other one
without the bond between the fC-atom of the a-cyanoacrylamide and the cysteine’s
thiol group (Fig. 18a). The simultaneous presence of the covalent and the
non-covalent complex conforms to the concept of covalent-reversible targeting
with a-cyanoacrylamides. Notably, we also recapitulated the reversible nature of
thiol addition by experiments with model thiols (Forster & Laufer, unpublished).
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Fig. 18 Co-existing covalent and non-covalent complex of 53 and JAK3 (PDB-code: SLWN).
Hydrogen bonds are depicted as dashed yellow lines, and the Met902 gatekeeper residue is
highlighted in the ball and stick representation. (a) Binding mode of 53 without covalent engage-
ment of Cys909 and (b) ligand 53 covalently bound to Cys909

Another key feature of both, compound 52 and 53, is the induction of a novel
binding cleft through the reorientation of the side chains of Arg911, Asp912, and
Arg953 by interactions with the inhibitor’s nitrile group. We further investigated
the SAR of the underlying compound class with a special emphasis on the induction
of this “arginine pocket” to deduce its function in conferring activity and selectivity
[53]. After iteratively modifying the linker moiety and the headgroup, we
were able to show by X-ray crystallography that a relatively rigid a,f-unsaturated
acrylonitrile moiety (exemplified by compound 54, Fig. 19c) is necessary to
induce this cavity, while the pocket is not formed by the corresponding propionitriles
(e.g., compound 55). As depicted in Fig. 19a, the formation of the arginine pocket
was observed in the X-ray structure of acrylonitrile 54 in (non-covalent) complex
with JAK3. Contrastingly, the complex with saturated analog 55 (Fig. 19b) showed
the side chains of Arg911, Asp912, and Arg953 to adopt the typical conserved
conformation known from other JAK crystal structures.

Accordingly, these inhibitors showed distinct biochemical profiles. Compound
55 exhibited only a moderate JAK3 potency (ICso = 129 nM) and no evident
isoform selectivity, while 54 was five times more potent on JAK3 (ICs5y, = 27 nM)
and showed a 60-fold to 210-fold selectivity over the other isoforms. It is noteworthy
that a covalent interaction with Cys909 was not detected in any of these structures,
suggesting that a moderate JAK3 selectivity can be achieved solely by the induction
of the arginine pocket without the need of establishing a covalent bond with Cys909.

Researchers from Pfizer have recently published two studies in which
they modified the non-covalent pan-JAK inhibitor tofacitinib (6) with the aim of
turning it into a covalent inhibitor [35, 57]. The key hypothesis of their effort was
that the piperidinyl side chain of 6 could be modified to prefer an “anti-conforma-
tion” with respect to the heterocyclic hinge-binding motif enabling the covalent
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Fig. 19 X-ray structures of (a) 54 (PDB-code: 6GLA) and (b) 55 (PDB-code: 6GLB) in complex
with JAK3. Hydrogen bonds are depicted as dashed yellow lines, and the Met902 gatekeeper
residue is highlighted in the ball and stick representation. (¢) Chemical structures of 54 and 55

engagement of the Cys909 thiol with an acrylamide attached to the piperidine
nitrogen atom (Fig. 20a).

One key modification to favor the anti-orientation was the removal of the
N-methyl group to facilitate the rotation around the C—N bond, which is linking
the aliphatic side chain to the heterocyclic hinge-binding motif. Simultaneously,
the exocyclic 4-methyl group at the piperidine moiety was truncated as it
was suspected to clash with the “roof” of the binding pocket in this inverted
conformation. The optimization process aimed to increase the rate of inactivation
(described by kjnae) by stabilizing the reactive conformation while decreasing the
intrinsic chemical reactivity of the warhead to a necessary minimum. These efforts
furnished two compound series represented by inhibitors 57 and 58 (Fig. 20b), the
latter being related to the MSD compounds discussed above (see Fig. 10). Both
inhibitors showed high JAK3 potency as well as excellent isoform selectivity, and
their covalent binding mode was confirmed by X-ray crystallography (exemplified
for compound 58 in Fig. 21a). However, the high intrinsic reactivity of the aniline-
derived acrylamides such as 58 led to a poor correlation between data from enzy-
matic assays, cellular models, and human whole blood justifying the discontinuation
of this series.
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6 56 57 58
Tofacitinib PF-06651600
"syn"-conformation "anti"-conformation
preferred preferred

Fig. 20 (a) Development of 56 starting from reversible pan-JAK inhibitor tofacitinib.
(b) Derivatives with a rigidized bicyclic side chain (57) or an aniline-derived acrylamide (58)

Fig. 21 X-ray structures of (a) 58 (PDB-code: STTV) and (b) 56 (PDB-code: 5STOZ) in complex
with JAK3. Hydrogen bonds are depicted as dashed yellow lines, and the Met902 gatekeeper
residue is highlighted in the ball and stick representation. Only water molecules interacting directly
with the ligand are shown

Further optimization of the other series focused on metabolic stability with
special emphasis on decreasing GST-mediated clearance. Ultimately, an (S)-methyl
group in the 2-position of the piperidine ring was identified as the key feature to
achieve favorable PK properties enabling the development of clinical candidate
PF-06651600 (56, Fig. 20a).

Compound 56 is a highly potent JAK3 inhibitor with an ICs, value of 0.35 nM
when measured at K, ATP, which shifts to 33 nM when determined at a much
higher ATP concentration of 1 mM. At the latter ATP concentration, an at least
300-fold selectivity was shown against the other JAK isoforms. In a panel of
304 kinases (Invitrogen, Z’-Lyte/LanthaScreen), 56 inhibited only 15 kinases
more than 50% at a concentration of 1 pM. Out of these, five kinases (BMX,
HER4, TXK, EGFR™M  and EGFRWQOM/LBSBR) with cysteines equivalent to
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Cys909 in JAK3 were strongly inhibited with less than 10% activity remaining.
More detailed kinetic investigations were performed and demonstrated moderate
selectivity for JAK3 (kpae/Ki = 3.7 x 10° M~' s7') over TEC family
kinases with an equivalently positioned cysteine (BMX, BLK, BTK, ITC, TEC,
TXK; kinac/ Ky ranging from 1.0 x 10%t0 8.6 x 10> M~ ' s~ 1). Pronounced selectivity
over the kinase TXK (kinao/Ki = 2.3 x 10° M~ s71) was observed in kinetic
analyses although the ICsy values were in the same range for both enzymes
highlighting that ICs, data of covalent inhibitors should always be interpreted with
caution. Remarkably, selectivity over TEC family kinases is caused by the more
efficient covalent inactivation of JAK3 (kinaee = 2.3 s 1), while K; values were
significantly lower for the mentioned TEC kinases.

In a comprehensive set of cellular assays, compound 56 was able to suppress
STAT phosphorylation only in the JAK3-dependent pathways triggered by IL-2,
IL-4, IL-7, IL-15, and IL-21 with ICs; values in the range of 200—400 nM, while no
inhibition of downstream STAT phosphorylation was observed after stimulation
with IL-6, IL-10, IL-12, IL-23, IL-27, IFN-a, IFN-y G-CSF, and EPO.

A comparison of 56, pan-JAK inhibitor tofacitinib, and JAK1-selective inhibitor
PF-02384554 in a human whole blood assay showed that tofacitinib was able to
inhibit the STAT phosphorylation after stimulation with IL-15 and IL-21 slightly
more efficient (fivefold to sevenfold) than 56. The latter, however, was equipotent to
JAKI-selective compound PF-02384554 in the same assay format. These results
suggest once more that a dominant role of JAK1 over JAK3 should be considered
unlikely.

The successful covalent targeting of Cys909 by 56 was also confirmed by X-ray
crystallography, and the ligand adopted the predicted binding mode. The heterocy-
clic core is directed to the hinge region where it addresses the protein backbone via
the two typical hydrogen bonds. Meanwhile, the piperidinyl side chain orients
toward Cys909 in the proposed “anti-conformation” allowing the acrylamide to
react with the sulthydryl group. It is noteworthy that all hydrogen bond donors
and acceptors of 56 are engaged in a hydrogen bonding network built up from the
ligand, the protein backbone, and water bridging molecules (Fig. 21b).

Unspecific protein binding of 56 was shown to be very low as demonstrated using
human serum albumin (HSA) as a surrogate protein and in functional human
hepatocytes. In the latter case, more than 98% of radiolabeled 56 remained unbound
after incubation. Moreover, 56 was tested in several in vivo models and showed
good pharmacokinetic properties although a certain interspecies variability was
observed. In an adjuvant-induced arthritis (AIA) rat model, 56 was able to decrease
paw swelling in a dose-dependent manner after oral administration (3—-30 mg/kg, p.
0., QD).

At the moment, 56 is being investigated in several phase II clinical trials
for the treatment of rheumatoid arthritis (NCT02969044), ulcerative colitis
(NCTO02958865), and alopecia areata (NCT02974868).

A compound denominated II-4 (59, Fig. 22), representing a close structural
analog of tofacitinib and PF-06651600, has very recently been characterized as
a covalent JAK3 inhibitor by Chen an co-workers [58]. Analogous
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compound RB1 (60, Fig. 22), which can be considered as a bioisostere of
compound 58 (Fig. 20b), was published by the same group only a few months
later [59]. Notably, our own group had already prepared a close analog of 60
termed MG-3-305 (61, Fig. 22, Gehringer & Laufer, unpublished) in early 2011.
Interestingly, however, we found our compound, which is based on a 7H-pyrrolo
[2,3-d]pyrimidine scaffold and features an additional methyl group at the R-
configured 4-position of the piperidinyl side chain, to be only a moderate to weak
suppressor of JAK3 activity (ICsq = 494 nM). In contrast, 59 and 60 from Chen and
co-workers were potent JAK3 inhibitors with ICsy values of 40 nM and 57 nM,
respectively. Both compounds exhibited very good selectivity against the other
JAKSs with ICsy’s above 5 pM and 10 pM, respectively. The compounds were also
tested against all protein kinases with an equivalently positioned cysteine except
MKK7 (MAP2K7) at 1 pM. Weak off-target activity (20-40% inhibition of BLK,
ITK, TEC, HER4, and TXK) could be observed for 59, while none of these kinases
was significantly hit by 60. Only compound 60 was tested in a panel containing
75 kinases; weak inhibitory activity on Aurora kinase A and B, CLK2, PKGla, and
MKK7 was found, the latter being among the kinases featuring an analogous
cysteine. In a PBMC assay, the compounds suppressed JAK1/3-dependent IL-2-
induced STATS phosphorylation with ICs, values of 105 nM and 40 nM for 60 and
59, respectively, while tofacitinib showed an ICsy of 25-30 nM. However, while
tofacitinib potently suppressed IL-6-triggered STAT3 phosphorylation (dependent
on JAK1/JAK2/TYK?2; ICsy = 35 nM) and to a lesser extent GM-CSF-promoted
STATS5 phosphorylation (dependent on JAK2; ICsy = 227 nM), inhibition of
these pathways was less pronounced for compound 59 (ICso = 592 nM and
492 nM, respectively). Inhibitor 60 was even more selective and spared the last-
mentioned pathways up to concentrations of 40 pM (pSTAT3) and 10 pM
(pSTATS). These results were supported by further cellular assays indicating a
similar behavior. Covalent modification of Cys909 was demonstrated by tryptic
digestion/LC-MS and jump dilution. Both compounds showed very little acute
toxicity in rats, good oral bioavailability (57% and 73% for 59 and 60, respectively),
and plasma half-life (11.1 h and 14.6 h, respectively). The compounds were orally
active in a mouse CIA model dosed at 30 mg/kg and possessed similar efficacy
as tofacitinib applied at the same dose. For 60 and the control compound tofacitinib,
it was further shown that serum levels of TNFa, IFNy, and IL-6 as well as
gene transcription levels of IL-1, IL-2, and IL-6 in articular tissue decreased in a
dose-dependent manner, while IL-10 levels increased. Moreover, at 100 mg/kg, 60

Fig. 22 Covalent JAK3
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showed some capacity to decrease Th1 and Th17 cell proliferation while increasing
Ty cell counts as shown by flow cytometry.

In another recent publication from Chen and co-workers, structure—activity
relationships of analogs of compound 58 from Pfizer/MSD (vide supra) were
reported [60]. In this study, the hinge-binding motif was varied, and a series of
acrylamide- and 2-haloacetamide-derived warheads were installed (Fig. 23a). Within
each series, the apparent potency roughly correlated with the intrinsic reactivity of
the warhead [61-63], i.e., acrylamides were more potent than methacrylamides, E-
crotylamides, or 3,3-dimethylacrylamides, while bromoacetamides were slightly
more potent than chloroacetamides. As expected, sterically more hindered
2-chloropropionamides were poorly active. The activities of (unsubstituted) acryl-
amides and 2-haloacetamides were in the same range, and attachment of a methyl
group at the ortho-position of the acrylamide moiety had a negligible effect on
potency. Different purine-derived scaffolds (9H-purine, 7H-pyrrolo[2,3-d]pyrimi-
dine, 1H-pyrrolo[2,3-b]pyridine, and the partially saturated 2,3-dihydro-1H-pyrrolo
[2,3-b]pyridine) were probed as the hinge-binding motif. In accordance with a
previous SAR study from our own laboratory evaluating a plethora of hinge-binding
heterocycles for tofacitinib-derived reversible JAK3 inhibitors [64], 9H-purine-
derived compounds were found to be less active than 7H-pyrrolo[2,3-d]pyrimidines,
and saturation of the C2—-C3 double bond also reduced activity. In contrast to our
results, however, 1H-pyrrolo[2,3-b]pyridine-derived covalent JAK3 inhibitors
were superior to the analogous 7H-pyrrolo[2,3-d]pyrimidines in the present study.
Notably, many compounds showed a very pronounced selectivity against JAKI
and JAK2 (ICs9 > 0.5 pM or 5 pM). The most potent derivative T29 (63),
representing the 1H-pyrrolo[2,3-b]pyridine analog of 58 (see Fig. 20b), featured a
JAK3 ICsq value of 0.14 nM and >35,000 selectivity against JAK1 and JAK2.
Compounds T1 (62, Fig. 23b), T15 (equals compound 58 from Fig. 20b), and
T29 were further characterized against nine kinases with an aD-1 cysteine (all
except MKK7). While 58 possessed significant activity on BMX (IC5q = 24 nM),
weaker BMX potency was observed for 62 and 63 (ICso = 105 nM and 240 nM,

a) _, R'=H, Me b)
1 R2 i i N
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Fig. 23 (a) JAK3 inhibitors derived from 58 (see Fig. 20b) by He et al. [60]. (b) Key compounds
T1 (62), T15 (equals 58), and T29 (63)
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respectively). The inhibitory activity of these compounds on other kinases in
this set was less pronounced (ICsy > 450 nM). All three inhibitors orally dosed
at 30 mg/kg inhibited carrageenan-induced paw edema in mice, compound 63
being more effective than the positive control compound tofacitinib (30 mg/kg).
Irreversible binding was further supported by a jump dilution assay, and covalent
docking recapitulated a similar binding mode as previously shown for compound 58
(see Fig. 21a) by researchers from Pfizer.

In early 2017, researchers from MSD published a comprehensive study of JAK3
biology where they focused on the aforementioned selectivity shift, which can be
observed when comparing enzymatic assays at Km ATP to cellular systems [52]. In
good agreement with previously reported data from Thorarensen et al. [30], they
showed that compared to JAK1, JAK3 possesses an about tenfold higher ATP
affinity. The latter results in a more pronounced loss of JAK3 inhibitory activity
relative to JAK1 when running assays at an invariable and high ATP concentration
mimicking a cellular environment. A screening of a large collection of JAK inhib-
itors with various selectivity profiles in cellular assays and the comparison of the
obtained data with results from enzymatic assays conducted at K, ATP uncovered
an average 44-fold loss in selectivity (JAK3 over JAK1). A decreased selectivity
against JAK2 was observed as well but was less pronounced (approx. eightfold). In
the light of these results, the researchers at MSD concluded that via elimination
of the ATP competitivity by using an irreversible inhibitor, much better JAK3
selectivity would be achievable in cells and in vivo. Therefore, they chose one of
the irreversible inhibitors based on a 4-phenyl-7H-pyrrolo[2,3-d]pyrimidine scaffold
(64, Fig. 24) from the aforementioned patent application (vide supra, see Fig. 10)
and performed an extensive biological characterization.

The suggested covalent targeting of Cys909 by 64 was supported by jump
dilution assays and reconfirmed by X-ray crystallography (no data deposited in
the PDB). Like other compounds from this structural class, 64 was a very efficient
JAK inhibitor (ICsy = 0.15 nM, kipnae/Ky = 9.9 x 10° M~' s7') having an excellent
selectivity over the other isoforms in enzymatic assays (4,300-fold over JAK1 and
>10,000-fold over JAK2/TYK?2). Additionally, a more than 100-fold selectivity was
claimed against 24 other kinases, however, without providing detailed information
about the underlying screening panel. In cellular models including several human
and murine cell lines as well as PBMCs, the JAK3 selectivity of compound 64 was

Fig. 24 Trreversible JAK3 H
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corroborated. The inhibitor potently blocked JAK3-dependent STATS phosphory-
lation, e.g., after stimulation of murine CTLL-2 cells with IL-2 (IC5y = 70 nM) or
IL-7 stimulation of human PBMCs (ICs, = 280 nM). At the same time, an at least
35-fold selectivity over the JAK3-independent pathways triggered by IL-6,
GM-CSF, and EPO was observed. In agreement with the previously described
results from Pfizer employing a structurally related aromatic acrylamide (58,
Fig. 20b), a poor translation of the enzymatic and cellular assay data was observed
when moving to human whole blood. Despite remaining an effective suppressor of
JAK3-dependent pathways, the ICso values of 64 were significantly higher in the
latter case. This could be a result of the substantial intrinsic reactivity of N-aryl
acrylamides and their susceptibility to inactivation by promiscuous thiol binding.

In animal models, 64 was combined with the CYP inhibitor 1-aminobenzotriazole
(ABT) to prevent a rapid decrease in plasma concentration resulting from modest
stability against hepatic metabolism. In a modified CIA model, 64 was able to reduce
paw swelling in a dose-dependent manner. Nevertheless, even at the highest dose of
300 mg/kg (p.o., BID), compound 64 was still inferior to the positive control
dexamethasone. However, JAK3 selectivity could be substantiated in vivo, since
inhibition of T cell proliferation was observed, while hematopoiesis was not
affected.

In further experiments investigating the connection between PD and PK, it was
demonstrated that an extended effect of irreversible inhibition after clearance of 64
from plasma can only partially be achieved. This observation conforms to the
previously described high resynthesis rate of JAK3.

Kempson et al. from Bristol-Myers Squibb recently disclosed their efforts on the
development of nicotinamide-derived covalent JAK3 inhibitors [65]. In preliminary
studies, they identified compound 65 (Fig. 25) as a potent non-covalent JAK3
inhibitor with a reasonable selectivity profile (JAK3 IC5q = 4.5 nM and ca. 40-fold
to 180-fold selectivity against the other JAKSs). This molecule served as the starting
point for further investigations. Guided by molecular modeling, the meta-position of
the benzylamine substituent was identified as promising attachment point for an
acrylamide warhead. Indeed, this modification leading to compound 66 boosted
JAK3 potency to reach subnanomolar ICso values and concomitantly increased
selectivity against the other isoforms (>1,100-fold, >1,300-fold, and >5,000-fold
over JAKI1, JAK2, and TYK2, respectively). A successful covalent capture of
Cys909 can be assumed, since 66 demonstrated time-dependent inhibition of
JAK3, while the analogous propanamide did not. However, a final confirmation by
X-ray crystallography or mass spectrometry was not provided for this scaffold class.

Further characterization in cellular assays demonstrated 66 to potently inhibit
IL-2 driven T cell proliferation (IC5o = 22 nM) and to decrease IFNy production
after IL-2 stimulation in human whole blood (ICsy = 490 nM). A favorable JAK3
selectivity was also confirmed in cellular models, since JAK2-dependent (EPO) and
JAK1/TYK2-driven (IFNa) pathways were blocked less efficiently (ICs, values of
11 pM and 5 pM, respectively).

Good kinome-wide selectivity was proven for 66 in a panel of 350 kinases, where
only 3 kinases (JAK3, FMS, and BMPR2) were strongly affected (<10% of the
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Fig. 25 Development of irreversible JAK3 inhibitors by Kempson et al. [65]. Lead compound 65
was substituted with an acrylamide at the meta-position of the benzylamine moiety to obtain
covalent inhibitor 66. Subsequent replacement of the hinge-binding motif lead to pyrrolo[1,2-b]
pyridazine-derived compound 67 and derivatives thereof (exemplified by 68 and 69)

Fig. 26 X-ray structure of
67 in complex with JAK3
(PDB-code: SWEFI).
Hydrogen bonds are
depicted as dashed yellow
lines, and the Met902
gatekeeper residue is
highlighted in the ball and
stick representation

control) at a concentration of 1 pM. A more detailed investigation of binding
kinetics was provided for JAK3 vs. BTK, and it was shown that the k;,,./K; ratio
was at least three orders of magnitude higher for JAK3 (kjp../ Ky = 3.0 X 10°M! sfl)
suggesting pronounced Kinetic selectivity.

Nevertheless, compound 66 failed in murine PK models revealing low oral
bioavailability and high clearance. Therefore, the same development strategy was
transferred to a pyrrolo[1,2-b]pyridazine scaffold providing compound 67 (Fig. 25),
which showed a similar biochemical profile as 66. The X-ray crystal structure
of 67 bound to JAK3 could be solved confirming the formation of a covalent
link between Cys909 and the ligand (Fig. 26). The complex of 67 and JAK3
features a donor—acceptor hydrogen bonding pattern with hinge region, in which
the hinge-binding heterocycle is inverted compared to most other JAK3 inhibitors.
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One of these hydrogen bonds is formed between a heteroaryl nitrogen atom and
Leu905, the other between the primary amide and the backbone carbonyl oxygen of
Glu903. The benzyl linker adopts a similar conformation as in a previously men-
tioned compound from Gray et al. (48, see Fig. 15), which is further stabilized by an
intramolecular hydrogen bond between the amide carbonyl oxygen and the NH
of the secondary amino group.

Besides the classical acrylamide headgroup, a variety of other warheads were
attached to this scaffold, including less common ones like the vinylsulfonamide (68)
or a pentafluorophenoxy acetamide (69). However, these electrophiles, except the
vinylsulfonamide in 68, impaired JAK3 inhibitory activity to different extents, and
all of them failed to achieve potent inhibition of IL-2-stimulated T cell proliferation
(ICsq values of 5-25 uM).

Additional characterization of such pyrrolo[1,2-b]pyridazine-derived compounds
in comprehensive kinome panels or in vivo has not been provided yet, but follow-up
reports including such data were announced by the authors.

3 Summary

Substantial efforts have been made to develop covalent kinase inhibitors for the
treatment of inflammatory and autoimmune disorders. Here, JAK3 was among
the most prominent targets, but specific and drug-like inhibitors for this enzyme
with a covalent mode of action have only appeared in the literature during the last
5 years. However, a tremendous amount of work has been published in this field
since 2014 providing a considerable set of covalent-reversible and irreversible JAK3
inhibitors with excellent selectivity within the JAK family and the kinome. Previous
non-covalent inhibitors, which were supposed to be JAK3-selective typically suf-
fered from limited cellular selectivity or lack of potency in cells due to the higher
ATP affinity of JAK3 when compared to other JAKs. The latter is not taken into
account by the typical ICsy determinations employing ATP concentrations at (or
close to) the enzymes’ K, values. Experiments with such compounds have previ-
ously raised the question, whether selective JAK3 inhibition is enough to block
STAT phosphorylation, sparking a discussion whether JAK1 had a dominant role
over JAK3 in the signaling of y. cytokine receptors. The newly developed covalent
JAK3 inhibitors, however, have resolved this issue and can now be used for
the detailed investigation of JAK3-dependent JAK-STAT signaling. Based on
the reports discussed in this chapter, we conclude that selective JAK3 inhibition
is sufficient to suppress downstream signaling. If major issues such as limited in vivo
stability, e.g., due to GSH/GST-mediated extrahepatic clearance, can be overcome,
and long-term safety is proven, there is a considerable chance for specific covalent
JAK3 inhibitors to become effective anti-inflammatory and immunosuppressive
drugs with limited side effects outside the immune system. In this light, the results
of further clinical studies with the currently most advanced compound,
PF-06651600, and potential follow-up candidates are eagerly awaited.
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