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Avoiding or Co-Opting ATP Inhibition:
Overview of Type IIL IV, V, and VI Kinase
Inhibitors

Ramon Martinez III, Amy Defnet, and Paul Shapiro

Abstract As described in the previous chapter, most kinase inhibitors that have
been developed for use in the clinic act by blocking ATP binding; however, there is
growing interest in identifying compounds that target kinase activities and functions
without interfering with the conserved features of the ATP-binding site. This chap-
ter will highlight alternative approaches that exploit unique kinase structural fea-
tures that are being targeted to identify more selective and potent inhibitors. The
figure below, adapted from (Sammons et al., Molecular Carcinogenesis 58:1551—
1570, 2019), provides a graphical description of the various approaches to manipu-
late kinase activity. In addition to the type I and II inhibitors, type III kinase
inhibitors have been identified to target sites adjacent to the ATP-binding site in the
catalytic domain. New information on kinase structure and substrate-binding sites
has enabled the identification of type IV kinase inhibitor compounds that target
regions outside the catalytic domain. The combination of targeting unique allosteric
sites outside the catalytic domain with ATP-targeted compounds has yielded a num-
ber of novel bivalent type V kinase inhibitors. Finally, emerging interest in the
development of irreversible compounds that form selective covalent interactions
with key amino acids involved in kinase functions comprise the class of type VI
kinase inhibitors.
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Part A: Type III Kinase Inhibitors

The identification of new details about the structural features of kinases, their role
in enzyme activity, and their functions in regulating substrate recognition and phos-
phorylation have prompted research endeavors to develop kinase inhibitors that do
not interfere with the highly conserved ATP-binding site. For example, type III
kinase inhibitors are compounds that interact with specific structural features in the
catalytic site that are adjacent to the ATP-binding pocket. These sorts of innovations
are aimed at identifying drugs with reduced promiscuity and associated toxicities as
well as avoiding the development of ATP-binding site gatekeeper mutations that are
commonly observed to be responsible for acquired resistance to type I and II kinase
inhibitors [1].

Type 11l MEK1/2 inhibitors. The most studied type III kinase inhibitors have
been developed against the MAP or ERK Kinase-1/2 (MEK1/2) proteins, which are
primary mediators of constitutively active extracellular signal-regulated kinase
(ERK1/2) signaling that is observed in many cancers and proliferative disorders. In
the early 1990s, researchers, at what was then Parke-Davis & Company, screened a
library of small molecules using an in vitro kinase assay consisting of MEKI,
ERK2, and the generic substrate myelin basic protein (MBP) [2]. This screen identi-
fied the compound PD98059 to inhibit MEKI activation of ERK2, to inhibit
subsequent phosphorylation of MBP in an in vitro assay, and to block ERK activation
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in cells. PD98059, which turned out to be ~10 fold more selective for MEK1 than
MEK?2, was the first non-ATP-competitive inhibitor that paved the way for the
development of additional type III MEK1/2 inhibitors. In the early 2000s, the orally
bioavailable MEK1/2 inhibitor, PD184352 (CI-1040), was the first type III kinase
inhibitor to enter clinical trials [3].

The first structural description of the allosteric-binding pocket on MEK1/2 [4]
laid the groundwork for the discovery of additional type III MEK1/2 inhibitors,
including selumetinib, cobimetinib, and trametinib that are currently being used to
treat several types of cancer. As single agents, the type III MEK1/2 inhibitors have
not had the anticipated clinical success [5]. However, the use of the type IIl MEK1/2
inhibitors in combination with other kinase inhibitors has provided clinical benefits
in treating cancer, especially in the context of inhibitors of mutated BRaf where a
single amino acid change from a valine to glutamate in the catalytic site causes
constitutive activation of the kinase [6]. For example, progression-free survival was
greatly improved in melanoma patients receiving cobimetinib (GDC-0973) in com-
bination with the type I BRaf inhibitor vemurafenib to treat mutated BRaf express-
ing melanoma [7]. Similarly, the MEK1/2 inhibitor trametinib is used in combination
with the type I BRaf inhibitor dabrafenib to treat mutant BRaf expressing metastatic
melanoma, thyroid cancer, and non-small cell lung cancer [8-10].

The unique structural features adjacent to the ATP-binding site of MEK1/2 have
been used to identify compounds that inhibit MEK1/2 activity and may have appli-
cations targeting other kinases. Zhao et al. have presented an excellent review of the
type III kinase inhibitor-binding mode with a focus on interactions with MEK1/2
proteins [11]. These studies provide evidence that unique structural features in cata-
lytic/kinase domains can be exploited to design more selective kinase inhibitors.
The authors compared 29 known structures of MEK1 with type III kinase inhibitors
and identified three different allosteric regions in the catalytic site that represent
structural targets for inhibitor development (Fig. 1). The first region is a hydrophobic
pocket that interacts with hydrophobic groups of inhibitor compounds. The second

Fig. 1 Structure of MEK1 and allosteric regions near ATP-binding site. Shown is the structure of
MEKI (pdb:1S9J) and three regions, (1) a hydrophobic pocket (L115, L118, V127, and M143) in
red, (2) lysine (K97) in green, and (3) residues in the activation loop (C*’DFGVS?'2, 1215, M219)
in yellow, involved in allosteric drug binding. The type III inhibitor, PD318088, is shown in black
lines
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region is a key lysine involved in enzyme catalysis. The third region includes the
DFG motif and parts of the activation loop. The activation loop of the MEK1/2
proteins is unique in that it forms a short helix that allows specific interactions with
type III inhibitors [4]. While the activation loop is typically disordered in kinases
where structural information is available, other kinases including p38a MAP kinase
and B-Raf kinase, along with MEK1/2, have been reported to adopt these short
helix structures in the activation loop [11]. Thus, this unique structural feature could
be used to develop type III inhibitors for other kinases. Computational modeling
further supports the formation of unique helix structures in the activation loop of
other kinases and the potential for selective drug targeting [11].

The structure of cobimetinib bound to MEK1, highlighted in Chap. 2, demon-
strates key features that determine the efficacy of type III MEK inhibitors in block-
ing MEK1/2 in cancers driven by mutations in Ras or BRaf. Previous studies
indicate that wild-type and mutant BRaf proteins have differences in their mecha-
nism of MEKI1/2 activation [12]. Wild-type BRaf is dependent on the upstream
Ras-G proteins whereas mutant BRaf signals through the MEK-ERK pathway in a
Ras-independent manner. Based on these differences in BRaf-mediated signaling,
the efficacy of MEK1/2 inhibitors in blocking mutant Ras or BRaf cancer cell lines
was shown to have qualitative differences [13].

These studies went on to provide evidence that the strength of the type III
MEK1/2 inhibitor’s interactions with serine 212 (S212, numbering according to
MEK1) in the activation loop helix determined the compound’s potency in cancers
with different ERK pathway driving mutations [13]. For example, the MEK inhibi-
tors that had strong interactions with S212 resulted in stabilized Raf-MEK com-
plexes in the context of wild-type BRaf but not with mutant BRaf. This suggests that
the stabilization disrupted the ability of wild-type BRaf to access and phosphorylate
MEK in cancer cells expressing mutant Ras. Alternatively, weaker interactions with
S212, as is the case with cobimetinib, were more effective against cancer cells with
activating BRaf mutations due to the compound’s preferential binding to the acti-
vated form of MEK1. The structure of MEK1 with cobimetinib highlights the prox-
imity of the drug with S212 (Fig. 2). These findings provide a novel example where

Fig. 2 Structure of MEK1
and cobimetinib. The
strength of MEK1 binding
to S212 is implicated in
affecting the efficacy of
MEK inhibitors in mutant
BRaf or Ras-driven
cancers. The ribbon
structure of MEK1
(pdb:4LMN) is shown in
complex with cobimetinib
(magenta) and S212
(orange). The conserved
catalytic lysine (K97) is in
yellow
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information on kinase regulation, structural features, and chemical synthesis can be
combined to design type III inhibitors with optimal efficacy depending on the
genetic mutation.

Type Il PI3K and Akt inhibitors. Significant effort has gone into identifying
compounds that block the phosphoinositide-3-kinase (PI3K) or downstream Akt
effector proteins, which are frequently dysregulated and active in many cancer
types [14]. Constitutively active PI3K signaling provides cancer cells with sur-
vival advantages including inhibiting apoptosis signals and promoting the expres-
sion of proteins that promote proliferation [14, 15]. One of the major targets of
Akt in protecting cancer cell survival is the mammalian/mechanistic farget
of rapamycin (mTOR) protein complex. Although there have been a number of
research programs aimed at the development of ATP-competitive inhibitors of
PI3K or Akt, compounds identified have shown limited clinical efficacy or cause
unacceptable toxicity [14]. Nonetheless, several ATP-competitive PI3K inhibitors
are in development and at least three (idelalisib, copanlisib, and alpelisib) have
been approved for clinical use in treating types of lymphoma/leukemia and breast
cancer [16]. However, as with other ATP-competitive protein kinase inhibitors,
acquired drug resistance is a common feature preventing sustained clinical
responses.

In addition to type I/II kinase inhibitors, Akt proteins have been the focus of
type III kinase inhibitor development. A unique structural feature of Akt proteins
is a pleckstrin homology (PH) domain that interacts with the phosphoinositides on
the intracellular side of the plasma membrane and regulates Akt activation. Based
on the structural differences between a pocket formed by the PH and kinase
domains in the inactive versus the active membrane bound Akt protein, a com-
pound called Inhibitor VIII was identified and found to promote Aktl adoption of
an inactive state [17]. The crystal structure reveals key interactions with a trypto-
phan in the PH domain and residues in the kinase domain that are selective for the
Aktl isoform (Fig. 3). One key finding was the formation of a hydrogen bond
between Inhibitor VIII and serine 205, which is not conserved amongst Akt iso-
forms, and could be used to design Aktl-selective inhibitors [17]. A similar allo-
steric inhibitor scaffold, referred to as compound Akt-I-1, that was dependent on
the PH domain, was also reported to be a selective inhibitor of the Aktl iso-
form [18].

Additional type III compounds with similar structures and mechanism of action,
in targeting allosteric sites near the PH and kinase domains of Akt proteins, have
entered clinical trials, including MK-2206 [19], BAY 1125976 [20], and ARQ 092/
Miransertib [21]. Given the significance of other Akt isoforms (e.g. Akt2 and 3) in
mediating mTOR signaling and survival advantages in cancer cells, ARQ 092 was
engineered to potently inhibit Aktl, -2, and -3 proteins. Structural studies between
ARQ 092 and Akt1 revealed key interactions with W80 and T82 in the PH domain
as well as Y272 and D274 in the kinase domain (Fig. 4). These residues are con-
served in all Akt isoforms, which may explain the similar potencies of ARQ 092
against these proteins. Phase 1/2 clinical trials with ARQ 092 was recently reported
to show beneficial effects in treating patients with diseases containing constitutively
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Fig. 3 Interactions between Aktl and a type III inhibitor. Aktl (pdb:3096) is shown in complex
with Inhibitor VIII (black lines) interacting with a tryptophan (W80) in the PH domain (red), and
residues 189-198 of the aC-helix in the kinase domain (cyan), and S205 (green)

Fig. 4 Interactions
between Aktl and ARQ
092. Aktl (pdb:5KCV) is
shown in complex with
ARQ 092 (black lines)
interacting with a
tryptophan and threonine
(W80, T82) in the PH
domain (green) and
residues Y272 and D275 in
the kinase domain (cyan).
Lysine (K97) involved in
enzyme catalysis is shown
in yellow

active PI3K or Aktl including PIK3CA-related overgrowth spectrum, Proteus syn-
drome, and ovarian carcinoma [22, 23].

Type Il Trk inhibitors. The ropomyosin receptor kinase (Trk) family consists of
receptor tyrosine kinases that are mostly expressed in neuronal tissue and respond to
neurotrophin stimuli to regulate nervous system function [24]. The discovery of ele-
vated Trk activity, as a result overexpression or genetic fusions, in many cancer cell
types has promoted the discovery of Trk inhibitors [25]. As a result, a number of
broad-spectrum ATP-competitive inhibitors of Trk isoforms, such as FDA-approved
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larotrectinib and others compounds in clinical trials, are showing promising results for
treating cancers with high Trk activity [26, 27].

The broad spectrum of functions performed by Trk proteins in regulating neuro-
nal tissue has led to the investigation of isoform specific inhibitors. Of the TrkA/B/C
isoforms, TrkA has been the primary isoform implicated to treat pain in mediating
pain associated with inflammation [28]. Specifically, TrkA responds to nerve growth
factor to maintain the growth and survival of sensory nerves that mediate pain sen-
sation. Thus, TrkA-selective inhibitors are viewed to have clinical potential in treat-
ing pain associated with inflammation. However, the current type I and II Trk kinase
inhibitors cannot discriminate between Trk isoforms. To overcome this obstacle,
Bagal et al. used a cell-based assay to screen for TrkA-selective compounds and
identified a type III TrkA kinase inhibitor [29]. Importantly, the compounds showed
selectivity for peripheral nociceptor neurons due to enhanced recognition by blood-
brain barrier efflux transporters, which reduced undesirable effects on TrkA signal-
ing in the central nervous system [29]. The key features of the lead TrkA-selective
inhibitor, compound 23, reveal interactions with amino acids in a pocket behind the
ATP-binding site of TrkA including D668 and R673 (Fig. 5).

The characterization of unique allosteric sites adjacent to the ATP-binding site
has promoted the development of selective type III inhibitors that have shown clini-
cal benefits in cancer therapy. Type III kinase inhibitors may help overcome drug
resistance to type I/II inhibitors that occurs with mutations in the ATP-binding site
of kinases such as EGFR [30]. Additional examples of non-ATP-competitive type
IIT kinase inhibitors have been reported for cyclin-dependent kinase-2 (CDK2) [31]
and glycogen synthase kinase-3p (GSK3p) [32]. It is expected that the future clini-
cal landscape will have more small-molecule protein kinase inhibitors that adopt
non-ATP-competitive approaches in their mechanism of action.

Fig. 5 Interactions
between TrkA and
compound 23. TrkA
(pdb:6D20) are shown in
complex with compound
23 (magenta lines) making
key interactions with
residues R673 and D668
(green). The conserved
catalytic lysine (K544)
near the ATP-binding site
is shown in yellow
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Part B: Type IV Kinase Inhibitors

A relatively new area in the development of selective kinase inhibitors has focused
on targeting unique structural features outside of the ATP-binding or catalytic sites.
These allosteric regions are targets of the type IV kinase inhibitor compounds and
have the potential to alter enzymatic activity by disrupting the access to upstream
activators or prevent the phosphorylation of select downstream substrates. As dis-
cussed in Chap. 1, most kinases have pleiotropic functions involving the phosphory-
lation and regulation of a variety of diverse substrates. Thus, a potential advantage
of type IV kinase inhibitors is the opportunity to disrupt the phosphorylation of
some but not all substrates. In other words, the type IV kinase inhibitors may enable
new approaches to selectively block only the kinase functions associated with a
particular disease while preserving other kinase functions that have potential
benefits.

A major challenge in targeting allosteric sites outside the ATP binding/catalytic
site is determining what sites are important for relevant biological functions. Chapter
4 will present information on studies that have evaluated kinase interactions with
regulatory proteins or downstream substrates. This information provides a starting
point to identify compounds that could disrupt these interactions. In addition, the
Kinase Atlas is a publicly available resource that used FTMap computational
resources to help predict potential allosteric kinase hot spots that could be targeted
for the development of potential inhibitors or modulators of kinase signaling func-
tions [33, 34]. The FTMap algorithm examined nearly 5000 kinase structures from
376 different kinases that have been deposited into the Protein Data Bank for pre-
dicted binding of small organic molecules. From this, the Kinase Atlas identified ten
hot spots outside the ATP-binding/catalytic site that are predicted to contribute to
binding free energy of a ligand and are potential drug targets for the development of
type IV kinase inhibitors. This section will highlight some recent examples of the
discovery of type IV kinase inhibitors and potential applications in modulating
kinase functions in disease. Wu et al. have previously reviewed several allosteric
inhibitors that fall into the type III and IV categories [35].

Type IV inhibitors of MAP kinases. New understanding of the binding sites that
regulate kinase interactions with substrates has facilitated the development of type
IV kinase inhibitors targeting the mitogen-activated protein (MAP) kinases. Focus
will be on the three major family members of MAP kinases: ERK, JNK, and p38
MAP kinases. The first studies describing type IV inhibitors of ERK2 were pub-
lished nearly 15 years ago [36, 37]. These studies used computational approaches to
predict molecular structures that would interact with D-domain recruitment site
(DRS)-involved substrate docking to inactive or active ERK2. Several compounds
that contained a thiazolidinedione scaffold were shown to reduce ERK-mediated
phosphorylation of downstream substrates such as p90 ribosomal S6 kinase (RSK-1)
and the transcription factor ELK-1 and inhibited several cancer cell lines in a dose-
dependent manner [36]. However, the limitations of these studies were the lack of
definitive experimental evidence for the binding interactions between the compounds
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and ERK?2 and the relative low potency of the compounds. Recent studies [38, 39]
highlighting the design of new type IV inhibitors targeting the DRS on ERK2 will
be the topic of discussion in Chap. 6.

Additional type IV ERK2 inhibitors have been designed to target ERK2 at the
F-recruitment site (FRS), which is involved in regulating the activation of proto-
oncogene transcription factors including members of the Fos family and c-Myc
[40]. Bioactive compounds from these studies contained a thienyl benzenesulfonate
scaffold and inhibited activator protein-1 (AP1) transcription activity and mela-
noma cells containing activating mutations in BRaf or NRas. The specific interac-
tions between these compounds and ERK2 have not been experimentally determined.

Dimerization between kinase monomers may affect the activation and subcellu-
lar localization of the ERK and JNK MAP kinases [41, 42]. Although dimerization
between active ERK2 monomers was initially reported to be essential for nuclear
localization [42], other studies provide evidence that active ERK2 dimerization may
be related to nonphysiological interactions between histidine tags used for protein
purification and that untagged ERK?2 exists as a monomer under physiological con-
ditions [43]. Similarly, other studies using fluorescence imaging of live cells indi-
cate that ERK2 dimerization is not required for nuclear entry [44]. However, active
ERK2 dimers reportedly function to regulate substrate phosphorylation in the cyto-
plasm but not in the nucleus [45]. As such, research efforts have examined the
potential to inhibit ERK2 dimerization and selectively block kinase functions in
subcellular locations. Herrero et al. reported the identification of a small molecule
inhibitor of ERK2 dimerization that inhibited cytoplasmic activity of ERK2 and
tumor progression in mouse xenograft models [46]. Using in silico modeling, com-
pound DEL-22379 reportedly disrupted ERK2 dimer interactions by forming con-
tacts in a cleft near the activation loop consisting of residues D175, H176, F181, and
F329. A nonhelical leucine zipper consisting of residues L.333, L.336, .344 and ion
pairs between H176 and E343 on ERK2 monomers have been shown to be impor-
tant for the formation of ERK dimers [47].

Type IV inhibitors have also been recently developed to target BRaf dimers [48].
Based on the dimerization interface, cyclized peptides were designed to disrupt
BRaf dimers and activation of downstream ERK1/2 pathway signaling. Importantly,
this approach may be beneficial in treating cancers with wild-type BRaf and over-
come the observed paradoxical activation of ERK1/2 signaling seen with ATP-
competitive BRaf inhibitors [49].

The c-Jun N-terminal kinase (JNK) family has been implicated in a number of
diseases including diabetes [50]. INK activity is regulated through interactions with
a JNK-interacting protein (JIP1), which acts as a scaffold that facilitates the interac-
tions between JNK and its upstream kinases. Taking advantage of the structural
interactions between JIP1 and JNK1, which will be highlighted in Chap. 4, new
small molecules that block this interaction and inhibit JNK substrate phosphoryla-
tion were identified [51]. These studies used a fluorescence-based assay that
screened compounds for their ability to disrupt the interactions between a JIP1 pep-
tide and JNK1. Several compounds were identified to disrupt the JIP1-JNK interac-
tions with ICs, values in the 500 nM range. One compound, BI-78D3, was effective
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at inhibiting JNK activity but was several orders of magnitude less active against
related MAP kinases or unrelated kinases. While the exact binding mode of BI-78D3
with JNK1 is not known, these studies provide the basis for generating effective
type IV JNK inhibitors.

Additional type IV inhibitors of INKI have been identified to target a unique
allosteric site that sits below the activation loop [52]. These studies used mass spec-
trometry to screen ~500,000 compounds based on their affinity to JNK1. Of the 68
candidate JNK1 ligands identified from the screen, NMR analysis revealed com-
pounds that bound the ATP site or allosteric sites. Figure 6 shows the interactions
between JNK1 and an allosteric-binding type IV inhibitor referred to as compound
3, which contains a biaryl tetrazole scaffold. These compounds are binding to a
region that has been shown to regulate interactions with substrates and regulatory
proteins [53]. However, there is no evidence that compound 3 modulates kinase
function through disruption of interactions with substrates. Modifications of com-
pound 3 yielded non-ATP-competitive compounds that may stabilize JNK1 in a way
that interferes with phosphorylation by the upstream MEK?7 activator kinase [52].

In addition to small molecules, synthetic peptides targeting the JIP1 site on JNK
have entered clinical trials to reduce ocular inflammation [54]. Brimapitide
(XG-102) has completed phase II trial with 145 patients, and the effects were
reported to be comparable to standard dosing with dexamethasone. Brimapitide is
also being tested to reduce JNK-mediated inflammation associated with hearing
loss and Alzheimer’s disease [55, 56]. A phase III clinical trial at sites in Europe and
Asia indicate brimapitide is effective against idiopathic sudden sensorineural hear-
ing loss [57].

The failure of ATP-competitive p38 MAP kinase inhibitors in clinical trials for
the treatment of inflammatory disorders [58] has encouraged new approaches to
target p38 isoforms including the identification of novel allosteric type I'V inhibitors.

Fig. 6 Interactions between a type IV biaryl tetrazole and JNK1. Shown is a JNK1 dimer (PDB:
302M) with activation loop residues T183 and Y185 (red), the MAPK insert sites G242, A267
(cyan), and substrate-docking site residues Y230, 1231, W234 (orange) involved in interactions
with compound (magenta lines). The conserved K55 involved in ATP catalysis is shown in green
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Like the previous studies identifying allosteric JNK inhibitors, Comess et al.
screened for compounds that targeted allosteric sites on p38ax MAP kinase [52]. An
allosteric inhibitor, called compound 10, was identified and found to interact with
p38a MAP kinase in a region below the activation loop similar to what was observed
with the allosteric compound targeting JNK that was described in Fig. 6. Compound
10 interacted with residues below that activation site that are also adjacent to a
substrate-docking site (Fig. 7). Like the JNK inhibitor compound, compound 10 is
thought to cause an allosteric structural change that disrupts p38a MAP kinase acti-
vation by upstream kinases.

Shah et al. used computational approaches to identify compounds that target a
pocket adjacent to the DRS of p38a MAP kinase [59]. Unique to these compounds
were their isoform preference for interactions with p38a over p383 MAP kinase,
which may help mitigate excess toxicity observed with the ATP-competitive inhibi-
tors tested previously [60, 61]. Another potential advantage of these compounds is
their ability to inhibit pro-inflammatory substrates involved in acute lung injury
associated with acute respiratory distress syndrome (ARDS) but preserve the activa-
tion of anti-inflammatory signals that might be beneficial [62]. For example, Shah
et al. describe a lead compound, UM101, that inhibited the proinflammatory sub-
strate MAPK-activated protein kinase-2 (MAPKAPK2 or MK?2) but preserved the

Fig. 7 Interactions
between compound 10
(magenta lines) and p38a
MAP kinase. (PDB:
3NEW). Interacting
residues W197, S252,
1250, P191, L246, L.292
(cyan). Activation site
resides T180 and Y182
(green). The conserved
catalytic lysine (K53) is
shown in yellow




40 R. Martinez III et al.

activation of the antiinflammatory p38 substrates mitogen- and stress-activated pro-
tein kinase-1/2 (MSK1/2) [59]. The authors went on to demonstrate that UM101
protected against lung damage by reducing endothelial cell damage and neutrophil
leakage in a mouse model of lipopolysaccharide (LPS)-induced acute lung injury.
These studies provide compelling evidence that function-selective type IV p38a
MAP kinase inhibitors have the potential to reduce toxicity observed with blocking
all p38 MAP kinase functions while maintaining in vivo efficacy.

BCR-ADbI inhibitors. Efforts to overcome resistance to ATP-competitive inhibi-
tors in the treatment of chronic myelogenous leukemia (CML) have led to the iden-
tification of allosteric inhibitors of BCR-AbIl [63, 64]. Adrian et al. designed a
compound, GNF-2, that targeted the interactions between an N-terminal myristoyl
group and a hydrophobic region in the C-terminus of the c-Abl kinase [65].
Myristoylation is a posttranslational modification where a fatty acid derivative of
myristic acid is linked to proteins and facilitates localization to cell membranes. It
is estimated that 0.5-0.8% of all eukaryotic proteins are myristoylated [66]. GNF-2
was more effective at inhibiting nonmyristoylated c-Abl than the myristoylated
kinase. Similarly, GNF-2 bound to c-Abl and could be competed off with a myris-
toylated peptide. Furthermore, mutations in the myristoylated-binding pocket of
c-Abl blocked GNF-2 inhibitory effects. NMR studies provided further evidence for
GNF-2 binding to the myristoylated pocket of c-Abl [63]. GNF-2 was demonstrated
to make key interactions with residues in the myristoyl-binding site (Fig. 8).

Fig. 8 Type IV inhibition of Abl. (a) Structure of c-Abl with myristoylated peptide (red) and the
ATP-competitive inhibitor PD166326 (black lines) (pdb: 10PK). (b) c-Abl interactions with
GNF-2 (red) and the ATP-competitive inhibitor imatinib (black lines) (pdb:3K5V). The conserved
catalytic lysine (K271) is in yellow. Myristate-binding site residues 1.340, D381, C464, P465,
V506 are shown in cyan
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Small allosteric compounds targeting the myristoyl-binding site of c-Abl have
also been shown to induce conformational changes that activate kinase activity
[67]. Yang and colleagues took advantage of structural studies that suggested that
interactions between the myristoyl group and the myristoyl-binding site regulated
c-Abl activity and identified the kinase activator DPH (5-(1,3-diaryl-1H-pyrazol-
4-yDhydantoin). In contrast to GNF-2, which locks a key a-helix (see Fig. 8)
required for catalytic activity in a closed inhibited state, DPH caused an extension
of this a-helix observed when c-Abl is activated [67]. While the inhibition of Abl
activity is desired in the context of cancers with constitutively active BCR-Abl
fusion proteins, activation of wild-type c-Abl may limit breast cancer cell prolif-
eration and metastasis [68].

PDK] inhibitors. An important co-activator of Akt proteins is phosphoinositide-
dependent protein kinase-/ (PDK1), which co-localizes with Akt at the plasma
membrane through the PH domain. PDK1 is unique because it is required for the
full activation of Akt and other members of the AGC protein kinase family [69].
PDKI interactions with substrates occur through a PDK1 interacting fragment (PIF)
pocket [70]. The PIF pocket occupies an allosteric site referred to as helix oC that
regulates protein-protein interactions and kinase activity. Rettenmaier et al. identi-
fied small molecules based on a diaryl sulfonamide chemical scaffold that interact
with the PIF pocket and inhibit PDK1 [71]. Structural studies revealed key interac-
tions between their compound RS1 and residues R131 and L155 in the PIF pocket
(Fig. 9). Although ATP-competitive PDK1 inhibitors had limited efficacy as a
monotherapy in mice with acute myeloid leukemia xenografts [72], combining
them with the PIF pocket inhibitors may provide greater inhibition of Akt signaling
and subsequent tumor suppression [71].

Fig. 9 Interactions between PDK1 and compound RS1. PDK1 (pdb:4RQK) is shown in complex
with RS1 (magenta lines) interacting with a R131 and L155 in the PIF pocket (green). ATP is
highlighted as yellow lines
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Inhibitors of CDK?2 interactions with cyclin A. Allosteric type IV inhibitors have
been developed against cyclin-dependent kinase-2 (CDK?2) [73]. Cell cycle progres-
sion depends on the activity of CDK proteins, which are regulated by association
with cyclin proteins. CDK2 activity is essential for progression through G1 and
S-phase of the cell cycle and requires association with cyclin A. Based on structural
features of CDK2, a type IV inhibitor compound, 8-anilino-1-naphthalene sulfonate
(ANS), was identified to bind an allosteric site near the DFG region and causes a
structural change that disrupts interactions with cyclin A. The CDK2-ANS structure
was shown previously in Chap. 2. However, ANS-binding affinity for CDK2 is rela-
tively low (37 pM); therefore, it can be readily displaced by cyclin A [73]. To
improve the binding affinity of compounds targeting CDK?2 interactions with cyclin
A, Rastelli et al. did a virtual screen for compounds that are predicted to interact
with CDK2 in the ANS-binding site [31]. Experimental analysis of several lead
compounds revealed displacement of ANS from the cyclin A-binding site, which
suggested higher potency and targeting to the cyclin A-binding site. Although
experimental analysis of structural interactions between these new compounds and
CDK2 was not done, these studies provide the basis for targeting the activity of
CDK proteins through disruption of interactions with cyclins.

Inhibitors of mTOR. Contrary to compounds that disrupt protein-protein interac-
tions and prevent kinase activation, allosteric compounds that promote protein-
protein interactions and disrupt kinase functions have been well described in the
example of the mammalian target of rapamycin (mTOR) kinase. The mTOR kinase
complexes (MTORC1 and mTORC?2) are critical regulators of the immune system
and are upregulated in many cancer cells [74, 75]. Targeted inhibition of mTOR has
clinical uses as an immunosuppressant during organ transplants and as anticancer
drugs [76]. The natural product rapamycin and related analogues (or rapalogs such
as the FDA-approved sirolimus, temsirolimus, and everolimus) indirectly inhibit
mTOR by forming a complex with FK506-binding proteins (FKBP). The rapalog-
FKBP complex associates with a binding domain on mTOR that is outside the active
site and involved in facilitating the activation of substrates involved in protein syn-
thesis. In addition to their immunosuppressant roles, the mTOR inhibitors have
been FDA approved to treat renal cell carcinoma, breast cancer, and neuroendo-
crine tumors.

IKK inhibitors. Inflammatory diseases such as arthritis, asthma, and atheroscle-
rosis are thought to be a result of overactivation of the Nuclear Factor kappa-light-
chain-enhancer of activated B cells (NFkB) transcription factor [77]. As such,
dozens of compounds have been identified to inhibit NFkB activity [78]. To develop
more specific inhibitors, efforts to target kinases involved in NFkB activation have
been pursued. The NFkB inhibitory protein, IkB, is phosphorylated by the IkB
kinase (IKK), which targets IkB for degradation. Loss of IkB allows cytoplasmic
NF«kB to translocate into the nucleus and regulate the expression of inflammatory
genes. In addition to ATP-competitive inhibitors, allosteric inhibitors of IKK have
been identified [78]. Scientists at Bristol-Myers Squibb, using an in vitro kinase
assay consisting of IKK isoforms and IxB to screen for compounds that inhibit IxkB
phosphorylation, identified the IKK inhibitor BMS-345541 that was ~10 fold more


https://doi.org/10.1007/978-3-030-48283-1_2

Avoiding or Co-Opting ATP Inhibition: Overview of Type III, IV, V, and VI Kinase... 43

selective for IKKP versus IKKa [79]. Although BMS-345541 does not compete
with ATP binding, the exact allosteric-binding mode of this compound is currently
unclear. In addition, clinical applications with this or related allosteric inhibitors of
IKK have yet to be reported.

Part C: Type V Kinase Inhibitors

The conserved structure of the ATP-binding site of protein kinases makes it chal-
lenging to develop specific inhibitors that block kinases through type I or II mecha-
nisms of action. However, developing compounds that target both the ATP-binding
site and a unique structural feature found on a specific protein kinase is the basis for
the development of type V or bivalent inhibitors. With the characterization of bind-
ing sites and peptide motifs that determine protein-protein interactions, highly
selective and potent type V inhibitors against tyrosine and serine/threonine kinases
have been identified. Gower et al. provided a relatively recent review of type V
bivalent protein kinase inhibitors that have been described [80]. These compounds
typically consist of a small molecule that targets the ATP-binding site coupled to a
peptide representing the substrate targeted by the specific kinase. This section will
describe some of these compounds and the approaches to develop selective type V
protein kinase inhibitors.

Early proof of concept studies for the development of bivalent protein kinase
inhibitors used the Src tyrosine kinase as a model [81]. Src and related tyrosine
kinases contain an SH2 domain that recognizes phosphorylated tyrosine and sur-
rounding amino acids on substrate proteins. Xu et al. provided the first structural
information of Src describing the coordination between the SH2 and SH3 domains
involved in protein-protein interactions and the catalytic site regulating kinase activ-
ity [82] (Fig. 10). Using this information, a SH2 domain—targeted peptide contain-
ing a phosphorylated tyrosine was linked to a nonphosphorylatable peptide that
interacts with the Src active site through a y-aminobutyric acid linker [81]. The key
findings from these studies indicated that the targeting peptides were most potent
when linked together and that the number of y-aminobutyric acid monomers in the
linker was important for maximum Src inhibition. More recent studies linked the
SH2 targeting peptide with an ATP-competitive inhibitor to achieve potent bivalent
¢-Src inhibitors [83, 84].

Bivalent kinase inhibitors based on a protein scaffold. Bivalent protein kinase
inhibitors as research tools have been developed using the DNA repair protein O°-
alkylguanine-DNA alkyltransferase (AGT) as a scaffold [85]. AGT contains a cys-
teine in the active site that reacts with O%benzylguanine (BG). This conveniently
allows the coupling of an ATP-competitive inhibitor to AGT through a linkage with
BG. Unique AGT fusion proteins can be expressed with a specific peptide ligand
that contains the second binding moiety that determines specificity for protein rec-
ognition. This technology, referred to as SNAP-tag, provides a convenient approach
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Fig. 10 Structural
domains in c-Src
(PDB:2SRC). The SH2
and SH3 domains are
shown in blue and red,
respectively. The kinase
domain and ATP-binding
site are shown in yellow
and green, respectively. A
potential peptide substrate
(magenta lines) interacting
with the SH-2 domain and
an ATP analog (black
lines) are shown

to generate and test the specificity of a variety of ligand targeting sequences and
their ability to achieve kinase inhibition in combination with ATP-binding site com-
pounds [86]. Specific AGT fusion proteins containing peptide ligands against Abl1,
PIM1, p38a MAPK, c-Src, and EGFR protein kinases have been described [86—88].
Another advantage of the SNAP-tag approach is that promiscuous ATP-competitive
inhibitors can be designed to be quite specific for a particular kinase [89].

Wong et al. described an analysis of three ATP-competitive inhibitors and nine
SNAP-tag fusion proteins to determine the contribution of each targeting moiety to
the potency of the bivalent inhibitor [90]. These studies indicated that the potency
of the bivalent compound was less dependent on the affinity of the specific peptide-
targeting ligand but more on the affinity of the ATP-competitive ligand. Nonetheless,
even targeting peptides with low affinity can help improve selectivity and potency
of bivalent kinase inhibitor compounds [90]. While the utility of these types of biva-
lent inhibitors will be relegated to research tools for evaluating kinase functions,
these approaches provide the basis to design bivalent kinase inhibitors for clinical
applications.

Small-molecule peptide bivalent Inhibitors. Several MAP kinases have been the
target of bivalent inhibitors. Stebbins et al. identified compound 19 that consisted
of an ATP-competitive inhibitor coupled to a short D-domain peptide, which was
sufficient to displace the JIP1 protein from the D-recruitment site on JNK1, and a
cell penetrating peptide [91]. Compound 19 inhibited JNK1 kinase activity in vitro
and in cell-based assays at low nM and pM concentrations, respectively. This com-
pound also improved glucose tolerance in a mouse model of type 2 diabetes, which
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is a potential clinical application for JNK inhibitors. A similar strategy was used to
generate an ERK1/2 selective bivalent inhibitor (SBP3) consisting of an ATP-
competitive inhibitor (FR180204) and a 16-amino-acid peptide corresponding to
the D-domain of the ERKI1/2 substrate, ribosomal S6 kinase (RSK1) [92].
Combining the targeting moieties into the bivalent compound increased the potency
more than 50 times as compared to either the ATP-competitive inhibitor or the
D-domain peptide alone. Figure 11 shows the reported structure of SBP3 with
active ERK. As shown, SBP3 forms contacts with ERK2 through the RSK1 pep-
tide and FR180204; however, the linker of these targeting agents does not appear
to be involved in ERK2 interaction [92]. Despite the intended design for SBP3 to
target ERK1/2, this compound also potently interacts with JNK and p38 MAP
kinase isoforms.

A study reported the use of a cyclic decapeptide that corresponds to an extracel-
lular region of the epidermal growth factor receptor (EGFR) regions involved in
dimerization [93]. Combining two of these peptides together using a polyproline
linker created a bivalent ligand that inhibited EGFR autophosphorylation presum-
ably by preventing the two EGFR monomers from dimerizing. Ephrin type-A recep-
tor 3 (EphA3) is another receptor tyrosine kinase targeted by bivalent compounds
[94]. These studies highlight the potential of using longer linkers to couple ATP-
competitive inhibitors with small peptides that target unique regions far away from
the ATP-binding site. Not only did this approach enhance the potency of a weak

Fig. 11 Structure of
bivalent compound SBP3
and ERK2 [PDB: 5V62].
SBP3 shown consisting of
a RSK1 peptide (magenta
lines) and the ATP-
competitive compound
FR180204 (green lines).
D-recruitment site residues
T158, T159, D316, D319
(cyan). The conserved
catalytic residue (K52) is
in yellow
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ATP-competitive inhibitor, it supports the advantage of using structural information
to design a wide range of bivalent targeting moieties.

The PIM kinases (referring to the proviral insertion site in Moloney murine leu-
kemia virus) are overexpressed in several cancer types and appear to exacerbate
proliferative disorders [95]. Bivalent PIM kinase inhibitors have been developed
using D-arginine-rich peptides (ARCs) and adenosine analogs [96]. Arginine-rich
sequences are found on many substrates recognized by basophilic protein kinases
found in the AGC protein kinase group. Even though PIM kinases fall in the
calcium-calmodulin-dependent protein kinase (CAMK) group, Ekambaram et al.
provided evidence that potent bivalent inhibitors using ARCs can be selective for
PIM-1 kinase but not members of the AGC protein kinases [96].

These studies provided evidence that targeting two separate structural features
on protein kinases with bivalent compounds could be an effective approach to
inhibit the activity of a specific kinase. While many of the approaches to develop
bivalent protein kinases inhibitors have yielded useful research tools for under-
standing signaling pathways and biological mechanisms, the clinical applications of
these compounds in treating disease have yet to be realized. The large size of biva-
lent inhibitors may present barriers to their use in targeting intracellular protein
kinases. The potential to design smaller peptidomimetic compounds that target spe-
cific substrate interaction sites may overcome drug delivery and bioavailability
issues associated with using peptides as targeting moieties or therapeutic agents [97].

Part D: Type VI Kinase Inhibitors

There has been resurgence in the development of compounds that form covalent,
and generally irreversible, interactions with protein kinases to provide sustainable
inhibitory effects primarily to treat cancer. The prospect of developing covalent
inhibitors faced criticism of extensive off-target effects. However, there is historical
precedence for the benefits and potential risks of developing covalent-binding
drugs. Probably the best example of the benefits of covalent bond—forming drugs is
acetyl salicylic acid or aspirin. Although the beneficial antiinflammatory and anal-
gesic effects of aspirin have been recognized since its discovery in the late 1890s, it
was not until the 1970s that its mechanism of action was identified to involve the
formation of covalent adducts on cyclooxygenase enzymes and the reduced produc-
tion of inflammatory cytokines [98]. However, other drugs like acetaminophen
metabolize into highly reactive species that form toxic covalent adducts with liver
proteins and can cause liver damage at high doses. Despite the understandable con-
cerns about the off-target effects of covalent-binding drugs, advances in structural
and computational biology have made it feasible to develop inhibitors that form
covalent interactions with protein kinase inhibitors that are selective, efficacious,
and have reduced toxicity. This section will highlight some of the features of clini-
cally relevant covalent kinase inhibitors and the potential for expanding the devel-
opment and use of covalent kinase inhibitors in disease.
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Recent reviews of covalent small-molecule protein kinase inhibitors provide an
excellent summary of the compounds identified to target specific kinases [99, 100].
Covalent type VI protein kinase inhibitors utilize chemical features of the noncova-
lent type I-IV kinase inhibitors that interact with the ATP-binding or other regions
near the kinase domain. What makes the type VI protein kinase inhibitors unique is
the inclusion of reactive electrophilic groups or warheads that react primarily with
nucleophilic cysteines although reactions with lysine, aspartic acid, and tyrosine
residues can be used to form covalent interactions. Like other drug discovery
approaches, type VI kinase inhibitors use structure-guided design approaches that
take advantage of noncovalent interactions with the targeted kinase in order to
increase specificity and position the warhead component for targeted covalent inter-
action that locks the inhibitor in place. The covalent adduct typically forms through
a Michael addition reaction, and many of the electrophilic moieties used to develop
type VI inhibitors utilize an acrylamide group that favors interactions with cysteine
residues. In addition, alterations in the reactivity of the electrophile warhead may be
used to create reversible covalent protein kinase inhibitors whose duration of inhibi-
tion may need tighter control [101]. For example, most protein kinase inhibitors that
are used to treat cancer might be more effective by a sustained mechanism of irre-
versible inhibition. In contrast, shorter-acting reversible type IV inhibitors might
expand the clinical applications and reduce off-target reactivity and toxicity
[101, 102].

An early example of type VI covalent protein kinase inhibitors was the discovery
of the mechanism of action for the fungal metabolite wortmannin [103]. Wortmannin
was identified to be an irreversible inhibitor of PI3K isoforms through the formation
of a covalent adduct with a conserved lysine (K802) in the catalytic site [103].
However, wortmannin is nonspecific, causing overt toxicity, which limits its use to
research studies. Dalton et al. optimized reversible interactions to design com-
pounds that covalently interacted with the analogous conserved lysine (K779) near
the active site of PI3Kd isoform [104]. PX-866 is a wortmannin analog that also
forms a covalent bond with K802 that entered clinical trials but did not show prom-
ising efficacy [105]. It remains to be determined whether other type VI PI3K inhibi-
tors will provide an advantage over the current reversible PI3K inhibitors in clinical
trials [16].

The success of type VI protein kinase inhibitors has been realized with the devel-
opment of EGFR- and Bruton’s tyrosine kinase (BTK)-targeted compounds.
Afatinib, osimertinib, dacomitinib, and neratinib are FDA-approved type VI inhibi-
tors that target the EGFR family and are used to treat a variety of cancers [106]
(Fig. 12). All these drugs form a covalent adduct with a key cysteine (C797 for
EGFR) in the active site and are expected to improve treatment options especially in
patients who develop drug resistance [107, 108]. While the irreversible nature of
these compounds provides a more durable inhibitory response, not all type VI inhib-
itors may be able to overcome the development of acquired drug resistance observed
with first generation type I/II reversible inhibitors [109]. Afatinib, which was
designed based on the reversible inhibitor gefitinib, is not effective against the com-
mon EGFR T790M mutation that is often responsible for acquired drug resistance.
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Fig. 12 The chemical structures of (a) afatinib, (b) osimertinib, (¢) dacomitinib, and (d) neratinib
are shown. The reactive site of the acrylamide moieties is circled in red

In addition to causing the T790M mutation, afatinib resistance mechanisms include
increased expression of the c-Met receptor tyrosine kinase and V8431 mutation on
EGFR [110]. New structures, such as osimertinib, are less restricted by the T790M
mutation and may have better treatment outcomes for patients resistant to first-line
EGFR inhibitors [109].

Ibrutinib is a type VI inhibitor that forms a covalent bond on cysteine 481 (C481)
in the active site of BTK and is used to treat B-cell cancers such as chronic lympho-
cytic leukemia (CLL) [111]. Several months after treatment, nearly 80% of relaps-
ing patients contained a cysteine to serine (C481S) mutation that limited the efficacy
of ibrutinib [112]. Alternative reversible BTK targeted compounds that tolerate the
C481S mutations are showing promise in treating CLL relapses [113]. Ibrutinib has
also been associated with several adverse drug events, which likely occurs due to
the covalent interactions with other targets and presents a barrier for its use in some
patients. Acalabrutinib is a second-generation type VI BTK inhibitor that targets
C481 that reportedly causes fewer adverse events and is showing more sustained
patient responses in clinical trials evaluating relapsed or refractory chronic lympho-
cytic leukemia [114].

The MAP kinases have been the target of several type VI inhibitors. Zhang et al.
described the use of the type II kinase inhibitor imatinib to design covalent inhibi-
tors against JNK1/2/3 isoforms [115]. The authors noted that several kinases tar-
geted by imatinib have a potentially reactive cysteine that precedes the DFG motif
of the activation loop. By attaching an electrophilic acrylamide, a compound was
identified that targeted not only expected tyrosine kinases but also JNK isoforms.
Further modifications identified compounds with improved JNK selectivity and
potency to allow their use as reagents to examine cellular functions for the JNK
pathway [115]. In a study by Ward et al., new reversible ERK1/2 inhibitors, with a
pyrimidine scaffold, were identified and modified with an acrylamide functional
group to make irreversible covalent inhibitors that targeted C166, which is directly
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adjacent to the DFG motif at the beginning of the active loop [116]. This cysteine is
conserved in ERK1/2 but not in p38 or JNK MAP kinases, which is expected to
provide some degree of selectivity. More recent studies have identified ERK1/2-
targeted compounds that form covalent bonds with a cysteine (C159) located in the
D-recruitment site (DRS) outside the ATP-binding site [39]. The lead compound,
BI-78D3, appears to block interactions between ERK2 and its activator MEKI1.
Despite C159 being conserved in other MAP kinases, such as p38 and JNK,
BI-78D3 modifications were only observed on ERK1/2 suggesting other DRS struc-
tural features facilitated selectivity [39].

New approaches for cancer therapy through targeted inhibition of transcriptional
regulation by cyclin-dependent kinases (CDKs) have utilized covalent-binding
compounds [117]. These studies identified a compound THZI that covalently binds
to a cysteine (C312) that resides outside of the ATP-binding site and inhibits CDK7,
and to a lesser extent CDK12 and 13, phosphorylation of RNA polymerase
II. Modifications to THZ1 that improved potency and drug-like properties led to the
generation of the covalent CDK?7 inhibitor SY-1365, which is currently in cancer
clinical trials [118]. A common problem that reduces the efficacy of THZ1 and other
drugs is their efflux by the ABC transporters. Gao et al. provided evidence that
upregulation of ABC transporters by THZ1 can be overcome by compounds that
covalently target CDK 12 and are not ABC transporter substrates [119].

Downstream of PI3K, Akt protein kinases have been targeted by covalent inhibi-
tors [120]. Weisner et al. posited that allosteric inhibitors, such as the previously
mentioned MK-2206, that targeted the PH-domain were proximal to cysteines that
could be targeted to generate selective and irreversible Akt inhibitors [120]. The
result of these studies is the compound borussertib, which forms a novel covalent
interaction on C296 and has been shown in preclinical studies to be effective in
combination with the type III MEK1/2 inhibitor trametinib for inhibiting pancreatic
and colorectal cancers expressing KRas mutations [121]. The structure of borus-
sertib in complex with Aktl is shown in Fig. 13. Borussertib covalently binds C296
and forms hydrophobic interactions between the PH domain and the ATP-
binding site.

Covalent type VI protein kinase inhibitors have provided new options for more
durable responses and target selectivity. Significant benefits have been observed
with type VI inhibitors, such as afatinib and ibrutinib, versus reversible type I/II
inhibitors for the treatment of lung cancers [122] and lymphocytic leukemias [123].
Nonetheless, acquired drug resistance through mutations in the targeted cysteine
and off-target interactions remain barriers to durable patient outcomes. Expanding
the repertoire of amino acids targeted by type VI inhibitors beyond the common
cysteine targets may provide advantages. For example, targeting lysine residues in
the active site of protein kinases with type VI compounds may be effective at dis-
abling enzyme activity. However, surface-exposed lysines are generally thought to
be poor nucleophiles because they are protonated (pK, ~10.5) at physiological pH
[100]. Recent studies using computational predictions suggest that localized pK,
values may shift several units, allowing lysines to be amenable to reacting with
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Fig. 13 Structure of
borussertib in complex
with Aktl (PDB: 6HHF).
Borussertib (magenta
lines) interacts with C296
(green) and makes
hydrophobic interactions
with L210, L264, and 1290
(cyan). PH domain
residues 5-108 (orange),
and ATP site residues
156-164 (yellow) are
shown

electrophilic warheads [124]. Given the success of current covalent inhibitors tar-
geting EGFR and BTK protein kinases, the future will likely see the development of
new type VI inhibitors for treating disease.
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