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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.
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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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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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