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1. Introduction to Kinases and Kinase Inhibition

Kinases have emerged as ubiquitous but highly challenging
targets for drug discovery. The human genome has 518 kinases®
and many of these play critical roles in cell growth and
apoptosis, making them interesting drug targets for oncology.
Kinase targets including epidermal growth factor receptor
(EGFR?®), Raf, Src, and breakpoint cluster region—Abelson’s
kinase (bcr-Abl) emerged early in the study of oncogenic
proteins.? Despite years of effort involving a compelling breadth
of accumulated preclinical design experience (reviewed exten-
sively by Liao and Andrews®%) and clinical experience (re-
viewed by LaRusso and Eder 2), relatively few kinase inhibitors
have been approved (Table 1). As an additional complication,
clinical use of these inhibitors has led to the emergence of drug
resistant tumors.>— In many patients, response to small molecule
kinase inhibitors has been followed by tumor resurgence, which
rendered these inhibitors less effective than expected. This
resistance has been linked to a number of mechanisms that
include the amplification of the oncogenic kinase gene® and
alternative signaling pathways or plasticity in signaling.*
However, in many instances, resistance has been traced to
individual or groups of mutations in the drug targets that make

*To whom correspondence should be addressed. Telephone: 845 602
8819. Facsimile: 845 602 5682. E-mail: bikkerj@wyeth.com.

& Abbreviations: Abl, Abelson kinase; AML, Acute Myeloid Leukemig;
AMP-PNP, 5'-adenylyl-g,y-imidodiphosphate; ATP, adenosine triphosphate;
Bcr-Abl, breakpoint cluster region—Abelson kinase; EGF(R), epidermal
growth factor (receptor); CML, chronic myeloid leukemia; CMML, chronic
myelomonocytic leukemia; CMPD, chronic myeloproliferative disorders;
DFSP, dermatofibrossarcoma protruberans; Erb-B1/2/3/4, erythroblastic
leukemia viral oncogene homologue 1/2/3/4; Erb-B1 is synonymous with
EGFR and HER-1; GIST, gastrolnstestinal stromal tumor; HER-1/2/3/4,
human EGF receptor-1/2/3/4; HES, hypereosinophilic syndrome; NSCLC,
non-small-cell lung cancer; PDGF(R), platelet derived growth factor
(receptor); PKA, protein kinase A; SMCD, systemic mast cell disease;
VEGF(R), vascular endothelial growth factor (receptor); WT, wild type.
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the tumors unresponsive in the clinic. These mutants alter the
binding properties of the drugs as shown by in vitro studies.®
When viewed across multiple cancer targets, the location of
these mutations forms a compelling pattern with a number of
common mechanisms elucidated with reference to this pattern.
Significantly, recent characterization of mutations in the EGFR
kinase has included structural and kinetic studies that have
challenged assumptions about how individual drug resistance
mutants are understood and to what extent mechanisms can be
generalized across kinases by homology alone. This review will
provide a brief overview of kinase structure and function as it
pertains to drug discovery, describe the location and importance
of clinical mutations, and review the emerging understanding
of their impact based on sequence homology, protein crystal
complexes, and biochemical/biophysical information. Underly-
ing this discussion is our appreciation that the current clinical
arsenal of small molecule Kinase inhibitors only contains the
first weapons to be deployed in a long war against drug
resistance mutations occurring in multiple kinases that target
multiple cancers.

Table 1 provides a list of kinase inhibitors approved to date
for various cancer indications within the U.S. Since 2001, eight
inhibitors targeted to the kinase catalytic domain have been
approved for clinical use led by imatinib mesylate for chronic
myeloid leukemia (CML).**?> CML has been traced to the effect
of a characteristic mutation in which part of the breakpoint
cluster region (BCR) gene was spliced into the Abelson kinase
(Abl) gene creating a hybrid BCR-Abl gene. Known as the
“Philadelphia chromosome”, the splice occurs upstream of the
kinase domain. Nevertheless, pathway inhibition, by imatinib
treatment (Figure 1), provides a significant benefit to patients
until the emergence of resistant tumor strains. Gene sequencing
efforts on the resulting resistant tumors identified a number of
mutations, many in the kinase domain, which reduced the
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Table 1. Kinase Inhibitors Approved for Use in the U.S. as of August 2008

Perspective

U.S. brand name year approved generic name U.S. FDA-approved indications company target kinases

Gleevec 2001 imatinib mesylate  chronic myeloid Novartis Abl, c-Kit, PDGFRa, PDGFRb
leukemia (CML)

Iressa 2003 gefitinib oncology, non-small-cell AstraZeneca EGFR
lung cancers (NSCLC)

Tarceva 2004 erlotinib NSCLC, pancreatic cancers Genentech, OSIP EGFR

Nexavar 2005 sorafenib tosylate hepatocellular carcinoma, Bayer and Onyx Raf, VEGFR2, VEGFR3,
renal cell carcinoma c-Kit, PDFGRb

Sutent 2006 sunitinib malate gastrointestinal stromal tumor (GIST), Pfizer c-Kit, VEGFR, PDGFR, FLT3
renal cell carcinoma

Sprycel 2006 dasatinib CML (especially Bristol-Myers Squibb  Abl, c-Kit, PDGFR, Src
imatinib-resistant)

Tasigna 2007 nilotinib CML (imatinib resistant Novartis Abl, c-Kit, PDGFRb,
and intolerant) Src, Ephthrin

Tykerb 2007 lapatinib breast cancer GlaxoSmithKline EGFR, Her-2

effectiveness of imatinib. Two additional drugs, nilotinib and
dasatinib, have since been approved specifically for imatinib-
resistant or unresponsive tumors in CML. The history of the
development and spectrum of the activity of current inhibitors,
including those now in clinical trials, have been the subject of
several recent reviews.*2371°

The second and third kinase inhibitors to be approved for
clinical use were gefitinib and erlotinib, two inhibitors of EGFR
kinase (Figure 1). These drugs worked remarkably well in a
subpopulation of patients with non-small-cell lung cancer
(NSCLC) harboring activating mutations.”*5~22 Unfortunately,
drug resistant tumors often emerged within a year or so of
initiating treatment. In 2007, a third inhibitor, lapatinib (Figure
1), was approved for use in breast cancer in combination with
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a cytotoxic agent; lapatinib is a dual inhibitor of both EGFR
and human EGF receptor-2(HER-2) kinases.

The other class of clinically approved inhibitors targets
multiple kinases associated with angiogenesis and has a broader
spectrum of inhibition against such tyrosine kinases (Figure 1).
Sorafenib inhibits multiple vascular endothelial growth factor
(VEGF) receptor kinases, platelet derived growth factor (PDGF)
receptor kinases, the mast-stem cell growth factor receptor (c-
KIT) kinase, and the proto-oncogene c-Raf kinase at clinically
relevant concentrations. Sunitinib inhibits VEGF and PDGF
receptor kinases, as well as c-Kit and FL tyrosine kinase 3 (FIt3).
These drugs are expected to be effective by arresting the
development of blood supplies to the growing tumors, in
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Figure 1. Structures of kinase inhibitors marketed in the U.S. as of August 2008.
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addition to specifically blocking an oncogenic kinase within a
tumor type (e.g., c-Kit).2*2°

The story of the development of these kinase inhibitors is
partly the story of the discovery and progressive exploitation
of multiple conformational states of the kinases. Early on,
selectivity was identified as a challenge when designing
inhibitors that bound at the adenosine triphosphate (ATP) pocket.
Since ATP is a cofactor that is essential to kinase function,
evolutionary pressure has been exerted to maintain a general
common shape and chemical similarity to its binding site in
different kinases. Because of this, drug design efforts have
sought to exploit regions of the active site that are not directly
involved in ATP binding, or conformations of the kinase that
show greater structural and chemical heterogeneity. The op-
portunity to exploit conformational heterogeneity is a conse-
quence of the activation and inactivation mechanisms of kinases.
As the inactive form of the kinase does not have to obey the
requirement of binding to the common substrate ATP, greater
structural variation has been observed in the inactive states of
kinases. Notably, imatinib, the first kinase inhibitor to make it
to market, binds to an inactive form of the Abl, c-Kit, and PDGF
kinases.™

The clinical experiences with the kinase inhibitors, particularly
in terms of patient response and resistance to drugs, have
stimulated vigorous efforts in search of solutions that will aid
in the design of the next generation of inhibitors. Resistance to
inhibitors is expected to occur because of several mechanisms
including gene amplification®*® or mutations in the kinase
domain, which include specific mutations in amino acid residues
or deletions of certain sequences. From a technical drug design
perspective, this aspect represents a remarkable opportunity to
design compounds with enhanced biological properties, but its
complexity from a practical point of view is substantial.
Underlying this complexity are the effects of mutations in the
kinase domain on ATP affinity, catalytic activity, and (global)
dynamic effects on kinase structures (active vs inactive forms)
in addition to effects on the binding site character, (local)
movement of amino acid residues, and nature of key interactions
with the protein. Chemists have to integrate multidimensional
information from various sources to develop design strategies
for the next generation of drugs having enhanced properties over
current compounds.

Kinase Activation Relevant to the Design of Clinical
Inhibitors: DFG Moatif Dynamics. Kinases control and amplify
intracellular signals by the selective phosphorylation of residues
on other proteins, often other kinases, or even the same kinase.
Upon activation, the kinase binds ATP and the terminal
phosphate group of ATP is abstracted and subsequently
transferred to the substrate. Kinases share a characteristic ATP-
binding structure shown in Figure 2. The kinase or catalytic
domain consists of an N-terminal lobe, which consists mainly
of /3 strands but contains one a helix, helix C. The C-terminal
lobe is mainly a-helical in nature, and a short strand termed
the hinge region connects the two lobes. The ATP binding site
is sandwiched between the lobes where ATP forms critical
hydrogen bonding interactions to the hinge region. The P-loop
(or phosphate-binding loop or glycine-rich loop), with the
sequence of G-X-G-X-X-G, plays a large role in the dynamics
of the kinase domain where its conformation is a determining
factor in the shape of the ATP-binding site (Figure 2). In the
active kinase, a characteristic Asp-Phe-Gly motif (DFG motif),
which is located immediately before the activation loop, adopts
a conformation with the Asp and Phe both oriented toward the
binding site (DFG-in) (Figures 2 and 3a).
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Figure2. Crystal structure of Abl in the active form bound to dasatinib
(2GQG.pdb) in ribbon depiction. The top part, mostly in white, is the
N-terminal lobe. The C-terminal lobe at the bottom is shown in yellow.
The hinge region connecting the two lobes is colored orange, and dashed
yellow lines show the hydrogen-bonding interactions of dasatinib to
the hinge region. Also shown is the hydrogen bond of the inhibitor to
the gatekeeper residue Thr315 (magenta carbons). Helix C at the back
of the binding site is colored green, and the P loop is shown in purple.
The activation loop (pink) and the DFG motif (red) are fully resolved
in this structure. The catalytic lysine (cyan carbons) is in proximity to
the glutamic acid (white carbons) from helix C, allowing the formation
of a salt bridge, as expected in the active form.

Whereas the active form of the kinase catalytic domain is
fairly homogeneous structurally, determined by the requirement
to be able to bind ATP, the inactive forms are less so. Different
inactive states have been identified, which can be related to the
mechanism of activation of the kinase.?® One of these states is
often called the “DFG-out” state and is associated with kinases
that activate by phosphorylation of residues on the activation
loop. In the DFG-out state, the phenylalanine of the DFG motif
is positioned in the ATP-binding site so that it effectively blocks
ATP access to its binding site (Figure 3b). Phosphorylation of
tyrosine, threonine, or serine residues of the activation loop by
another Kinase is incompatible with this conformation and
subsequently leads to activation. Phosphorylation can occur
because the activation loop can act as a substrate to other kinases
or can even be phosphorylated autocatalytically.

Crystal structures of kinases in the DFG-out conformation
have been solved for Abl, c-Kit, IRK, FIt3, CSK, Raf, and P38.%’
This state is a key target of drug design for these kinases. Kinase
inhibitors that bind to the active form of the kinase are often
called type I inhibitors, and those that bind to the inactive form
of the kinase are called type Il inhibitors.?” According to this
classification, dasatinib is a type | inhibitor and imatinib and
nilotinib are clinical type Il inhibitors.

In the past year, several NMR studies of kinase catalytic
domains have been reported in the literature. Studies of protein
kinase A (PKA) with addition of the nonhydrolyzable ATP
analogue AMP-PNP and a peptide substrate highlighted the
areas that undergo conformational changes upon binding of ATP
and substrate. Interestingly, it was shown that the DFG region
accesses multiple conformational states, presumably “flipping”
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Figure 3. Binding site comparisons of active and inactive forms of different kinases. (a) The Abl active form in complex with dasatinib (2GQG.pdb).
The phenylalanine of the DFG motif (green carbons) is shown to point away from the binding site and is buried in the interior of the protein. (b)
The Abl DFG-out inactive form in complex with imatinib (11EP.pdb). The phenylalanine of the DFG motif is shown in pink carbons and points
into the binding pocket. (c) Rotation of ~90 degrees of (b) to highlight the depth of the DFG-out pocket (surface representation). (d) Helix-C-out
inactive form of EGFR (1XKK.pdb). The catalytic lysine (cyan carbons) is far removed from Helix C’s glutamic acid (white carbons). (e) Helix-C
movement from active (cyan helix) to inactive form (green helix) from an overlay of the Abl (2GQG.pdb, helix in) and EGFR (1XKK.pdb, helix
out). (a)—(c) show the catalytic lysine (cyan carbons) and the salt bridge formed with the glutamic acid from Helix C (white carbons).

from DFG-in to DFG-out, in the presence of AMP-PNP and
with both  AMP-PNP and peptide substrate bound. X-ray
crystallography studies of PKA showed a single conformation
for this region.?® NMR studies of Abl in complex with type |
and type Il inhibitors highlighted conformational differences
in the DFG region and the activation loop in complex with these
different types of inhibitors. The mechanism of inhibition of
imatinib and nilotinib (type 11) and dasatinib (type I) could be
assigned unambiguously on the basis of the NMR data.® In
contrast to the PKA NMR studies highlighted above,?® the DFG
region was fully resolved in all three Abl complexes and thus
resides in a single conformation.?® The Abl NMR studies with
PD-180970%°! (1, Figure 6), a type | inhibitor, highlight that
X-ray crystallography can trap protein conformations that are
not highly populated in solution.?

Kinase Activation Relevant to the Design of Clinical
Inhibitors: C-Helix Dynamics. A second inactive form of the
kinase, most commonly associated with EGFR, retains the
general DFG-in form but leads to inactivation by rotating and
shifting the C-helix out (Figure 3d—e).3*32 Different activation
mechanisms have been associated with the helix-C-out inactive
conformation. In c-Src, activation is effected by phosphorylation
of a tyrosine in the activation loop, in much the same way as
phosphorylation of Abl destabilized the DFG-out inactive form.
In CDKZ2, binding of the protein cyclin to the kinase appears to

be the key event effecting activation. In EGFR, the formation
of an asymmetric kinase domain homo- or heterodimer upon
the extracellular binding of EGF leads to kinase activation.®+%°
Although EGFR family kinases have a tyrosine in the activation
loop that gets phosphorylated, this does not appear to be
necessary for activation.®* The C-helix-out form of the kinase
has been shown to bind lapatinib®? and the clinical candidate 8
(neratinib, HKI1-272, Figure 8).%

The C-helix-out inactive form can alter the nature of the ATP
binding site. Upon rotation of helix C in EGFR, a conserved
glutamic acid points toward solvent rather than toward the ATP
binding site (Figure 3d). This conformation disrupts a salt bridge
between the glutamic acid and the conserved catalytic lysine
residue. This salt bridge is key in positioning the o and f
phosphate groups of ATP and is thus critical for catalytic
activity. The C-helix motion also appears to draw the P-loop
down to further close the ATP binding cleft (compare Figures
9 and 10). Key structural changes associated with the movement
from C-helix-out inactive form to the active form are shown in
Figure 3d and Figure 3e. Crystal structures of EGFR bound to
ATP analogues in the DFG-in/C-helix-out conformation have
been solved for EGFR.3* This opens the possibility that this
state may be ATP-bound under normal conditions.

A number of recent studies have suggested that these inactive
states may not be mutually exclusive. A C-helix-out conforma-
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ABL1 VKTLKEDT--MEVEEFLKEAAVMKEIK-HPNLVQLLGVCTREPPFYIITEFMTYGNLLDY

PDGFRA VKMLKPTARSSEKQALMSELKIMTHLGPHLNIVNLLGACTKSGPIYIITEYCFYGDLVNY

SRC IKTLKPGT--MSPEAFLQEAQVMKKLR-HEKLVQLYAVVSEE-PIYIVTEYMSKGSLLDF

c-Kit VEKMLKPSAHLTEREALMSELKVLSYLGNHMNIVNLLGACTIGGPTLVITEYCCYGDLLNF

b-Raf VEKMLNVTAPTPQOLOAFKNEVGVLRKT-RHVNILLFMGYSTKPQLAIVTQWCEGSSLYHH

EGFR: E746-8752, D761, T790; ABLI1: T315, F317, G321; PDGFRA: T674; SRC: T338; c-Kit: V654,

T670

DFG Motif and Activation Loop

Hydrophobic pocket

DFG Activation Loop

EGFR GMNYLEDRRLVHREDLAARNVLVKTPQHVDFGLAKLLGAEEKEYHAEGGKVPIKWMAL

ABL1 AMEYLEKKNFIHRDLARRNCLVGENHLVKVADFGLSRLMTGDTYTAHAG-AKFPIKWTAP

PDGFRA GMEFLASKNCVHRDLAARNVLLAQGKIVKICDFGLARDIMHDSNYVSKGSTFLPVKWMAP

SRC GMAYVERMNYVHRDLREAANILVGENLVCKVADFGLARLIEDNEYTARQG-AKFPIKWTAP

c-Kit GMAFLASKNCIHRDLAARNILLTHGRITKICDFGLARDIKNDSNYVVKGNARLPVKWMAP

b-Raf GMDYLHAKSIIHRDLKSNNIFLHEDLTVKIGDFGLATVEDQIIFMVGRGYLSPDDLSKVR

EGFR: L858; ABL1: M351, F359, L387, H396; PDGFRA: D842; c-Kit D816,D820,N822,Y823; b-Raf:

E585,F594,1.596,T598,V599,K600

Figure 4. Kinase domain mutations identified in EGFR, ABL, and PDGF and c-Kit. Mutants that activate the kinase or cause resistance by
activating the kinase are shown in magenta. Mutants that lead to resistance either directly or in conjunction with an activating mutant are shown
in bold blue. Although not directly linked to resistance mutations, activating mutations of b-Raf are also shown emphasizing the patterns arising

in the resistance mutants.**4115

tion of an inhibitor bound to Abl has been solved.® Conversely,
a crystal structure of c-Src bound to a close analogue of imatinib
in a DFG-out inactive conformation has also been solved.®” The
authors of this latter study, however, note that achieving this
conformation appears to come at a substantial thermodynamic
penalty, reflected in inhibitor potency, that cannot be attributed
to the effect of individual amino acid changes. Overall, these
observations provide insight into the dynamics of kinases. The
value of different structural forms from a drug design perspective
is unknown, as the thermodynamic penalties associated with
these atypical states could be substantial and might therefore
not be effective targets for inhibition.

Emergence of Drug Resistance. The emergence of drug
resistant tumors was an unwelcome addition to the already

substantial challenges to kinase drug discovery. Kinases were
expected to be difficult targets partly because the conservation
of shape and character of the ATP binding site posed a
selectivity issue and partly because the high endogenous
concentration of ATP suggested that inhibitors would have to
be very potent to succeed clinically. Notably, after the first
kinase inhibitors were used clinically, it became clear that
various amino acid mutations, some in the kinase domain, could
lead to drug resistance.>*®1%38 Since then, overcoming drug
resistance has become a defining challenge of kinase drug
discovery to existing targets. Figure 4 shows an alignment of
parts of the sequences of kinases that are relevant to the action
of kinase inhibitors in clinical use and onto which the location
of key mutations have been mapped. Repeating patterns of
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Figure 5. (a) Close-up of binding site of Abl bound to imatinib (11EP.pdb). Hydrogen bonding interactions of imatinib to the hinge region (Met
318 in gray carbons) and T315 (magenta carbons) are indicated. Several drug-resistant mutation sites are shown. Gly321, in the front of the binding,
is shown in purple carbons, and the P-loop residue L248 is shown in orange carbons. Also shown is Glu255 (cyan carbons) and its proximity to
Lys247 (magenta carbons) and Tyr 257 (white carbons). (b) Close-up of the hydrophobic enclosure of imatinib (LIEP.pdb). The hinge-region

hydrogen bond to Met 318 is shown.
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Figure 6. Preclinical and clinical phase inhibitors of bcr-Abl.

mutations appear at the activation loop, at the P-loop, and at
the “gatekeeper” residue within the ATP binding sites. Individual
kinases have additional mutations that appear at unique loca-
tions, most of which can result in alterations of ligand binding
or kinase activation. The emergence of crystallographic data
for complexes of key protein—ligand pairs with mutations in
AbIF*™* and EGFR**“? has helped interpretation of the
consequences of these mutants.

Some general trends are evident. Mutations in the P-loop and
activation loop destabilize inactive forms of the kinases in favor
of active states. In this way, they reduce or eliminate binding
of inhibitors targeted at the inactive forms of the kinases. This
mechanism of drug resistance is equivalent to the effect of

Figure 7. Crystal structure of an analogue of 4 in complex with Abl,
highlighting its distance from the gatekeeper residue T315 (magenta
carbons, 2QOH.pdb) and the lle 315 mutant (cyan carbons, 2Z60.pdb).

oncogenic activating mutations (cf. c-Kit*® and PDGFR #44%),
The effects of a number of mutations can also be rationalized
by their direct action on ligand binding within the ATP-binding
cleft or occupation of additional accessible space in the inactive
form of the kinase. Most notable of this type of mutation is
that of the gatekeeper threonine in Ber-Abl and c-Kit, which
confer resistance to imatinib. This has been rationalized as a
direct loss of a critical hydrogen bond to the ligand (Figure
3b). An intriguing exception to this pattern occurs in EGFR
kinase, in which mutation of the gatekeeper residue appears to
restore ATP affinity lost because of co-occurring activating
mutations.*
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kinase.

Figure9. Protein crystallographic complex of EGFR in the active form
with gefitinib (2ITY.pdb). The central ring interacts with Met 793 of
the hinge (gray carbons) with a single hydrogen bond. The DFG motif
is shown in pink carbons. The locations of key mutant residues are
shown. Glycine 719 (green carbons) lies in the P-loop, and Thr 790
(gatekeeper, magenta carbons) forms part of the binding pocket. Leu
858, which is part of the activation loop (cyan carbons), does not interact
with the inhibitor.

2. Protein Structural Interpretation of Drug Resistant
Mutations

How much do we now understand about the key mutations
in various kinases? In this section, the key resistance mutations
of the kinase targets relevant to the current clinical drugs will
be described. Where possible, the effect of the mutation on
ligand binding will be discussed on the basis of crystallography
and, if available, biochemical studies. Important clinical can-
didates that appear to overcome known resistant mutants will
also be identified. Together, this information points toward
strategies that might overcome known resistant mutants and
anticipated resistance mutations that could emerge for new
inhibitors and targets as a consequence of clinical use.

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 6 1499

Figure 10. Lapatinib bound to the C-helix-out inactive form of EGFR
kinase (1XKK.pdb). Threonine 790 (magenta carbons) makes a
favorable interaction with the fluorophenyl group of the inhibitor. The
DFG motif is shown in pink carbons. Glycine 719 (green carbons) lies
in the P-loop and forms part of the binding cleft. The significant change
in conformation of the DFG motif (compare to Figure 9) causes Leu
858 (cyan carbons) to be directed toward the binding region.

BCR-ADI. The approval of imatinib (Gleevec, STI-571) in
2001 was a major breakthrough not only in the treatment of
CML but also for cancer therapeutics in general. Imatinib was
the first targeted cancer therapy to enter the clinic that
specifically inhibited the kinase domain of the BCR-AbI
oncogene. Despite the initial success of imatinib treatment, most
patients will eventually develop resistance. Dozens of clinical
mutations in the kinase domain of this enzyme have been
described.**~*° The most commonly observed mutations are
T3151, E255K, and M351T, which account for more than 60%
of the cases (Table 2).49 5!

Imatinib was shown by X-ray crystallography to inhibit Abl
kinase by binding to the DFG-out form of the kinase domain.>?
The observed relapse of CML patients undergoing treatment
with imatinib can be ascribed to two main groups of mutations,
namely, those that directly affect binding of imatinib to Abl
and those that have an indirect binding effect. The latter
mutations are thought to change the dynamics of the kinase
domain in such a manner that the inactive, DFG-out, form is
destabilized, resulting in a loss of affinity of imatinib for Abl
(Table 2 and Figure 5a).

BCR-Abl Mutations That Affect the Gatekeeper and
Hydrophobic Region. Mutations that directly affect the affinity
of imatinib for Abl are the T315I/D/N, F317L, and G321W
mutations. Mutations of Tyr 253 and Phe 359 probably have
both a direct and an indirect effect on imatinib binding to Abl.

The residue Thr 315 in Abl is the so-called gatekeeper residue.
The size of the residue at this position in Kinases determines
how easily the hydrophobic pocket behind it can be accessed,
especially in the active form (DFG-in). In the case of imatinib
binding, the hydroxyl group of Thr 315 forms a hydrogen bond
to the amine linker between the pyrimidine and phenyl rings of
imatinib. Mutation of the threonine thus results in a loss of this
hydrogen bonding interaction, while the larger sizes of the
residues at this position (isoleucine, aspartic acid, and aspar-
agine) also result in steric clashes, preventing imatinib from
binding to mutant Abl strutures (Figure 5a). Recent mutagenesis
studies showed that gatekeeper mutations in Abl, PDGFRA,
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Table 2. Partial List of Observed Resistance Mutations, Their Location, and the Mechanism of Resistance in Bcr-Abl, cKIT, PDGFR, and EGFR

mechanism Ber-Abl cKIT PDGFR EGFR
P-loop activating L248V/R, G250E, Q252H/R, G719S
Y253H/F, E255K/V
gatekeeper direct except for EGFR  T315I/F/D/N T670l/E T6741 T790M
binding site direct F317L, G321W V654A

M351T, F359V
L387M, H396P/R

hydrophobic pocket  direct
activation loop activating

deletion mutations
around helix C

activating

D816E, D820Y/E,
N822Y/K, Y823D

D842V, D846Y  L858R

E746, L747, R748, E749,
A750, T751, S752

PDGFRB, EGFR, and Src have increased activity and can
transform BaF3 cells to become independent of IL-3 signaling
for survival.>® The increased activity is attributed to a strength-
ening of the “hydrophobic spine”, which is a conserved feature
of active kinases and is disrupted in inactive kinases.>* The
increase in activity can clearly further contribute to drug
resistance.

The side chain of Phe 317, which is part of the hinge region,
effectively forms the roof of the ATP binding site near the hinge
region in the area where the critical hydrogen bonding interac-
tions to the hinge region backbone are formed. The side chain
shields the hinge region from solvent. This can be illustrated
using the hydrophobic enclosure term of the Glide XP scoring
function as shown in Figure 5b.%® The role of this residue in
forming a hydrophobic environment around the hinge region is
further supported by an analysis of residue conservation at this
position in ~480 kinases (alignments available at kinase.com).
In ~300 kinases, an aromatic residue (Tyr, Phe, His, Trp) can
be found at this position (62%) while small hydrophobic residues
such as Ala, lle, and Val are only found ~15 times (3%).
Leucine is found in 25% of the kinases at this position,
indicating that its packing properties are similar to those of
tyrosine and phenylalanine in the context of the hinge region.

Similarly, Phe 359 forms the back of the DFG-out binding
pocket and mutating it to a smaller, hydrophobic residue could
also influence binding although the distance between Phe 359
and the inhibitor is beyond the van der Waals interaction sphere
(~4.5 A). It is possible that a mutation at this position also
influences the dynamics of the region.

The Ca atom of Gly 321 in wild type (WT) Abl is 3.8 A
removed from the pyridine ring of imatinib (Figure 5a). Mutation
to a larger residue such as tryptophan (G321W) would thus
result in a direct clash with imatinib, resulting in loss of binding
of imatinib to this mutant.

Tyrosine 253 in WT Abl presents a polar hydroxyl group to
a region with a backbone-NH and an asparagine residue
(distances 3.6 and 3.2 A, respectively). The aromatic ring is
3.5—4.5 A removed from the pyridine—pyrimidine rings of
imatinib, possibly forming s—sx interactions. Both of these
features likely play a role in binding, as mutations to phenyl-
alanine result in loss of binding, as does mutation to histidine.
In addition, this residue is part of the glycine-rich loop and the
changes in the dynamics of the glycine-rich loop may play a
significant role in the dynamics of the protein and the acces-
sibility of the DFG-out vs DFG-in conformation of the catalytic
domain.

Additional P-loop mutations have been observed at Gly 250,
GIn 252, and Tyr 253. These are likely to affect the dynamics
of the loop considerably, resulting in a different equilibrium
between the active and inactive forms of the protein.

Leucine 248 in resistant tumors has been mutated to both a
smaller residue (valine) and a larger one (arginine). The smaller
residue may result in loss of binding due to a loss of van der

Waals interactions with imatinib, while the larger residue will
result in a significant clash with the pyridine ring (Figure 5a).

The E255K/V mutation probably influences the dynamics of
the kinase catalytic domain. This residue is located directly after
the glycine-rich loop. The glutamic acid side chain is placed
within hydrogen-bonding distance of a hydroxyl group (from
Tyr 257) and a charged nitrogen atom (from Lys 247). Mutating
this residue to a lysine or valine will surely disrupt this network
of hydrogen bonds (Figure 5a).

In summary, a large number of clinical mutations have been
observed in response to imatinib treatment in CML. Some of
these mutations appear to directly affect the binding of imatinib
to Abl. However, most of these mutations decrease the occupa-
tion of the DFG-out form of the protein, which is the
conformation of the protein that imatinib preferentially binds
to. The shift of equilibrium away from this state is believed to
be the key determinant of the loss in binding.

BCR-Abl Recent Clinical Candidates Demonstrating
Drug Design Concepts To Circumvent Resistance. Since the
development of imatinib, several new drugs have been devel-
oped that target Abl. The main goal of developing these
additional drugs was to obtain greater efficacy, especially against
the observed clinical mutations that confer resistance. Various
mutant Kinases can still bind imatinib with only a moderate loss
in affinity of 10- to 30-fold, namely, those with Q252H, Y253F,
M351T, F359V, or H396P mutations. The E255K mutation
more severely affects imatinib inhibition of Abl, with a change
in 1Cs, of 50-fold. The most severe losses in drug affinity are
observed with the gatekeeper mutations T315I (3000-fold loss)
and T315N (ICso > 10 #M).® Not surprisingly, the mutations
with the greatest losses in potency have also been observed most
frequently in patients who developed drug resistance on imatinib
treatment.

Dasatinib maintains potent inhibition against most clinical
mutations that are resistant to imatinib inhibition. This is
possibly a consequence of the fact that it inhibits the DFG-in,
or active, form of the Abl kinase, and many of the mutations
are thought to destabilize the inactive form in favor of the active
form of the kinase. Unfortunately, dasatinib is also highly
sensitive to mutations of the gatekeeper residue, resulting in
80-fold (T315N) and 1200-fold (T315l1) losses in potency,
respectively.>® Upon examination of the structure of dasatinib
in complex with Abl the loss in potency upon gatekeeper residue
mutation is not very surprising, as the inhibitor forms a
hydrogen-bonding interaction with the threonine hydroxyl group
(Figures 2 and 3a).

Nilotinib is structurally related to imatinib but is 30 times
more potent than imatinib against cell lines expressing wild type
Abl and mutated Abl.5"*8 Nilotinib forms the same hydrogen
bonding interaction with the gatekeeper residue as imatinib and
consequently shares its susceptibility to the T3151 mutation.
Significantly, this is the only imatinib-resistant mutant that is
not inhibited by nilotinib.>”*®
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Although the marketed Abl inhibitors target different struc-
tural forms of the enzyme, none of them are able to inhibit the
T3151 mutant form of the enzyme, and thus, drug resistance is
still a problem for CML patients. Current Abl inhibitors all form
a hydrogen-bonding interaction with the threonine side chain
of the gatekeeper residue, and thus, an obvious strategy to
overcome resistance would be to develop inhibitors that do not
interact with the gatekeeper residue at all. Early proof-of-concept
was provided by modifying 2 (AP23464, Figure 6) and removing
the substituent that interacts with the region near the gatekeeper
residue.*® Although AP23846 (3) was less potent at inhibiting
WT Abl, it did retain activity against the T315] mutant while 2
lost potency by more than 100-fold.

Further evidence of this strategy is provided by 4 (SGX70393
or SGX393;>° undisclosed structure), which was described to
have inhibitory activity against the T315I and other imatinib-
resistant mutations in vitro and in mouse xenograft models. In
addition, combination of 4 with nilotinib or dastinib completely
repressed the emergence of known resistant clones in vitro.>®
Some insight into the binding is offered by cocrystal structures
of 5 (PPY-A, Figure 6) available with both WT and T3151 Abl.
“! This compound has been identified as an analogue of 4. These
structures show that the compound is 3 A or more removed
from the gatekeeper residue in either WT or the T315 mutant
(Figure 7). Similarly, VX-680 (or MK-0457, 6), originally
developed as an Aurora kinase inhibitor,®° also does not interact
with the gatekeeper residue of Abl and has been shown in vitro®*
and clinically®? to maintain activity against the imatinib-resistant
T315] mutant.

An alternative strategy to overcome drug resistance would
be the development of non-ATP competitive Abl inhibitors.
ONO012380 (7, Figure 6) has been described to inhibit 16
imatinib-resistant mutants in an in vitro setting.®®> No loss in
potency was observed for inhibition of any of the mutant
enzymes compared to the WT enzyme. Further experiments
showed that this compound is not-ATP competitive but rather
substrate competitive.

c-Kit. Expression of c-Kit, a receptor tyrosine kinase, occurs
in 90% of gastrointestinal stromal tumors (GISTs).%* In most
cases of GIST, c-Kit exhibits activating mutations.®® Until
recently, the only treatment option was surgery, as GISTs do
not respond to chemotherapy or radiation therapy. Upon
identification of c-Kit as a molecular target of imatinib, the effect
of imatinib on GIST was tested and a positive response was
shown.®® Subsequent clinical trials®”®® led to FDA approval of
imatinib in unresectable and/or metastatic GISTSs.

X-ray crystallographic studies have shown that imatinib
inhibits c-Kit by interacting with the DFG-out, inactive, form
of the kinase. This is analogous to the mode of inhibition
observed for imatinib with Abl.%® As observed with CML
patients, patients undergoing imatinib treatment for GIST
eventually become resistant because of secondary mutations in
c-Kit.

Over 10 imatinib-resistant mutations of 6 residues in the
kinase domain have been described so far (Table 2).7°~"* Two
of the observed mutations correspond to similar resistance
mutants in Abl (Figure 4). Only two of the mutations in c-Kit
are in proximity to the inhibitor and can influence the binding
affinity directly, namely, T670I/E and VV654A. Threonine 670
(Thr 315 in Abl) is the gatekeeper residue and forms a hydrogen
bond with imatinib, which is lost upon mutation. As in Abl,
this gatekeeper mutation leads to a complete loss of inhibition
by imatinib.>®"> Another common mutation in c-Kit is V654A,
which is conserved in Abl (V299) but has not been observed to
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be mutated in imatinib-resistant CML. The valine side chain is
~4 A from imatinib, and mutation to alanine possibly leads to
a less snug fit of the inhibitor resulting in resistance.

Other mutations mainly occur in the activation loop (D816E/
H, D820V/Y/E, N822Y/K, Y823D) and are likely to increase
the propensity of the enzyme to reside in the active form. The
activation loop mutation at position 816 has a counterpart in
Abl (Leu 387 in Abl). Both D816E and D816H are activating
mutations, which have been linked to being the molecular cause
of cancers such as acute myelogenous leukemia (AML)** and
systemic mast cell disease (SMCD).”® Mutation of Tyr 823 is
possibly activating as well, as this is the tyrosine that is
phosphorylated upon activation.

Similar to observations in Abl, dasatinib is more potent in
WT c-Kit and several of the imatinib-resistant mutations.
However, 1000-fold in potency is lost in the gatekeeper T670I
mutant.>®"®

PDGFR. While PDGFR plays a role in the development and
maintenance of cancer because of its role in blood vessel growth,
the validity of PDGFR as a drug target itself is unclear, as it is
not usually the main factor in tumor development. However,
there are several cancers that are more closely linked to up-
regulation of PDGFR, namely, chronic myelomonocytic leu-
kemia (CMML), GIST (when c-Kit mutations have not been
observed), AML, chronic myeloproliferative disorders (CMPD),
and dermatofibrossarcoma protruberans (DFSP), a soft tissue
sarcoma. In some of these cancers, imatinib treatment has been
successful, as it was shown that imatinib inhibits PDGFR at
low-nanomolar concentrations.””"®

Different PDFGR fusion proteins are the underlying cause
of DFSP®#° and CMML.2%#2 Clinical application of imatinib
in patients with these cancers has resulted in responses that
validate PDFGR as a target in these diseases and other cancers
that are PDGFR-driven 88°

While imatinib is effective in certain PDGFR-driven cancers,
several known oncogenic mutations are resistant to imatinib
treatment. The observed PDGFR mutations D842V and D846Y
are equivalent to the cKIT D816E/H and D820V/Y mutations.
These mutations are in the activation loop of the catalytic
domain and lead to constitutively active kinases.***® This
suggests that imatinib inhibits PDGFR by the same mechanism
as it inhibits Abl, namely, by binding to the inactive form of
the kinase. To this date, no crystal structures of PDGFR have
appeared in the public domain.

Targeted therapies such as imatinib can also be used to help
further the understanding of cancers for which the molecular
basis is unknown. For example, patients with hypereosinophilic
syndrome (HES) showed dramatic clinical responses to imatinib
treatment.®7%2 Later it was shown that a PDGFRa fusion
protein underlies HES and that the fusion protein is indeed
inhibited by imatinib.%® Patients who developed resistance were
shown to carry a mutation at T674l, which is equivalent to the
T3151 mutation in Abl.*3

EGFR. The EGFR receptors have been oncology targets since
the early days of kinase drug discovery. The epidermal growth
factor (EGF) controls a pathway that is linked to cell prolifera-
tion, migration, and differentiation. The EGFR family of
receptors contains four known members: EGFR-1 (later referred
to as EGFR; also known as erythroblastic leukemia viral
oncogene homologue 1, Erb-B1, or human EGF receptor HER-
1), HER-2 (Erb-B2, also neurogliobastoma neu), HER-3 (Erb-
B3), and HER-4 (Erb-B4). Of these, HER-2 lacks a known
endogenous ligand and HER-3 lacks kinase activity.* Aberrant
activity, either by overexpression or constitutive activation, has
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been linked to a number of cancers, including lung, breast
(especially HER-2/neu), and prostate cancers. Over the past
decade extensive research, recently aided by inhibitors and
crystallographic information, has progressively built a model
of how the EGF signaling cascade operates.** Two drugs
(erlotinib and gefitinib) have been approved for clinical use,
both of which are designed to interact with the active form of
the kinase. In 2007, lapatinib, a highly selective inhibitor of
EGFR and HER-2, which binds the C-helix-out inactive form,
was approved for breast cancer. Another generation of inhibitors,
currently undergoing clinical trials, includes neratinib (8),
pelitinib (9), canertinib (10), and BIBW-2992 (11) (Figure 8).

Clinical Mutations Affecting Inhibitor Binding. During
clinical trials of getitinib and erlotinib for NSCLC, it was
apparent that only a subset of the patient population with tumors
showed a significant response to these drugs.”#17~19:21.22.38.95
In one study with gefitinib, tumors from 119 patients with
NSCLC were sequenced.” Two point mutations in the kinase
domain, G719S and L858R, located in the P-loop and activation
loop, respectively, were observed (Table 2). The somatic origin
of these mutations was confirmed by sequencing normal lung
tissue from the same patients. In addition, a number of deletion
mutations in the region of residues 746—759 of the Kkinase
domain were found. Analysis of the clinical data suggested that
these mutations are activating, and patients harboring these
mutations were more likely to respond to treatment with
gefitinib. Similar conclusions were obtained in an analogous
study.?° Significantly, the enzymes with the L858R and G719S
substitution mutations are both catalytically competent and are
actually more active than the wild-type enzyme by 50- and 20-
fold, respectively.*?

The activating mutations, G719S and L858R, occur in the
kinase domain regions that are critical to the binding of
inhibitors. Kinetic parameters for ATP and a peptide substrate
(poly-GlusTyr;) were measured in several assays for these
mutants and the wild type enzyme. A comparison of the catalytic
rate constants k. indicated that the L858R mutant is ap-
proximately 50-fold more active than the WT enzyme and that
the G719S mutant is about 10-fold more active than WT. This
greater activity of both the L858R and G719S mutants suggests
a role of these activating mutations in shifting the conformation
of the enzyme toward the active form.*? Despite the enhance-
ment of enzymatic activity of the L858R mutant, its apparent
affinity for ATP as measured by the Michaelis—Menten constant
K is reduced about 28-fold in comparison to the WT enzyme.
This finding suggests that the L858R mutant is more easily
inhibited by ATP-competitive inhibitors.®® Thus, erlotinib and
gefitinib succeed because the affinity for ATP is compromised
by these mutations.

While substantial efforts have focused on understanding the
relationship between ATP affinity and activity of mutant
enzymes, kinetic data on mutant enzymes with peptide substrates
have been limited to the L858R and G719S mutants. It is not
surprising that the Ky, value (443 «M) for the peptide substrate
in the L858R mutant is about half that of the WT enzyme, since
this residue lies in proximity to the peptide substrate binding
site.*2 In contrast the substrate K., value for the G719S mutant
is similar to that of the WT enzyme.

In addition to the activating mutations discovered during
clinical trials, another substitution mutation was uncovered by
analysis of biopsies taken from NSCLC patients who initially
responded to treatment with gefitinib or erlotinib but who later
developed drug resistance.”®® Sequencing of the EGFR gene
showed drug resistance was the result of the additional mutation
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of the gatekeeper threonine at position 790 to methionine
(T790M). This mutation has been observed to occur concurrently
with either the activating deletion mutants’ or the substitution
L858R mutation.’

The role of the T790M secondary mutation in drug resistance
was elucidated on the basis of enzyme Kkinetics measurements
complementing structural findings with inhibitors.® In this case,
the Ky, value for the T790M mutant does not significantly affect
ATP affinity but activates the kinase about 5-fold in comparison
to the WT enzyme.® These findings regarding ATP affinity and
catalytic competency of the T790M mutant are in contrast to
those of the L858R mutant and do not suggest any preference
for the active or inactive conformation of the kinase. Indeed,
two reported cocrystal structures of 12 (AEE788, Figure 8)*?
and 8% bound to the T790M mutant were found in the active
and inactive forms, respectively, supporting this conclusion. The
K values for ATP in the WT (5.2 uM) and in the drug-resistant
L858R/T790M double mutant (8.4 M) are somewhat similar.
However, the Ky, value in the double mutant is 17-fold lower
than in the single L858R mutant (148 uM). These data suggest
a key role for the T790M mutation in restoring the ATP affinity
back to the WT enzyme. Of interest is that the L858R/T790M
mutant is also 10-fold more active than the WT enzyme and
~5-fold more active than the L858R mutant based on a
comparison of the specificity constant ke/Kn, values.*®

The sensitivity of kinases to reversible TKIs is greatly
influenced by the affinity of the inhibitors for the enzyme, since
these inhibitors must compete with high concentrations of ATP
for binding in the cell. The binding of gefitinib to the L858R
mutant (Kg = 2.4 nM) is 15-fold stronger than its binding to
WT enzyme (Kq = 35.3 nM). Gefitinib also retains good binding
affinity to the L858R/T790M double mutant (Kq = 10.9 nM).
These data suggest that the clinically observed resistance of the
L858R/T790M mutant is largely due to its enhanced affinity
for ATP.3®

EGFR Crystallography and M odeling. Considerable insight
into the structural effect of mutations on the binding of inhibitors
and ATP-like molecules has been provided by research under-
taken by the Kuriyan®*3 and Eck’3#? |aboratories, which has
recently been reviewed. %

Crystal structures of EGFR in complex with the marketed
drugs erlotinib® and gefitinib*? both show the kinase in its active
form. Figure 9 shows the location of bound gefitinib, as well
as the relative disposition of the residues that confers resistance
or oncogenic mutations. The inhibitor binds in the ATP cleft
and accepts a key hydrogen bond from the backbone NH of
Met 793. The 3-chloro-4-fluorophenyl group extends to a region
adjacent to the catalytic lysine, making what appears to be van
der Waals contacts to adjacent residues. With minor variations,
other noncovalent inhibitors (such as erlotinib and 12) share
the same binding mode, location, and interactions, including
the hydrogen bond to the bridging water.

Lapatinib binds to the C-helix-out inactive form of the kinase
(Figure 10).%? In this inactive form, Leu 858 is oriented into
the binding cleft and forms part of the binding site. The C-helix
shifts outward, opening additional space that is filled by the
extended benzyloxy group on the inhibitor. The P-loop also
moves closer to the binding site and forms additional contacts
to the inhibitor. A crystal structure of this inactive form that
binds ATP conjugated with a peptide in the substrate pocket
has also been solved,** and this structure is essentially identical
to the complex with lapatinib.

Gly 719 lies in the P-loop that forms part of the ATP binding
cleft. Crystal structures have been obtained with the G719S
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mutant bound to gefitinib and other inhibitors.*? For gefitinib,
this mutation does not appear to affect the binding mode. The
mutation occurs in the region of, but not in contact with, the
solubilizing morpholine group of the inhibitor. The effect of
the G719S mutation is more interpretable when viewed in the
context of the inactive form of the kinase. In this form, the
conformation of the backbone of Gly 719 is one that is unique
to glycine and inaccessible to other amino acids; mutation to
serine or any other residue would lead to significant strain of
this conformation and bias the P-loop to adopt another confor-
mation (e.g., that of the active form).%®

Gefitinib and other inhibitors have also been cocrystallized
with the L858R mutant protein.*? The observed binding modes
are essentially unchanged compared to those obtained with the
wild type enzyme. This is understandable because Leu 858 is
located well away from the ATP binding site when in the active
conformation.

The crystal structures of the inactive form of the kinase
provide considerable insight into the mechanism of the activating
mutation L858R. In this form of the kinase, Leu 858 is closely
packed against several hydrophobic residues, including Leu 862,
Met 766, Leu 777, Leu 788, and Leu 747. The L858R mutation
would cause significant disruption of the inactive state due to
steric clashes leading to changes in the shape of the binding
site and by a severe mismatch of chemical properties.

Although crystallographic data for complexes of the deletion
mutants are not available, some sense of their disposition with
respect to the ATP site can be surmised. Residues preceding
the C-helix that are the site of the oncogenic deletion mutations
do not appear to be in contact with the inhibitors. The region
from Glu 746 to Ser 752 is in a loop that traces an arc from the
P-loop to the start of the C-helix. Truncation of three to five
residues is likely to remove a turn from the C-helix while
generally maintaining contacts as they are in the wild type
enzyme.

Examination of the inactive form of the kinases provides
additional insight into how the deletion mutants of the loop
preceding the C-helix might disrupt the inactive state. Because
the C-helix is shifted out compared to the orientation in the
active form, this loop is drawn taut. The C-helix also contains
one turn less than in the active form of the kinase. Truncation
of this loop would lead to an even more strained system,
probably leading to the unwinding of an additional turn of the
C-helix. This could lead to a loss of interactions between
secondary structural subunits, which understandably could
destabilize the C-helix-out, inactive conformation.

Only one cocrystal structure of the T790M mutant in the
active form is available, but it is remarkably informative.®® When
the T790M mutation was first identified as a resistance mutation,
a number of authors attributed the resistance to a loss of binding
affinity of the inhibitors due to direct steric interference and/or
the possible loss of a bridging water interaction.”*°° However,
the structure of the 12 complex demonstrates that the mutated
methionine can move to accommodate an inhibitor bound in
the active form of the kinase.** Comparisons between this
structure and the bound forms of gefitinib and erlotinib suggest
that these compounds could also be accommodated in the
T790M binding site. This is consistent with the observation that
irreversible inhibitors, which otherwise are structurally similar
to erlotinib and gefitinib, are able to inhibit the T790M mutant
in conjunction with activating mutants,®”-*0%102

Irreversible Inhibitors. Relatively early on in researching
inhibitors of EGFR kinase, two groups, at Wyeth and Parke-
Davis, working independently pursued irreversible binding
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Figure 11. 8 bound to the T790M mutant of EGFR (2JIV.pdb).
Cysteine 797 (green carbons) forms a covalent bond to the inhibitor
(purple carbons).

inhibitors of the enzyme.°193194 A number of factors moti-
vated these researchers to investigate inhibitors of this type.
Among these was the expectation that such compounds might
show a longer duration of action. Additionally, since it was
expected that the major component of the inhibitory activity
would be due to the covalent interaction, only those kinases
that formed the covalent bond with the inhibitors should be
significantly inhibited. This could result in an improvement in
selectivity. A further motivation for designing these irreversible
inhibitors was the thought that it would be difficult for a
conventional reversibly binding inhibitor to compete with the
high endogenous concentration of ATP within the cell for the
extended time needed to exert effective antitumor activity. An
irreversible inhibitor would be, in effect, noncompetitive with
ATP and should thereby overcome this problem. While it turned
out that reversible-binding inhibitors of EGFR could become
useful drugs, the ability of these compounds to compete with
ATP is a very important factor when considering the activity
of inhibitors toward the mutant forms of the enzyme.

A number of these irreversible inhibitors have been or are
still in clinical trials targeting EGFR and/or HER-2 dependent
cancers. Some of these compounds are shown in Figure 8. These
compounds fall into two related series, either 4-anilinoquinazo-
lines or 4-anilino-3-cyanoquinolines. The latter series was
designed on the basis of the former to replace a predicted (and
later observed) water-mediated hydrogen bond between the 3-N
atom of a quinazoline inhibitor and the protein by a direct
hydrogen bond to the protein with the 3-cyano group.'® These
compounds function as irreversible inhibitors by forming a
covalent interaction with a cysteine residue conserved within
the ErbB kinase family. The covalent bond is the result of a
Michael addition reaction between the inhibitor and the sulf-
hydryl group of Cys 797 in EGFR(or Cys 773, using the
alternative EGFR numbering scheme that excludes a signal
sequence) or Cys 805 in HER-2. The crystal structure of 8 was
solved in complex with the T790M mutant and clearly showed
the covalent bond between the reactive cysteine and the Michael
acceptor (Figure 11).

A particular advantage of these irreversible inhibitors over
the first generation of EGFR inhibitors such as erlotinib and
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gefitinib is their ability to retain inhibitory efficacy against
cancers that have mutated and become resistant to the first
generation of drugs. This has become evident from both studies
in cell culture and from some interim results of ongoing clinical
trials. For example, in cells with the activating L747-S752
deletion mutation and those with the L747-S752 deletion plus
T790M mutation, the irreversible inhibitor EKI-785 (13) showed
significant inhibitory activity against both cells lines while
erlotinib was ineffective against the cell line having the double
mutation.” Similarly, in cell lines having the L858R/T790M
double mutation, 8—11 showed potent inhibitory activity,
whereas gefitinib and erlotinib were ineffective.>%"*°® Most
significantly, irreversible inhibitors such as 8 have shown
efficacy during clinical trials in treating NSCLC patients with
disease that has become resistant to conventional ATP-competi-
tive inhibitors. %2

The activity of gefitinib, erlotinib, and 8 was evaluated in
Ba/F3 cells transformed with the L858R and L858R/T790M
mutations. In cells transformed with L858R mutants, gefitinib,
erlotinib, and 8 maintain their sensitivity (ICso values of 10.8,
12.5, and 3.5 nM, respectively); however, cells transformed with
the double mutant are not inhibited by gefitinib or erlotinib but
retain sensitivity to 8 (ICs, = 180 nM).*® Moreover, in a mouse
lung model that is dependent on activated EGFR signaling,
erlotinib and 8, as well as the humanized anti-hEGFR antibody
cetuximab, led to dramatic tumor regression.®® It is noted that
while the irreversible inhibitors such as 8 can overcome primary
resistance mutations by forming a covalent interaction with an
active site cysteine, such drugs could conceivably induce a
secondary resistance by mutation of this cysteine. At this time,
clinical experience with these inhibitors is limited and it remains
to be seen if this additional resistance mechanism will emerge.

An X-ray crystal structure of the clinical candidate 8 in
complex with the T790M single mutant kinase has recently been
disclosed.® 8 interacts with the C-helix-out inactive form in a
binding mode that is similar to that of lapatinib except for the
addition of a covalent bond with Cys 797. Consistent with the
observations arising from the kinetics of mutant receptors, the
side chain of mutant Met 790 adopted a conformation that did
not perturb the binding of 8. In doing so, it makes hydrophobic
contacts with Cys 775 and Leu 777. Presumably, these additional
hydrophobic contacts may lead to some restoration of wild-
type affinity for ATP when introduced into a kinase with an
activating mutant.®*°® Much as with lapatinib complex, the
additional 2-pyridylmethoxy group extends into the space
created by the outward movement of the C-helix. The incompat-
ibility of the active state with 8 binding coupled with 8’s
persistent ability to inhibit kinases with the L858R/T790M
double mutation implies that a conformation of the kinase similar
to the C-helix-out form is available in the double mutant.
However, this remains speculative because it is not clear by
how much the L858R or the deletion mutants (e.g., del
746—750) disrupt the inactive state.

3. Drug Design Strategies

Our current knowledge about kinase domain mutations and
the need to overcome drug resistance due to these mutations is
a compelling driver for drug discovery within oncology. The
preceding section has identified several strategies that have led
to the next generation of Kinase inhibitors. Some of these
inhibitors have been shown to have better efficacy against known
mutants and/or better risk profiles against the emergence of new
mutant strains. In this section, we will review the key strategies
needed to develop drugs that overcome drug resistance,
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highlighting both what has already been achieved and the
remaining issues.

Clearly, the simplest and most important strategy to overcome
resistance is to increase the potency of the inhibitors toward
their target proteins. Many of the resistance mutations reduce
drug-binding affinity and therefore drug inhibitory activity
sufficiently to allow continued cancer growth. Although in
absolute terms this represents a challenge for a given drug, in
relative terms, the effect on ligand binding for most mutations
is not as severe as might be anticipated, often only 10- to 30-
fold. Therefore, a more potent analogue of a clinical drug may
overcome many clinical resistant mutations. This is illustrated
by nilotinib, which was designed as a successor to imatinib and
demonstrates 10-fold more potent binding to the wild type
enzyme. This is responsible for its effectiveness against all but
the T3151 mutation in BCR-ADbI. For any given chemical class,
the ability to increase in vivo potency involves a balance of
factors, namely, changing the molecule to increase or improve
molecular interactions with the kinase while maintaining or
improving physicochemical and pharmacokinetic properties.
While reaching this strategic objective may not be successful
in a parent series of inhibitors, identifying a new chemical series
or making significant structural changes to an existing series
(with its attendant risks and uncertainties) may be necessary.

As the development of 8—11 have demonstrated, irreversible
inhibitors that form a covalent interaction with an active site
cysteine residue are viable drug candidates. Effectively, this can
be considered as a special case of increasing the potency of the
drug. Yun et al. estimated that the potency of a covalent inhibitor
is equivalent to a 0.2 nM inhibitor.*®” Additionally, irreversible
inhibition requires receptor cycling to regenerate active enzyme.
This could result in sustained inhibitory activity for this class
of compounds. Importantly, irreversible inhibitors do not
compete with high ATP concentrations in the cell and are
additionally unaffected by changes in the ATP binding affinity
that can occur with mutant forms of the enzyme. It is hoped
that concerns about toxicity caused by nonspecific reactivity
will be mitigated provided that the reactive moiety can be tuned
to have an appropriate degree of reactivity and orientation with
respect to the target residue. Assuming that the clinical
experience to date continues through FDA approval resulting
in clinical utility, the key limit to this strategy is opportunity.
While there are only 10 kinases including EGFR with a
homologous cysteine, other kinases have cysteines at other
locations in the binding site. These appear to function as small
hydrophobic residues and can serve as targets for irreversible
inhibitors. A recent analysis suggested that there were over 200
kinases with cysteines accessible to drug targeting.'%® Still, the
irreducible minimum for this strategy to succeed is the presence
of a binding site cysteine.

Another strategy to overcome resistance is to rationally design
inhibitors to avoid or co-opt specific mutations. Clearly, in Ber-
ADI, the gatekeeper threonine makes a direct and important
hydrogen bond to imatinib and nilotinib. Upon mutation, this
bond is lost, essentially leading to a complete loss of drug
potency. The design of inhibitors that avoid a direct interaction
with the gatekeeper or avoid sterically clashing with the
gatekeeper upon mutation has been shown to be a viable
strategy. Sunitinib has recently been shown to be, surprisingly,
a type Il inhibitor, with its continued effectiveness in cells with
the gatekeeper mutation T6701 due to a lack of interaction with
Thr 670.2%° In preclinical studies, compounds with this property
such as 6 have been identified by directed screening of mutant
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kinases.® Similarly, 4 was the result of a discovery effort with
this strategy in mind from the beginning.

The realization that the resistance effects of the gatekeeper
mutation in EGFR are not solely due to direct interactions with
the ligand but are the result of enhancing the binding affinity
for ATP argues against adopting this uncritically as a universal
strategy. Indeed, it is this property of the L858R/T790M double
mutation of EGFR kinase that is primarily responsible for the
resistance. In contrast, in Abl the gatekeeper mutation leads to
a direct loss of inhibitor potency due to the loss of a hydrogen
bonding interaction. The fact that seemingly similar mutations
in Abl and EGFR result in different mechanisms of drug
resistance highlights the need to fully characterize the mutant
enzymes both kinetically and structurally to be able to identify
an appropriate drug design strategy to overcome resistance.

Where there is clear clinical evidence of mutations, there is
also the opportunity to rationally design inhibitors of the mutant
enzymes. This could involve exploiting a significant change in
the shape or character of the binding site. The means by which
a ligand could be designed in this way are numerous: (a) a
focused screening effort could be developed to identify templates
that preferentially bind to the mutant rather than the native
enzyme;** (b) a known template could be rationally modified
with substituents that exploit the novel shape or character of
the binding pocket; or (c) fragment screening might be employed
to identify moieties that uniquely bind to the novel pocket. An
emerging opportunity to support this strategy is the identification
of potential mutations in vitro early in the drug design
processlllo—lls

Another strategy is to rationally design inhibitors for the
different structural states of a Kinase. As we have highlighted,
a number of the known resistance mutations bias the structures
of the Abl and c-Kit enzymes from the inactive to the active
state, thereby reducing the binding affinity of those inhibitors,
such as imatinib, that prefer the inactive form of the enzyme.
Dasatinib, which binds to the active state of the kinase, appears
to be less sensitive to such mutations for that reason. Similarly,
gefitinib and erlotinib appear to be uniquely effective against
mutant EGFR kinases that favor the active state.

A clinical treatment strategy to prevent or slow the occurrence
of drug resistance could be to administer two drugs having
different mechanisms of action simultaneously. At least in an
in vitro setting this seems like a promising avenue.*®

Crystallographic knowledge derived from multiple crystal
structures in various conformational states of EGFR, Abl, cKIT,
and other kinases is a valuable asset for optimal inhibitor design.
The value of such an asset is amplified when kinetic analyses
of mutant enzymes specifically in relation to ATP affinity and
catalytic competence are revealed. Such knowledge comple-
ments that obtained by crystallography at the molecular level
and should pave the road for designing inhibitors with desired
profiles.

4. Conclusion

The identification of kinase domain mutations in the clinic
has stimulated basic research efforts to relate structure and
function as reviewed in this Perspective. The specific properties
of these mutations can influence the structural states, binding
site character, and affinity for ATP of the kinases. Understanding
these aspects in combination will be pivotal for any drug design
program with the goal of identification of a small molecule
inhibitor that can overcome resistance mechanisms. Protein
structural information obtained from multiple crystal structures
in various conformational states is a valuable asset for optimal
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inhibitor design. This information can be further enhanced by
kinetic analyses of mutant enzymes with respect to ATP affinity
and catalytic competence. The clinical need and preclinical
complexity of the design challenge both point to adopting the
most integrated approach available when designing the next
generation of inhibitors.
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