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Abstract

Protein kinases have emerged as one of the most frequently targeted families of proteins in drug
discovery. While the development of small-molecule inhibitors that have the potency and selectivity
necessary to be effective cancer drugs is still a formidable challenge, there have been several notable
successes in this area over the last decade. However, in the course of the clinical use of these
inhibitors, it has become apparent that drug resistance is a recurring problem. Because kinase
inhibitors act by targeting a specific kinase or set of kinases, there is a strong selective pressure for
the development of mutations that hinder drug binding but preserve the catalytic activity of these
enzymes. To date, resistance mutations to clinically-approved kinase inhibitors have been identified
in a number of kinases. This review will highlight recent work that has been performed to understand
how mutations in the kinase catalytic domain confer drug resistance. In addition, recent experimental
efforts to predict potential sites of clinical drug resistance will be discussed.
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Reversible protein phosphorylation cascades represent a central theme in cellular signal
transduction. Protein kinases are the single family of enzymes that catalyze the transfer of the
v-phosphate group from adenosine 5’-triphosphate (ATP) to a target protein, and thus are key
regulators of these phosphorylation pathways (1). Due to the central role that these enzymes
play in cellular behavior, it is not surprising that misregulated protein kinase activity contributes
to a number of diseases including cancer, inflammation and diabetes (2). Currently, there are
dozens of small-molecule protein kinase inhibitors undergoing clinical evaluation, with eleven
approved for clinical use (3,4).

The catalytic domains of protein kinases are bi-lobal with a smaller N-terminal lobe comprised
mainly of B-strands and a larger a-helical C-terminal lobe (Figure 1, top left panel) (5,6). These
lobes are joined by a segment known as the hinge region, which outlines a narrow hydrophobic
cleft where ATP binds. The adenine ring of ATP makes key hydrogen-bonding contacts with
the amide backbone of the hinge region. The a- and p-phosphate groups of ATP are aligned
for catalysis via an interaction with a divalent magnesium ion and a conserved catalytic lysine
(7,8). Protein substrates bind in an extended conformation along a shallow groove on the C-
lobe, which allows the residue that will be phosphorylated to accept the y-phosphate of ATP.
Adjacent to the ATP-binding cleft is a 2030 residue long activation loop that increases the
catalytic activity of most kinases when phosphorylated (9). The activation loop contains the
highly conserved Asp-Phe-Gly (DFG) motif, the conformation of which is directly coupled to
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the activation state of the kinase. The aspartate residue in the DFG motif of active kinases faces
into the ATP-binding cleft, while the phenylalanine residue is buried in a hydrophobic pocket
adjacent to this site (DFG-in). While the active conformation of most kinases are very similar
due to the necessity of utilizing the same co-factor, ATP, as a substrate, their inactive
conformations are more heterogeneous in nature (9).

All clinically-approved small-molecule inhibitors of protein kinases, except for compounds
that target mTOR, and most compounds in late stage clinical trials target some portion of the
ATP-binding cleft (3,10-12). Most of these inhibitors recognize the active conformation of
their kinase target(s) and make a characteristic set of interactions with the ATP-binding cleft
(type I inhibitors) (13). Type | inhibitors tend to make similar hydrophobic contacts as the
adenine ring of ATP and form one to three hydrogen bonds with the backbone amides of the
hinge region (Figure 1, top right panel). Affinity and selectivity is often achieved through
specific interactions with hydrophobic pockets adjacent to the site of ATP binding (Figure 1,
top right panel, Hydrophobic Pockets | and I1). In contrast, type Il inhibitors recognize a specific
inactive conformation of protein kinases (DFG-out) (Figure 1, bottom left and right panels)
(13-15). Currently, the number of kinases that are able to adopt the DFG-out conformation is
not known, but for kinases that have been structurally characterized in this conformation, the
distinctive orientation of the DFG motif is highly conserved. For kinases in the DFG-out
conformation, the DFG motif is in a flipped orientation relative to the active form; with the
phenylalanine residue rotated almost 180° and the aspartate side chain facing out of the active
site. This rearrangement reveals an additional hydrophobic pocket (DFG-out pocket) that is
exploited by type Il inhibitors (Figure 1, bottom right panel). In addition to hydrophobic
contacts with the DFG-out pocket, type Il inhibitors usually make a characteristic set of
hydrogen bonds with a conserved glutamate in the aC-helix and the backbone amide of the
aspartate in the DFG-motif. Like type | inhibitors, type Il inhibitors usually form hydrogen-
bonding interactions with the amide backbone of the hinge region and hydrophobic contacts
with the adenine site.

As kinases have become increasingly more prevalent as drug targets in human disease,
significant success has been achieved in targeting kinases involved in cancer. In many cases
this clinical success has been shown to exist within a limited timeframe, due to the development
of drug resistance. As most kinase inhibitors exert their effects by targeting a specific kinase
or set of kinases, there is strong selective pressure for the development of mutations that prevent
drug binding. However, there is a limited spectrum of mutations that are available to a kinase
for developing resistance due to the necessity of maintaining the catalytic activity of these
enzymes. This review will highlight recent work that has been performed to determine the
biochemical mechanisms that protein kinases have developed to gain resistance to small-
molecule inhibitors. These studies provide information on the inherent structural plasticity of
the catalytic domain of protein kinases and give insight into how active site mutations can
affect ligand binding. While several routes are available for cells to gain resistance to targeted
kinase inhibitors, this review will focus on the role of kinase domain mutations that hinder
drug binding but preserve catalytic activity. For a more comprehensive overview of kinase
drug resistance, the reader is referred to a recent review by Mansour and co-workers (16).

Resistance to Inhibitors of BCR-ABL

Chronic myelogenous leukemia (CML), which accounts for 15-20% of adult leukemia in
Western populations, is a blood and bone marrow disease that is caused by unregulated
proliferation of myeloid cells. In a majority of cases, CML coincides with a reciprocal
translocation of chromosomes 9 and 22, which is referred to as the Philadelphia chromosome
(17). This chromosomal abnormality results in the generation of a fusion gene, named BCR-
ABL1, from the joining of the breakpoint cluster region (BCR) gene and the ABL tyrosine kinase
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gene. The protein product of the BCR-ABL1 gene, BCR-ABL, isa 210 kDa protein that contains
the constitutively active tyrosine kinase domain of ABL fused to 902 or 927 amino acids of
BCR. A large part of the pathogenesis of BCR-ABL1-positive leukemia is driven by the
increased catalytic activity of the tyrosine kinase ABL, which phosphorylates a number of
downstream substrates and results in cell transformation and proliferation. The small-molecule
kinase inhibitor imatinib (Gleevec) has revolutionized the treatment of CML (Figure 2, top left
panel) (18,19). Imatinib is a 2-phenylaminopyrimidine derivative inhibitor that targets the
ATP-binding site of ABL. While imatinib was originally designed to target the active
conformation of the ATP-binding pocket of ABL kinase, it was later discovered that this
inhibitor targets the DFG-out inactive form (Figure 1, bottom right panel and Figure 2, bottom
left panel) (20-22). Despite the challenge in identifying kinase inhibitors with high selectivity,
a number of in vitro and proteomic screens have demonstrated that imatinib only has sub-
micromolar potency against several other kinases (PDGFR, ABL1, ABL2, c-KIT and DDR)
besides BCR-ABL (23-26). This high degree of selectivity for inhibiting the kinase catalytic
activity that is responsible for driving the pathogenesis of CML is believed to be at least
partially responsible for the clinical success of this drug. More than 80% of patients that
undergo imatinib treatment in the early stages of CML (chronic phase) show a complete
cytogenetic response (no detectable levels of the Philadelphia chromosome) (27). This
response has been found to be robust, with less than 3% of these patients progressing to more
advanced stages of CML (accelerated or blast phase) after five years. However, imatinib
therapy is not the equivalent of a cure for CML because residual leukemia cells persist in all
patients and the recurrence of active leukemia is common amongst patients that cease treatment.

Despite the effectiveness of imatinib as a targeted therapeutic for the treatment of CML, the
emergence of clinical resistance is an ongoing challenge. While relapse is infrequent for
patients undergoing imatinib therapy during chronic phase, it is very common for those that
are diagnosed and treated during advanced stages of the disease (28). Currently, it is estimated
that about thirty percent of patients undergoing imatinib therapy will switch to an alternative
treatment within five years due to side effects and the development of drug resistance (27,
29-31). For patients undergoing treatment with imatinib, relapse occurs through re-activation
of the BCR-ABL pathway in the presence of the drug. The most frequent route (60-90% of all
cases) for the development of resistance to imatinib is through mutations in the kinase domain
of ABL (31-36). To date, over 50 different point mutations in the ABL kinase domain have
been detected in imatinib-resistant CML patients. Despite the large number of mutations that
have been identified, imatinib resistance frequently occurs through several common
mechanisms.

While resistance mutations have been identified throughout the catalytic and regulatory
domains of ABL, a large percentage localize to a region called the phosphate-binding loop (P-
loop) or glycine-rich loop. The P-loop is a flexible, glycine-rich loop that makes contact with
thea- and B-phosphates of ATP (Figure 1, top left panel) (37-41). X-ray crystal structures of
the imatinib-ABL complex have demonstrated that the P-loop adopts a unique kinked
conformation, which shields the pyridine and pyrimidine rings of the drug from solvent (20,
21,42,43) (Figure 2, bottom left panel). The ordered nature of the P-loop when ABL is bound
to imatinib has been confirmed in solution by NMR spectroscopy (22). The two most
commonly observed sites of mutation in the P-loop are Tyr253 and Glu255, which account for
over 30% of all clinically-observed imatinib-resistance mutations (44). Commonly, Tyr253 is
mutated to a His or Phe residue and Glu255 to a Lys or Val. In vitro activity assays with purified
ABL kinase have demonstrated that the Tyr253His and Tyr253Phe mutations result in a >18-
and 15-fold loss in drug sensitivity, respectively (45). Analysis of the imatinib-ABL complex
has shown that there are likely two reasons that these mutations result in the observed loss in
potency of imatinib. First, conversion of Tyr253 to a phenylalanine or histidine residue most
likely leads to a less favorable face-to-edge aromatic interaction between this side-chain and
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the pyrimidine ring of the drug. In addition, these mutations remove the ability of this side-
chain to hydrogen bond with Asn322 in the C-lobe which most likely results in disruption of
the distorted conformation of the P-loop. Glu255 mutations result in a similar loss in potency,
with the Glu255Val and Glu255Lys mutants of ABL showing 13-and >18-fold less sensitivity
to imatinib, respectively (45). Unlike Tyr253, the side-chain of Glu255 does not make direct
contact with the drug. Rather, the carboxylate from this residue forms a hydrogen-bonding
network with Lys247 and Tyr257 that stabilizes the anti-parallel g-strand of the P-loop.
Mutating Glu to a Lys or Val residue disrupts these interactions and most likely destabilizes
the conformation of the P-loop. It has been hypothesized that mutations in the P-loop contribute
to imatinib resistance by destabilizing the inactive DFG-out conformation of ABL. While this
may be true in a cellular context, several recent studies show that this is unlikely for BCR-ABL
in the absence of other interacting proteins. First, although there is conflicting data on the
relative catalytic activities of P-loop mutants versus wild-type BCR-ABL, the kinetic constants
(keat and Kpy,) for purified Kinase constructs in activity assays are very similar. In addition, a
series of inhibitors that bind the DFG-out conformation of ABL without interacting with the
P-loop are minimally affected by mutations in Tyr253 and Glu255 (46). Furthermore, a recent
study using hydrogen/deuterium exchange mass spectrometry (HX MS) shows that there are
no detectable differences in the solution conformational dynamics of wild-type, Tyr253His
and Glu255Vval ABL (47).

Another common mutation that accounts for about 15% of all cases of imatinib-resistant CML
is the Thr315lle gatekeeper mutant (48). The gatekeeper residue controls access to a
hydrophobic pocket that is adjacent to the adenine site, which is exploited by a number of
kinase inhibitors. This residue is often a direct determinant of inhibitor selectivity and has been
exploited for the generation of mutant kinases that are uniquely sensitive to a series of modified
kinase inhibitors (49-52). In addition to BCR-ABL, mutations at the gatekeeper position of
the tyrosine kinases c-KIT, PDGFRA and EGFR have been linked to the development of drug
resistance (53,54). X-ray structural analysis of the ABL-imatinib complex shows that the m-
diaminophenyl group of imatinib sits in close proximity to the side-chain of Thr315. In
addition, the nitrogen linking the pyrimidine ring and the m-diaminophenyl ring forms a critical
hydrogen bond with the secondary alcohol of this residue. Conversion of the threonine residue
to a bulkier isoleucine creates a steric clash with the drug and does not allow a hydrogen bond
to be formed, which results in imatinib demonstrating a dramatic loss in affinity (>500-fold)
for this mutant (Figure 2, top right panel). Several studies suggest that the Thr315lle mutation
also affects the conformational dynamics of the ABL kinase domain. For example, this mutant
has been demonstrated to have higher basal catalytic activity and increased enzymatic
activation in cells (55). Furthermore, HX MS analysis of the Thr315lle ABL mutant shows
that two regions of the kinase (a region that is in close proximity to imatinib binding and the
more distant RT-loop of the regulatory SH3 domain) have increased conformational dynamics
compared to the wild type enzyme (47). Thus, the highly resistant nature of the Thr315lle
mutant may be due to a combination of direct disruption of active site-drug interactions and
subtle changes in the conformational dynamics of the catalytic domain.

The drugs dasatinib and nilotinib have been approved as second generation therapies for the
treatment of imatinib-resistant CML (Figure 2, top left panel) (56-60). Both drugs are
considerably more potent inhibitors of the catalytic activity of wild-type ABL than imatinib.
Structural analyses of the nilotinib-ABL complex by X-ray crystallography and NMR
spectroscopy have demonstrated that this drug binds to the DFG-out conformation of the
catalytic domain in an analogous manner to imatinib (22,56). The increased potency of nilotinib
is due to a more optimal interaction between the 3,5-imidazole/trifluoromethyl substituent of
this compound and the DFG-out pocket of ABL. The fact that nilotinib exploits many of the
same contacts as imatinib is reflected in its similar kinase selectivity profile. Furthermore,
while nilotinib is effective at inhibiting the Tyr253 and Glu255 P-loop mutants of ABL, these
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mutations cause this drug to have a similar fold loss in overall potency as imatinib (45,56). In
contrast to nilotinib, dasatinib was developed as a dual SRC and ABL inhibitor that targets the
active conformation of the ATP-binding site. While it has been speculated that dasatinib should
be capable of binding both the active and inactive conformations of the ATP-binding sites of
these kinases, a recent NMR study of its interaction with ABL has demonstrated that this kinase
is exclusively in the active form when bound to the drug (22). As many of the contacts that
dasatinib makes with the active forms of SRC and ABL are conserved in a number of tyrosine
kinases, this drug potently inhibits a number of members from this sub-family. Because
dasatinib does not rely on interactions with the P-loop of ABL, this compound inhibits the
Tyr253 and Glu255 mutants with a similar potency as the wild type enzyme (Figure 2, bottom
right panel) (45).

Currently, there are no clinically-approved inhibitors that effectively target the Thr315lle
gatekeeper mutant of BCR-ABL. Nilotinib’s increased interaction with the DFG-out pocket is
not able to overcome the energetic penalty of the steric clash from the isoleucine side-chain
and loss of hydrogen-bonding interaction. Despite dasatinib targeting the active form of ABL,
this drug occupies the hydrophobic pocket adjacent to the gatekeeper residue (Figure 1: bottom
right panel). Conversion of the gatekeeper position to a bulkier residue obstructs access to this
pocket and results in dasatinib being >500-fold less potent against this mutant. Several ATP-
competitive type | inhibitors of ABL Thr315lle have been described (61). VX-680 and
PHA-739358 were originally developed as type | Aurora kinase inhibitors but were later found
to potently block the catalytic activity of Thr315lle BCR-ABL (62,63). SGX393 is a highly
selective type | inhibitor of BCR-ABL that is effective against the gatekeeper mutant (64).
However, P-loop mutants of BCR-ABL show resistance to this compound. In addition to these
type | inhibitors, several potent type Il inhibitors of ABL Thr315lle have been developed
(46,55). The most extensively characterized of these inhibitors is AP24534, which is a sub-
nanomolar inhibitor of BCR-ABL (Figure 2, top left panel) (65). AP24534 contains an imidazo
[1,2b]pyridazine core that is linked to a 3-trifluormethylphenyl group with an alkyne linker.
The alkyne linker of this inhibitor provides a bridge between the imidazo[1,2b]pyridazine core,
which makes a hydrogen bond with the hinge region, and the 3-trifluoromethylphenyl group,
which makes extensive contacts with the DFG-out pocket, without clashing with the side-chain
of the isolecuine gatekeeper residue. This lack of a steric clash is demonstrated by the only 6-
fold loss in potency of AP24534 against the Thr315lle mutant compared to wild-type BCR-
ABL in an in vitro activity assay. Furthermore, AP24534 is a potent inhibitor of previously
described P-loop mutants and no additional BCR-ABL variants that confer resistance to this
compound were identified in an accelerated mutagenesis assay (66). Selectivity profiling of
AP24534 with activity assays demonstrated that this compound potently inhibits a number of
kinases despite targeting the DFG-out conformation of ABL. However, this decreased
selectivity does not appear to be detrimental in a cellular context because this compound
maintains a >1000-fold selectivity for Ph-positive cells in proliferation assays. It is interesting
to note that all of the type Il inhibitors that have been found to effectively target ABL Thr315lle,
to date, are less selective than imatinib or nilotinib. The success of dasatinib as a second
generation therapy for the treatment of imatinib-resistant CML shows that a compound with a
limited selectivity profile can still serve as an effective drug.

Resistance to Inhibitors of EGFR

The epidermal growth factor receptor (EGFR) is a cell-surface receptor tyrosine kinase (RTK)
inthe larger ErbB family of receptors (67). Upon binding of the epidermal growth factor, EGFR
transitions from an inactive monomeric form to an active homo- or heterodimer to initiate
intracellular signaling that results in cell growth, migration, differentiation and death.
Mutations that occur in the EGFR kinase domain that cause the kinase to be over-expressed or
hyperactive have been implicated in the development of cancer, particularly non-small cell
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lung carcinomas (NSCLC) (68,69). To this end, a number of reversible ATP-competitive small-
molecule kinase inhibitors have been developed to target EGFR. These inhibitors include the
clinically-approved 4-anilinoquinazolines gefitinib (Iressa) (70), erlotinib (Tarceva) (71) and
lapatinib (Tykerb) (72) and the clinical candidate AEE788 (73) (Figure 3, top left panel). In
addition to inhibitors that interact with the ATP-binding site of EGFR in a reversible manner,
several analogs that covalently modify the active site have been developed (74). An example
of an inhibitor of this class is the 4-anilino-3-quinolinecarbonitrile inhibitor neratinib, which
covalently modifies Cys797 in the ATP-binding site of EGFR (75).

Gefitinib, erlotinib and lapatinib are structurally related quinazoline-based compounds that
display different anilines from the 4-position. These inhibitors interact with the ATP-binding
pocket of EGFR in a similar manner, with the quinazoline core positioning itself along the
hinge region. This orientation allows the nitrogen from the quinazoline core to form a hydrogen
bond with the hinge region and the substituents at the 6- and 7-position to extend into the
solvent. The small threonine gatekeeper residue of EGFR (Thr790) allows the aniline at the 4-
position to form extensive interactions with the hydrophobic pocket adjacent to the adenine
site, which contributes to the high selectivity exhibited by these compounds. Lapatinib, which
contains a more extended 4-anilino substituent than erlotinib and gefitinib, binds to a unique
inactive conformation of EGFR (76). Kinome-wide selectivity screens have demonstrated that
these inhibitors are highly selective for EGFR and its ErbB family members, with lapatinib
showing the highest selectivity (24,26). The reversible inhibitor AEE788 binds to EGFR kinase
in the active conformation, with the aC-helix pointing in towards the ATP binding pocket.
Much like the quinazoline inhibitors, the pyrrolopyrimidine core of AEE788 makes hydrogen-
bonding interactions with the backbone amides of the kinase hinge region. Mimicking the
aniline groups of gefitinib and erlotinib, the phenethylamine substituent extends into a
hydrophobic pocket guarded by the gatekeeper residue, while the ethylpiperazine moiety is
directed out of the ATP-binding pocket, towards the solvent. AEE788 has been shown to be
an extremely potent inhibitor of ErbB family kinases and VEGFR, with low nanomolar potency
against wild-type EGFR kinase.

Several oncogenic mutations in EGFR have been identified that give rise to NSCLCs. These
include exon 19 deletions and a point mutation in exon 21 that mutates Leu858 in the activation
loop to an Arg, the latter accounting for approximately 40% of all mutations (77,78). A third
point mutation that occurs less frequently is the conversion of Gly719 in the P-loop to a Ser.
Both Leu858Arg and Gly719Ser are gain-of-function mutations, and the success of gefitinib
and erlotinib partially arises from their increased potency against these mutant kinases over
the wild-type enzyme (almost 10- to 100-fold more potent in cells expressing EFGR mutants
over those expressing wild-type kinase) (79,80).

Several studies have been conducted to characterize the structure and activity of the Leu858Arg
and Gly791Ser mutants of EGFR (78). Crystal structures of the Leu858Arg and Gly791Ser
mutants bound to the non-hydrolyzable ATP analog AMP-PNP show that these kinases exist
in an active conformation, similar to that of the wild-type kinase. To understand the mechanism
of activation of the Leu858Arg mutant, crystal structures of wild-type EGFR bound to lapatinib
were studied. Lapatinib binds to an inactive form of the kinase domain, with the activation
loop segment forming a helical turn that displaces the aC-helix from the regulatory site. Leu858
is one of several hydrophobic residues on the activation loop that helps to stabilize this inactive
conformation. Upon substitution of leucine to arginine, the charged residue is no longer
favorably accommodated in the hydrophobic pocket, effectively destabilizing the inactive form
of the kinase. Similar reasoning is applied to the Gly179Ser mutant; the serine residue
destabilizes the inactive conformation of the P-loop. These structural changes results in the
Leu858Arg and Gly791Ser mutants of EGFR having a ~50- and ~10-fold increase in activity
over wild-type in the presence of excess ATP and peptide substrate, respectively. Further
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kinetic analysis demonstrated that these mutations result in a 10-to-20-fold increase in the
Kcar for ATP. However, this is compensated by a 5-to-10-fold higher K, for ATP. Because
cellular concentrations of ATP (1-5 mM) are much higher than EGFR’s K, for ATP, the
increase in Ky is the most relevant parameter in a cellular context.

Although patients with NSCLC that bear the Leu858Arg mutation respond well to gefitinib
and erlotinib treatment, relapse due to drug resistance is common. Molecular analysis of tumor
material obtained from patients with acquired resistance to gefitinib/erlotinib treatment has
found that a single amino-acid substitution in the catalytic domain of EGFR coincides with a
majority of cases of drug resistance; conversion of the Thr790 gatekeeper residue to methionine
(68). Significantly, the Thr790Met mutant occurs in the context of the Leu858Arg sensitizing
mutation. Therefore, it appears that the gatekeeper mutation eliminates the drug sensitivity that
LeuB858Arg confers. This resistance mutation has been identified in almost 50% of cases of
acquired resistance, making it a significant target of research towards more effective therapies
(81). In a more recent study involving tumor cells obtained from both treatment-naive and
treatment-experienced patients, low levels of the Thr790Met mutation were observed in 40%
of the treatment-naive patients (these patients remained susceptible to gefitinib and erlotinib
therapy) (82). Although the resistance allele was detected in only a small number of cells, it
remains possible that tyrosine kinase inhibitor therapy might select for those tumor cells
harboring the pre-existing Thr790Met mutation.

It was originally believed that transformation of the threonine at the gatekeeper position to a
bulkier methionine caused resistance to erlotinib and gefitinib through steric interference;
analogous to how the ABL Thr315lle mutation confers resistance to imatinib (83). However,
this steric argument for EGFR resistance became tenuous upon the discovery that irreversible
EGFR inhibitors can overcome the resistance caused by this mutation in cellular assays (68,
84). In order to further investigate this seemingly unique mechanism of resistance, Yun and
co-workers employed a direct binding assay to determine the affinities of gefitinib and AEE788
for wild-type, Leu858Arg, Thr790Met and Leu858Arg/Thr790Met EGFR kinase (Table 1)
(85). As expected, gefitinib has a low nanomolar affinity for the Leu858Arg mutant (Ky = 2.4
nM), which is a 15-fold increase in potency over the wild-type enzyme (Kq = 35 nM). The
Thr790Met gatekeeper single mutant of EGFR is also quite sensitive to gefitinib, with a Kq =
4.6 nM. Surprisingly, the Thr790Met/Leu858Arg double mutant was found to have only a
moderately lower binding affinity for gefitinib (Kg = 11 nM), which is only a 4-fold difference
compared to the Leu858Arg single mutant. Clearly, conversion of the threonine gatekeeper
residue to a methionine does not create a large steric clash that prevents inhibitor binding.
Furthermore, the modest difference in binding affinity to the double mutant cannot fully explain
the drug resistance that is observed in cellular assays and clinically.

In order to further study how EGFR can become resistant to small-molecule inhibition, crystal
structures of the Thr790Met mutant, in the apo-form and bound to the inhibitors AEE788
(Figure 3, bottom panels) and neratinib, were obtained. As described earlier, AEE788 has
similar binding interactions with the pocket adjacent to the gatekeeper residue as gefitinib.
Like gefitinib, the binding affinity of AEE788 for Thr790Met (Ky = 28 nM) and Thr790Met/
Leu858Arg (K4 = 19 nM) is very similar to wild-type EGFR (K4 = 5.3 nM). Consistent with
conversion of the Thr gatekeeper to Met having only a minimal effect on binding affinity, the
superimposed crystal structures of AEE788 bound to wild-type and Thr790Met EGFR show
that there is little difference in the binding mode of the inhibitor (Figure 3, top right panel).
The pyrrolopyrimidine scaffold of AEE788 is in an identical orientation when bound to wild-
type and Thr790Met EGFR. Furthermore, there is no apparent steric clash between the bulkier
methionine residue and phenethylamine substituent as it enters the hydrophobic pocket
adjacent to the adenine site; the gatekeeper residue adopts a slightly different orientation that
allows the phenethylamine access to the pocket (Figure 3, top right panel). Presumably, the
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gatekeeper residue of Thr790Met EGFR undergoes a similar conformational change when
bound to gefitinib or erlotinib.

To gain a better understanding of how the Thr790Met mutation leads to drug resistance, kinetic
characterization of wild-type, Leu858Arg, Thr790Met and Leu858Arg/Thr790Met EGFR was
performed (Table 1) (85). Interestingly, the Leu858Arg mutant has a 30-fold higher Ky, for
ATP than wild-type EGFR (148 uM versus 5.2 uM). However, the Thr790Met gatekeeper
mutation restores the K, of Leu858Arg to 8.4 uM. Thus, it is the lower K, for ATP that causes
the drug resistance conferred by the double mutant of EGFR. Notably, the gatekeeper mutation
alone does not alter the Ky, of the kinase for ATP; the structural bases for how these mutations
affect EGFR’s Ky, for ATP are not understood. Thus, the Leu858Arg mutation contributes to
EGFR’s sensitivity to erlotinib, gefitinib and AEE788 by altering its K, for ATP, which allows
these inhibitors to effectively outcompete the high intra-cellular concentrations of ATP (1-5
mM). Conversion of the gatekeeper residue of the Leu858Arg mutant from a threonine to a
methionine restores this enzyme’s low micromolar K, for ATP and reduces the effectiveness
of these inhibitors in cells. The Thr790Met gatekeeper represents a generic resistance mutation
that will affect any ATP-competitive inhibitor, independent of which interactions they make
with the ATP-binding cleft.

Pre-clinical cellular studies have shown that irreversible inhibitors such as neratinib (Figure 3,
top left panel) and EKB-569 are able to effectively inhibit the Thr790Met mutant of EGFR
kinase. These inhibitors are able to achieve greater ATP-binding site occupancy in this kinase
by forming a covalent bond with an active site cysteine. For example, neratinib proved to be
considerably more effective than gefitinib in suppressing EGFR auto-phosphorylation and
phosphorylation of downstream effectors AKT and MAPK in a NCI-H1975 bronchoalveolar
cancer cell line harboring the Leu858Arg/Thr790Met mutant (84). However, in clinical settings
involving patients with the Thr790Met resistance mutation, irreversible inhibitors have
demonstrated only limited success and dose-limiting toxicity has been observed (86,87). A
series of irreversible inhibitors that were specifically developed to target the Thr790Met mutant
of EGFR were recently reported (88). These inhibitors, which are based on an
anilinopyrimidine-based core rather than a 4-anilinoquinazoline scaffold, are significantly
more potent against gefitinib-resistant cell lines than previously described irreversible
inhibitors. Furthermore, these covalent inhibitors are selective for the Thr790Met EGFR
mutant over the wild-type kinase. A crystal structure of an analog from this series bound to the
Thr790Met EGFR kinase catalytic domain provides an explanation for the increased potency
of the anilinopyrimidine-based inhibitors against the gatekeeper mutant. While gefitinib and
other 4-anilinoquinazoline-based inhibitors are able to avoid a steric clash with the methionine
gatekeeper residue, a substituent from the anilinopyrimidine-based core forms a favorable
interaction with this residue. This interaction most likely contributes to the increased potencies
observed for these inhibitors and helps explain their selectivity for the gatekeeper mutant over
wild-type EGFR. Importantly, the most selective compound in this series was found to cause
significant tumor regression in Thr790Met-containing murine models with a minimal amount
of observed toxicity. While extensive testing is needed to determine if any of these inhibitors
will be of clinical utility, the development of mutant-selective kinase inhibitors appears to be
a promising strategy for overcoming clinical drug-resistance.

Identification of Potential Sites of Drug-Resistance Mutations: Aurora
Kinases, MEK1 and the PI3Ks

The Aurorakinases are a family of serine/threonine kinases that are key regulators of eukaryotic
cell mitosis. There are three Aurora kinases in humans that have been characterized to date:
Aurora A, Aurora B and Aurora C. Aurora A is localized to centrosomes and spindle poles
during various phases of mitosis and is closely associated with centrosome maturation (89).
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Aurora B localizes to microtubules and is responsible for histone H3 phosphorylation as well
as spindle assembly checkpoint (SAC) and cytokinesis (90). Aurora C is thought to be a
chromosome passenger, but little more is known about this third class of mitotic serine/
threonine kinases (91). Overexpression of these enzymes is apparent in several human cancers,
thus, these kinases have become popular targets for anti-cancer therapies (92,93).

A number of ATP-competitive inhibitors of the Aurora kinases have been discovered that block
such cellular actions as chromosome alignment, SAC and cell division. Some of these inhibitors
include the small molecules ZM447439, VX-680 and Hesperadin (Figure 4, top left panel).
ZM447439 is a quinazoline-based inhibitor, which is 20-fold more potent against Aurora B
than Aurora A (94). Mammalian cells that are treated with ZM447439 enter mitosis but have
a perturbed spindle assembly and chromosome alignment, inhibiting cytokinesis (92,95).
VX-680, a pyrimidinyl-based compound is a potent inhibitor of both Aurora A and B in cells.
VX-680 is highly effective in blocking cell cycle progression and inducing apoptosis in a
variety of developing tumors (62). In addition, VX-680 has been shown to have anti-tumor
activity in rodent xenograft models. Hesperadin acts much like ZM447439, inhibiting
chromosome alignment and segregation in the cell (96).

While no Aurora kinase inhibitors have yet been approved for clinical use, the lessons learned
from the emergence of drug resistance to BCR-ABL and EGFR inhibitors stress the importance
of anticipating which specific mutations, and their consequent effects, may arise. To this end,
Girdler and co-workers developed a novel genetic screen to identify cell lines that are resistant
to the Aurora kinase inhibitor ZM447439 (97). A key component of this screen is the use of
HCT-116 cells, which are a hypermutagenic cell line due to a defect in DNA mismatch repair.
In addition, these cells express low levels of drug transporters, which reduces the likelihood
of resistance occurring through this mechanism. HCT-116 cells were treated with a 1 uM
cytotoxic concentration of ZM447439 over a three week span. Seven cell lines were generated
from those cells that maintained strong colony growth in the presence of ZM447439, with
several of these cell lines maintaining high cell numbers in the presence of increasing
concentrations of the drug. In comparison to parental control cells, two of the resistant cell
lines maintained both cell division and histone H3 phosphorylation, indicating that Aurora B
kinase was indeed active, and a mutation in this kinase might be the source of drug resistance.

Sequencing of Aurora cDNAs from the seven drug-resistant clones showed that all cell lines
contained Aurora B genes with point mutations, giving rise to a total of five different amino-
acid substitutions in the catalytic domain (Tyr156His, Gly160Glu, Gly160Val, His250Tyr and
Leu308Pro). Three of the seven cell lines contained two different Aurora B single mutants;
His250Tyr with Gly160Val (2x) and His250Tyr with Gly160Glu (1x). All of the Aurora
mutants, with the exception of Leu308Pro, were ectopically expressed as Myc-tagged fusions
in DLD-1 cells and shown to localize correctly and maintain normal kinase function. In the
presence of ZM447439, phosphorylation of the Aurora B substrate histone H3(Ser10) was
rescued in cells expressing drug-resistant mutants of this kinase. Expression of similar levels
of wild-type Aurora B did not show a comparable effect. The most drug-resistant mutant proved
to be the Gly160Val of Aurora B (>75% of the cells positive for phospho-histone H3 with 4
UM ZM447439), followed by Tyr156His and His250Tyr (80% and 45% of the cells positive
with 2 pM ZM447439, respectively). In vitro activity assays using histone H3 as a substrate
showed that the Tyr156His mutant is 10-fold less sensitive to the drug than wild-type kinase,
while the Gly160Val and Gly160Glu mutants are completely resistant to 500 UM ZM447439.
Most strikingly, these mutations were found to confer resistance to other known Aurora kinase
inhibitors of unrelated structure to ZM447439. In the same in vitro activity assay, VX-680 was
>20-fold less potent against the Tyr156His and Gly160Glu mutants of Aurora B than the wild-
type kinase. Resistance mutations also diminished the ability of Hesperadin to block the
catalytic activity of Aurora B. Consistent with the types of drug-resistance mutations that have
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been identified in BCR-ABL and EGFR, the Tyr156His, Gly160Val, Gly160Glu and
His250Tyr mutants of Aurora B do not have compromised catalytic activity. In fact, an in
vitro assay in the presence of 200 uM ATP demonstrated that these mutants of Aurora B have
higher catalytic activities than the wild-type enzyme. Further analysis of the kinetic parameters
of these Aurora B mutants was not performed.

Structural studies were performed to characterize the specific mechanism of resistance. A
crystal structure of the Xenopus laevis (XI) Aurora B:INCENP complex bound to ZM447439
shows that the inhibitor sits in the ATP-binding pocket with the quinazoline core lying against
the hinge region of the kinase, the benzamide directed towards the aC-helix and the morpholino
substituent directed out of the pocket into solvent (Figure 4, bottom left panel) (98). Mapping
of the human Aurora mutations onto the Xenopus model places the Tyr156 residue at the hinge
region of the kinase in close proximity to the aromatic quinazoline core of ZM447439 (Figure
4, bottom left panel). The authors hypothesize that mutation of the tyrosine to a histidine may
weaken the van der Waals contacts that this hinge region amino acid makes with the small-
molecule inhibitor. The Gly160 residue maps to the hinge loop as well. In a similar fashion to
the Thr315lle gatekeeper mutation that renders ABL insensitive to imatinib, substitution of
glycine for a larger residue most likely introduces a steric clash with the bound inhibitor. From
amodel of human Gly160Val bound to ZM447439, it is apparent that the morpholinyl-propoxy
moiety extends over the hinge loop and would be expected to collide with the valine or
glutamate residue (Figure 4, bottom right panel). A similar steric clash would be expected to
occur with the piperazine ring of VX-680 (Figure 4, top right panel). Based on the structure of
Aurora bound to AMP-PNP and the kinetic data for these mutants, these substitutions do not
affect the binding of ATP. Despite the diverse chemical structures of ZM477439, VX-680 and
Hesperadin, these inhibitors exploit similar contacts with the ATP-binding pocket of Aurora,
which leads to their uniform sensitivity to mutations in these region (99).

In arelated study, Scutt and co-workers identified mutations in Aurora A that confer resistance
to the inhibitor VX-680 (100). Upon structural analysis of the binding mode of VX-680 in
Aurora A Kinase, the analogous glycine residue that confers resistance to Aurora B was
identified (Gly216). Mutation of this residue to a bulkier amino acid conferred resistance to
V' X-680 and ZM447439, with Gly216Leu showing the greatest loss in sensitivity compared to
wild-type Aurora A (250-fold) (Figure 4, top right panel). However, these substitutions in
Aurora A greatly reduced the overall activity of this enzyme, which is in contrast to their effect
on the catalytic activity of Aurora B. Notably, the Gly216Leu, Gly216Val and Gly216Glu
mutants of Aurora A were found to have 6%, <1% and 12% of the activity of the wild-type
enzyme, respectively. Despite the overlapping inhibitor sensitivities and structural similarities
between Aurora A and B, resistance mutations do not affect these enzymes uniformly.

Like the Aurora family, several studies have been conducted with other disease-relevant protein
kinases to anticipate potential mechanisms of resistance to their respective small molecule
inhibitors. Upregulation of the mitogen-activated protein kinase (MAPK) pathway has been
implicated in a number of human cancers. For example, a gain of function mutation in the
MAPK kinase kinase B-RAF (Val600Glu) is found in many melanomas (50-70% of cases
(101). Thus, small-molecule inhibitors that target proteins in the MAPK pathway, such as B-
RAF and its downstream kinase substrate MEK1, are promising drug candidates. Potent and
selective inhibitors of the catalytic activity of MEK1 have been developed, with a series of
non-ATP-competitive inhibitors showing potential in clinical trials (102). Garraway and co-
workers conducted a study to identify mutations that may arise to confer resistance to the non-
ATP-competitive inhibitors AZD6244 or CI-1040 (Figure 5) (103). To do this, a random
mutagenesis screen in melanoma cells harboring Val600Glu B-RAF was performed in the
presence of cytotoxic concentrations of these drugs. Sequencing of resistant clones identified
a set of MEK1 mutant alleles; a majority of which contained point mutations surrounding the
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site of inhibitor binding (primary). Itis likely that these mutants confer resistance through direct
interference with inhibitor binding or by altering the conformation of the aC-helix. In addition,
several mutations were identified in regions of the catalytic domain that are not close to the
site of site of drug binding (secondary); a subset of which may cause resistance by upregulating
the intrinsic catalytic activity of MEK1. Several drug-resistant MEK1 mutants expressed in
A375 melanoma cells showed increased AZD6244 Gls values (50- to 1000-fold) relative to
wild-type A375 cells. Analysis of cells expressing these resistant MEK1 mutants showed that
phosphorylation of the downstream MAPK ERK was rescued in the presence of inhibitor.
These results were compared to clinical resistance mutants by sequencing tumors from
melanoma patients who had relapsed upon treatment with AZD6244. These efforts led to the
identification of a Pro124Leu MEK1 mutant, which is analogous to two secondary mutations
(Pro124Ser and Pro124GIn) that were discovered in the random mutagenesis screen. The
Prol124Leu MEK1 mutant provided a modest increase (5-fold) in AZD6244 Glsg when
expressed in parental A375 melanoma cells.

A drug resistance study has also been performed with the phosphatidylinositol 3-kinase (PI3K)
p110a, which is a lipid kinase that generates phosphatidylinositol-3,4,5-trisphosphate (PIP3)
from phosphatidylinositol 4,5-bisphosphate (PIP2). p110a is the most frequently mutated gene
in human cancer, with the activating mutation His1047Arg in the kinase domain being the most
common. For this reason, a number of ATP-competitive small-molecule inhibitors of p110a.
have been developed and are undergoing clinical trials for the treatment of cancer (104). To
facilitate the identification of p110a resistance mutations in vitro, Shokat and co-workers
developed a PI3K inhibitor screen in the yeast S. cerevisiae. Over-expression of membrane-
localized p110a. inhibits the growth of S. cerevisiae, most likely because these yeast lack the
ability to degrade any PIP3 that is generated (105). However, small-molecule inhibitors of
PI3K can rescue growth. Through the use of replica plating and robotic pinning this screen
allows the rapid assessment of a large number of mutants under various conditions. A library
of high-copy plasmids (pURA3-2u-GAL1) containing mutants of p110a-CAAX, which were
generated by site-directed saturation mutagenesis, was transformed into the drug-permeable
yeast strain YRP1. The library of p110a-CAAX variants was then screened on glucose and
galactose media to determine which mutants retain catalytic activity. Active mutants that were
growth-inhibited on galactose in the presence of high p110a inhibitor concentrations, for
example PI-103 (Figure 5), were selected and sequenced. In contrast to protein kinases, the
gatekeeper residue of p110a was found to be intolerant to mutation and, therefore, not a likely
site of resistance. However, another residue that lines the ATP-binding pocket, 11e800, was
found to confer resistance without compromising kinase activity. The identified resistance
mutations did not affect all of the p110a inhibitors uniformly; one drug-resistant mutant,
11e800Leu, sensitized p110a to dual PI3K/mTOR inhibitor BEZ-235 and multi-targeted kinase
inhibitor PW-12 (Figure 5). The functional relevance of these resistance mutations was
validated with in vitro activity assays and in the non-tumorigenic mammary epithelial cell line
MCF10A.

Conclusions

The emergence of drug resistance to targeted cancer therapies is an ongoing clinical problem.
While resistance to small-molecule kinase inhibitors can be caused by the amplification of the
oncogenic kinase gene being targeted or the re-wiring of signaling cascades, the emergence of
mutations in the catalytic domain that hinder drug binding is a common mechanism. However,
the range of mutations that are available to a kinase to confer drug resistance are limited due
to the necessity of these enzymes maintaining their cellular functions. Several general themes
emerge by comparing drug-resistance mutations in BCR-ABL, EGFR, MEK1, p110a and the
Aurora Kinases. First, point mutations that generate resistance to small-molecule kinase

inhibitors do not greatly reduce the catalytic activities of these enzymes. In some cases, these
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kinase variants have greater catalytic activity than the wild-type enzyme. Second, interactions
that contribute to inhibitor selectivity are often the main sites of resistance mutations. For
example, a large part of imatinib’s selectivity for ABL over other closely related kinases is due
to its unique interaction with the P-loop of this kinase but this segment is the most frequent
site of resistance mutations. Finally, catalytic domain mutations can lead to drug resistance in
unexpected ways. While mutating the gatekeeper position from a smaller residue to a larger
one is a common route of drug resistance in BCR-ABL and EGFR, the mechanistic reasons
for reduced inhibitor binding in cells are very different. The generality of the lessons learned
from the kinases highlighted in this review will be tested as more kinase inhibitors enter clinical
use and additional resistance mutations are identified. The ability to perform cellular screens
that are able to predict which mutations will likely arise should greatly expedite this process.

Once new mechanisms of drug resistance have been identified and characterized, it will be
important to develop effective strategies for targeting kinases that harbor these mutations. The
rapid development of second generation inhibitors that target many drug-resistant BCR-ABL
mutants provides precedent for future success. While there are still no clinically-approved
inhibitors that effectively target the Thr315lle gatekeeper mutant, several type | and type Il
inhibitors that are able to bypass the increased steric bulk of this substitution have been
identified. In addition, several inhibitors that target sites outside of the ATP-binding pocket
have been described (106,107). Finally, the recently reported strategy of developing mutant-
selective kinase inhibitors may prove to be an extremely effective tool for combating drug
resistance (88).
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(top left panel) Crystal structure of the tyrosine kinase SRC (the P-loop is shown in red and
the aC-helix is shown in orange) bound to AMP-PNP (PDB ID 3DQW). The active
conformation of the kinase places the aspartate residue of the DFG motif facing towards the
ATP-binding pocket. (top right panel) A schematic representation of dasatinib, a type I kinase
inhibitor, bound to the tyrosine kinase SRC. Type I inhibitors occupy the Adenine Pocket
(shaded) in the ATP-binding cleft and make 1-3 hydrogen bonds with the amide backbone of
the hinge region. Dasatinib makes an additional hydrogen bond with the side-chain of the
threonine gatekeeper residue in SRC. Both hydrophobic pockets (Hydrophobic Pocket 1 and
Hydrophobic Pocket 2) that are often exploited by small-molecule kinase inhibitors are labeled.
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(bottom left panel) Crystal structure of the tyrosine kinase SRC bound to a type Il inhibitor
(PDB ID 3G6G). SRC is in the DFG-out conformation with the DFG motif flipped relative to
the active conformation. This structural rearrangement causes the Phe of the DFG motif to
occupy the ATP-binding cleft. (bottom right panel) A schematic representation of a type Il
inhibitor bound to the tyrosine kinase SRC. This inhibitor forms two hydrogen bonds with the
hinge region of the kinase. The characteristic set of hydrogen bonds that type Il inhibitors form
with the conserved glutamate residue in the aC-helix and the amide backbone of the aspartate
of the DFG motif are shown. The DFG-out pocket that is generated by the movement of the
phenylalanine residue of the DFG motif is shaded.
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Figure 2.

(top left panel) Chemical structures of selected ABL kinase inhibitors. (bottom left) The crystal
structure of imatinib bound to the tyrosine kinase ABL (PDB ID 10PJ). In ABL, the P-loop
(shown in yellow) adopts a unique kinked conformation, effectively shielding one face of the
drug from solvent. P-loop residues Tyr253 and Glu255 are two key sites of resistance
mutations. Mutation of Tyr253 to a Phe or His perturbs the face-to-edge interaction the side
chain makes with the pyrimidine of imatinib and disrupts its hydrogen bond with Asn322 in
the C-lobe. Glu255 makes two hydrogen bonds with Lys247 and Tyr257, stabilizing the kinked
conformation of the P-loop. Mutating this residue to a Val or Lys disrupts these hydrogen-
bonding interactions and most likely destabilizes the kinked P-loop conformation. (top right
panel) An overlay of imatinib-bound ABL (green, PDB ID 2HYY) and the ABL Thr315lle
resistance mutant (yellow, PDB ID 2Z60). The key hydrogen-bonding interaction between the
inhibitor and the alcohol side-chain of the gatekeeper threonine side chain is shown (dashed
black line). Upon mutation to an isoleucing, this hydrogen bond is lost and the bulkier side
chain creates a steric clash with the drug. (bottom right) A close-up view of dasatinib bound
to the ATP-binding cleft of SRC (PDB ID 3G5D). The P-loop of SRC is disordered in this
structure.
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Figure 3.

(top left panel) Chemical structures of selected EGFR kinase inhibitors. (bottom left panel)
Crystal structure of wild-type EGFR kinase bound to AEE788 (PDB ID 2J6M). The Thr
gatekeeper residue is shown in teal. (bottom right panel) The Thr790Met EGFR mutant in
complex with AEE788 (PDB ID 2J1U). The larger methionine gatekeeper residue shown in
teal does not block access to the hydrophobic pocket occupied by the phenethylamine moiety
of the inhibitor. (top right panel) (top) An overlay of the binding modes of AEE788 in wild-
type EGFR (green) and the Thr790Met mutant (pink). In the gatekeeper mutant, the inhibitor
maintains its hydrogen bonds with the hinge region, while the phenethylamine substituent
rotates slightly to occupy Hydrophobic Pocket I1. (bottom) Overlay of the methionine
gatekeeper residue from apo-Thr790Met EGFR (green, PDB ID 2JIT) and Thr790Met bound
to AEE788 (blue). In the inhibitor-bound conformation, this residue adopts a slightly different
orientation to accommodate the phenethylamine moiety of the inhibitor.
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(top left panel) Chemical structures of selected Aurora kinase inhibitors. (bottom left) A crystal
structure of Xenopus laevis (XI) Aurora B in complex with ZM447439 (PDB ID 2VRX). Sites
of resistance mutations are shown in teal and labeled (the numbering on top is for Aurora B
from Xenopus, while the lower numbering is for human Aurora B) (bottom right) A
representation of the Gly176Val mutation in Xenopus laevis (XI) Aurora B showing a potential
steric clash between the bulkier valine residue and the morpholino moiety of ZM447439. (top
right) A representation of the Gly216Leu mutation in Aurora A showing a potential steric clash
between the leucine residue and the methylpiperazine of VX-680 (PDB ID 3E5A).
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Figure 5.
Chemical structures of MEK1 inhibitor AZD6244 and P13K p110a. inhibitors P1-103 and
PW-12.
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