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ABSTRACT: Many small molecule inhibitors of the cMET
receptor tyrosine kinase have been evaluated in clinical trials
for the treatment of cancer and resistance-conferring
mutations of cMET are beginning to be reported for a
number of such compounds. There is now a need to
understand specific cMET mutations at the molecular level,
particularly concerning small molecule recognition. Toward
this end, we report here the first crystal structures of the
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recent clinically observed resistance-conferring D1228V ¢cMET mutant in complex with small molecule inhibitors, along with a
crystal structure of wild-type cMET bound by the clinical compound savolitinib and supporting cellular, biochemical, and
biophysical data. Our findings indicate that the D1228V alteration induces conformational changes in the kinase, which could
have implications for small molecule inhibitor design. The data we report here increases our molecular understanding of the
D1228V ¢cMET mutation and provides insight for future inhibitor design.
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he cMET receptor tyrosine kinase plays a key role in cell
proliferation, survival, motility, and angiogenesis, and as
such, has been found to be dysregulated in a large number of
cancers, including those with poor outcomes such as papillary
renal cell carcinoma and non-small cell lung carcinoma
(NSCLC)." While cMET is well-known to be a major driver
of many tumors, it also plays a key role in the emergence of
resistance to targeted NSCLC therapies. Currently, there is no
cure available for advanced NSCLC, and the majority of
patients develop resistance to their treatment.” In advanced
epidermal growth factor (EGFR)-mutated NSCLC, the most
common acquired resistance mechanism to first-line treatment
with early generation tyrosine kinase inhibitors (TKIs) is the
T790M EGFR mutation.”” Osimertinib, a third-generation
EGFR-TKI, potently and selectively inhibits both EGFR-TKI
sensitizing and T790M resistance mutations, and is more
efficacious than the earlier generation EGFR-TKIs.”” Recent
preliminary data show that acquired cMET amplifications are
the main resistance mechanism to first- and second-line
treatment with osimertinib in patients with advanced
NSCLC.*’ To overcome this ¢cMET-driven resistance, the
combination of osimertinib and savolitinib, a cMET inhibitor,
is being explored in clinical trials.""'
cMET therefore plays a key role as both a tumor driver and
as a mechanism of TKI resistance, and a significant number of

-4 ACS Publications  © 2019 American Chemical Society

1322

cMET-tar$eted small molecule inhibitors have been assessed in
the clinic.'”” Many of these small molecules, and in particular
those belonging to the “type-I” inhibitor class such as
savolitinib, are highly selective for ¢MET over other
kinases'”'* (Figure 1). The selectivity of these compounds is
driven by a key s-stacking interaction between inhibitor
aromatic groups and a tyrosine residue (Y1230) located within
the activation loop (A-loop) of the kinase. However,
resistance-conferring point mutations of ¢MET—presumed
to act by directly or indirectly disrupting this key s-stacking
interaction—have recently been reported in the clinic in
patients treated with such cMET-selective type-I compounds,
including crizotinib and savolitinib. The type II compound
class tend to have a broader activity spectrum with the
potential to overcome the acquired resistance to type I
inhibitors,"> but with an expected increased tolerability
burden.'

Savolitinib is an exquisitely selective cMET inhibitor,"*
which has recently shown 7promising safety and antitumor
activity in the clinic.'”'"'” However, as found with all
therapies in the advanced NSCLC setting, patients ultimately
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Figure 1. Type-I (crizotinib'® and savolitinib'*) and type-II
(foretinib® and BMS-777607>') small molecule ¢MET inhibitors
studied in this work.

foretinib

develop therapeutic resistance. Resistance mechanisms can be
described as on-target, preventing drug binding, or bypass,
where the tumor cell has established an alternative proliferative
drive that overcomes target inhibition. On-target cMET
mutations have been reported in case studies for crizotinib,
including Y1230H/C, D1228N/H, and D1231Y single-point
alterations in NSCLC,"®™>* and a D1228V mutation for a
NSCLC patient treated with savolitinib and osimertinib,
following progression on initial treatment with erlotinib.'®

While much is known concerning a number of these (and
other) ¢cMET mutations,”*™** structural data is almost non-
existent,”’ and to our knowledge, the D1228V ¢cMET mutant
has received little attention. Here, we report structural, cellular,
biochemical, and biophysical studies of the D1228V ¢cMET
mutant with a view to understanding this mutation with
respect to small molecule inhibition and molecular resistance.

We first sought to characterize the cellular effects of the
D1228V cMET mutant within the context of small molecule
inhibition. A previous study of the D1228V ¢cMET mutant
using HEK 293T and PC9 cells showed this mutation to
abolish the activity of savolitinib, yet the activity of the type-II
¢MET inhibitor cabozantinib was retained.'® Type-II kinase
inhibitors typically do not rely on interactions with A-loop
residues (such as D1228 or Y1230 of cMET) for binding; thus,
a number of such compounds are active against cMET
harboring A-loop mutations.'®** To investigate the cellular
effects of the DI1228V cMET mutant further, we used
CRISPR/Cas9 methods to generate an isogenic model of
acquired savolitinib resistance by knocking the D1228V cMET
mutation into cMET-amplified H1993 cells, a NSCLC cell line
(see Supporting Information for further details). Growth
inhibition studies using the parental (i.e., wild-type) H1993
cells treated with either savolitinib or the type-II compound
foretinib®® (Figure 1) showed this wild-type cell line to be
sensitive to both compounds, with pGls, (pGls, =
—log,(Glsy), M) values of 8.03 and 7.21 for savolitinib and
foretinib, respectively (Figure 2a—b and Table S1). In contrast,
the H1993 D1228V cMET cells were sensitive to foretinib
(pGlg, = 7.28) but not to savolitinib (pGlg, = 5.08), with a
greater than 800-fold loss in sensitivity to savolitinib compared
to the parental cell line. Analysis of cMET activation and
downstream signaling components indicated that in the
parental H1993 cells, phospho-cMET (pMET) was abolished
by both savolitinib and foretinib treatment, followed by a
reduction of phospho-AKT (pAKT) levels (Figure 2c). In
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Figure 2. Cellular and in vitro small molecule inhibition studies of wild-type and D1228V cMET. (a—b) Growth inhibition studies (three-day
proliferation assay) of savolitinib (a) and foretinib (b) using parental NCI-H1993 cells (blue trace) and CRISPR/Cas9 modified NCI-H1993 cells
expressing D1228V cMET (red trace). Values shown are average of three separate experiments. (c) Western blot analysis of NCI-H1993 and NCI-
H1993 D1228V cMET cells treated with 1 M savolitinib or foretinib for 4 h. (d—e) HTRF-based assessment of four small molecules in NCI-
H1993 cells (d) and NCI-H1993 D1228V cMET cells (e). (f—g) Enzyme inhibition studies of four small molecules using wild-type (f) or D1228V
(g) cMET. All potencies determined from these experiments except that determined for savolitinib in panel (g) are beyond the theoretical tight
binding limit of the assay. Further experimental details can be found in Table S1 and in the Supporting Information.
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contrast, the H1993 D1228V cMET cells treated with
savolitinib showed no reduction in pMET or pAKT levels,
while these markers remained sensitive to foretinib (Figure
2¢).

We next used a cellular homogeneous time-resolved FRET
(HTRF) system to investigate the D1228V cMET mutant
further and to allow us to expand the range of compounds
studied. Parental H1993 and H1993 D1228V ¢cMET cells were
incubated with savolitinib for 4 h followed by fluorescence
detection of pMET (residues Y1234/Y1235), revealing the
single-digit nanomolar activity of savolitinib in wild-type
H1993 cells (pICs, = 8.70 [pICso = —log;o(ICsp), M]) to be
essentially abolished in the D1228V mutated cell line (pICg, <
4.5) (Figure 2d—e and Table S1). Interestingly, analysis of a
second type-I compound, crizotinib,"® showed that, although
over 10-fold less active than savolitinib in the parental H1993
cells, the drop-off from parental to D1228V cMET was
considerably less pronounced for this compound than
observed for savolitinib (Figure 2d—e and Table S1). Two
type-Il compounds—foretinib®® and BMS-777607°' —were
also analyzed using this HTRF system, with both compounds
seen to be equally active against both parental H1993 and
H1993 D1228V cMET cells, with pICs values in the range of
6.67—7.91 (Figure 2d—e and Table S1). Collectively, these
findings indicate that the D1228V ¢cMET mutation leads to
resistance to type-I inhibitors (particularly savolitinib) but not
to type-II inhibitors, in line with data reported previously
concerning this mutant.'®

We next tested the ability of these four compounds to inhibit
the enzymatic activity of either wild-type or D1228V cMET in
vitro. All four compounds were seen to potently inhibit the
activity of wild-type ctMET (with pICs, values beyond the
theoretical tight binding limit of the assay, i.e., >8.6), though
only savolitinib appeared over 100-fold less active against
D1228V ¢cMET (Figure 2f—g and Table S1). These findings
are in agreement with the cellular HTRF data described above,
which showed the type-II compounds foretinib and BMS-
777607, but not savolitinib, to be equipotent against wild-type
and D1228V ¢cMET. To explore these findings further, we used
SPR to measure the binding affinity of these four compounds
for wild-type and D1228V cMET. These data showed the type-
II compounds foretinib and BMS-777607 to bind with equally
high (at least single-digit nanomolar) affinity to both wild-type
and D1228V cMET, with the type-I compounds savolitinib
and crizotinib, respectively, displaying a 66000-fold and S-fold
reduction in affinity for D1228V cMET compared to the wild-
type protein (Tables S1 and S2 and Figure S1).

Although no longer in active clinical development, the
potency against both wild-type and D1228V cMET seen for
the type-II inhibitors studied here indicates that it is possible to
design small molecule inhibitors able to simultaneously target
both the D1228V and wild-type forms of cMET. However, it
should be noted that type-II inhibitors typically have far
broader activity profiles than type-I inhibitors,"> which is
associated with an expected increased risk of toxicity.'® The
marginal activity of crizotinib against D1228V c¢cMET suggests
that it may be possible to develop type-I inhibitors able to
target both wild-type and mutant forms of the enzyme.
However, whether this could be achieved while maintaining
the exquisite level of selectivity seen for compounds such as
savolitinib remains to be seen. It is perhaps noteworthy that
crizotinib is less selective for cMET than savolitinib, with the
former also seen to potently inhibit the ALK and ROSI
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kinases."*** In addition, it is worth noting that both crizotinib

and the type-II inhibitors studied here may not reach the
clinical exposures needed for target coverage over 24 h,****
underscoring the need for a compound with suitable target
exposure, selectivity, and potency against wild type and mutant
cMET.

In order to investigate the structural effects of the D1228V
point mutation at the atomic level, we sought to characterize
D1228V and wild-type cMET by X-ray crystallography. The
binding mode of savolitinib to wild-type cMET has not been
confirmed experimentally but is assumed to be analogous to
that of other type-I cMET compounds such as crizotinib,
which have been shown by X-ray crystallography to bind to the
hinge region of the kinase with z-stacking interactions with
Y1230."” We therefore determined a cocrystal structure of
wild-type ¢tMET in complex with savolitinib, which confirms
the expected binding mode, with the inhibitor binding to the
ATP site, making hydrogen bonding interactions with the
hinge region (residue M1160) and D1222, along with the
characteristic 7-stacking interaction with Y1230 of the A-loop,
the orientation of which is stabilized by a key salt-bridge
between D1228 and K1110 (Figure 3 and Table S3). This
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Figure 3. Crystal structure of wild-type cMET bound by savolitinib,
highlighting the key role that residues Y1230, K1110, and D1228 play
in the inhibitor binding mode.

4 savolitinib

structure therefore indicates that alteration of Y1230 either
directly (through Y1230 point mutations) or indirectly
(through DI1228 point mutations) would be expected to
reduce the ability of savolitinib to bind and inhibit cMET,
which is in line with the findings described above and
previously.'®

Following this, we attempted to structurally characterize the
D1228V cMET mutant. Apo crystallization experiments
yielded no crystals, and as savolitinib was seen to be largely
inactive against D1228V cMET (Figure 2 and Table S1),
cocrystallization of the mutant protein with this compound was
not attempted. Cocrystallization of the D1228V cMET mutant
with crizotinib, however, was attempted, as SPR data indicated
reasonably strong binding (albeit reduced compared to wild-
type cMET) (Table S1). However, no crystals were obtained.
We next turned to the type-II compounds foretinib and BMS-
777607, both of which we were able to cocrystallize in complex
with the D1228V cMET mutant (Table S3). The crystal
structure of the D1228V ¢cMET mutant bound by foretinib was
solved to a resolution of 1.67 A and reveals an overall inhibitor
binding mode highly similar to the equivalent wild-type
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Figure 4. Crystal structures of D1228V cMET-inhibitor complexes. (a) Crystal structures of cMET bound by foretinib. Left panel: wild-type cMET
bound by foretinib (PDB entry 3LQ8>°). Right panel: D1228V ¢cMET bound by foretinib, highlighting ordering of the A-loop (yellow). (b) Crystal
structures of cMET bound by BMS-777607. Left panel: wild-type cMET bound by BMS-777607 (PDB entry 3F82°"). Right panel: D1228V ¢cMET

bound by BMS-777607, highlighting ordering of the A-loop (yellow).

complex’® (Figure 4a). This involves a key hydrogen bond
between the quinoline core of the compound and the cMET
hinge residue M1160, with the terminal fluoro-phenyl group
occupying the lipophilic pocket adjacent to the aC-helix
created by the displacement of the highly conserved “DFG”
motif. Surprisingly, however, while the crystal structure of wild-
type cMET bound by foretinib shows the A-loop to be largely
disordered beyond residue D1228,° the D1228V cMET
crystal structure bound by foretinib reported here reveals the
A-loop (which is free of crystal packing contacts) to be well-
ordered, with residues 1228—1235 adopting a helical
conformation (Figure 4a). Importantly, residue V1228 is
resolved in electron density (Figure S2a) and is seen to be
positioned such that this residue does not interact directly with
foretinib, in line with the observed equipotent cellular and
biochemical activity and affinity of foretinib for WT and
D1228V mutant cMET (Figure 2 and Table S1).

By displacing the “DFG” motif, type-II inhibitors often cause
the A-loop of cMET to be disordered (Figure S3), and we
were therefore surprised to see the A-loop of the D1228V
cMET mutant to adopt a well-ordered conformation when in
complex with foretinib. As this ordering of the A-loop alters
the protein conformation surrounding the ligand binding site
of D1228V cMET relative to the wild-type complex (Figure
4a), this observation could have implications concerning
inhibitor design. As a result, we sought to investigate the
influence of crystal packing factors on the observed A-loop
conformations. The D1228V c¢MET—foretinib complex
reported here does not belong to the same space group and
unit cell as that of the available wild-type cMET—foretinib
structure;”” thus, the A-loops of these structures are subject to
different crystal packing environments. Fortunately, we were
able to determine an additional crystal structure of wild-type
cMET bound by foretinib in the same space group as that of
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the D1228V cMET—foretinib complex (Table S3), enabling a
valid structural comparison. This wild-type cMET —foretinib
crystal structure is isomorphous with the previously reported
equivalent complex™ (with an RMSD of 0.857 A for 2046 to
2046 atoms, see Figure S4) and, interestingly, reveals the A-
loop to be largely disordered, suggesting that the D1228V
mutation induces the observed helical conformation of the A-
loop in the D1228V cMET—foretinib structure, rather than
crystal packing forces.

The crystal structure of a second type-II compound, BMS-
777607, bound to D1228V cMET provided further insight into
the conformation and folding of this mutant (Figures 4b and
S2b and Table S3). This structure reveals a typical type-1I
inhibitor binding mode involving hinge hydrogen bonding
interactions and displacement of the “DFG” motif, analogous
to the equivalent wild-type complex.”’ Interestingly, the A-loop
of the D1228V ¢cMET bound by BMS-777607 is well-folded
and predominantly helical, contrasting starkly with the
disordered A-loop of the equivalent wild-type complex (PDB
entry 3F82°') (Figure 4b) and echoing the situation of
foretinib bound to this same ¢cMET mutant described above
(Figure 4a). Importantly, in the D1228V cMET-BMS-777607
complex, V1228 does not directly contact the inhibitor,
mirroring again the D1228V cMET—foretinib complex
described above, and correlating with the observed equipo-
tency of this type-II compound for wild-type and D1228V
cMET (Figure 2 and Table S1).

The cellular and in vitro data we have reported here indicates
clearly that savolitinib, while highly active against wild-type
cMET, is over 50,000-fold less active against the D1228V
cMET mutant. In addition, and in agreement with a previous
report,'® two type-II inhibitors were shown to be equipotent
against wild-type and D1228V c¢cMET. The crystal structures
reported in this work help rationalize these observations, with
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the structure of wild-type cMET bound by the type-I inhibitor
savolitinib confirming the key roles that the Y1230 and D1228
A-loop residues play in the binding mode of this compound.
The crystal structures of D1228V cMET bound by two
different type-II compounds provide structural confirmation
that the mutated residue (V1228) does not directly interact
with these inhibitors, correlating with the equipotency of these
compounds for wild-type and D1228V c¢MET. Additionally,
these crystal structures indicate that the D1228V cMET
mutation appears to induce conformational changes of the A-
loop compared to the wild-type kinase. The mutant cMET
structures reported here therefore may provide structural
guidance for the design of D1228V-selective tool compounds,
which would facilitate mechanistic investigations into this
clinically observed resistance-conferring mutation of cMET.

If the preliminary clinical efficacy seen for type-I inhibitors
such as savolitinib in settings where cMET plays a key role as a
tumor driver'” or resistance driver'”'" is confirmed in further
clinical studies, then the molecular understanding of clinically
acquired resistance mechanisms such as that described here for
D1228V cMET will become important areas of future clinical
research.
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