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ABSTRACT: We report here a fragment screen directed toward
the c-MET kinase from which we discovered a series of inhibitors
able to bind to a rare conformation of the protein in which the P-
loop adopts a collapsed, or folded, arrangement. Preliminary SAR
exploration led to an inhibitor (7) with nanomolar biochemical
activity against c-MET and promising cell activity and kinase
selectivity. These findings increase our structural understanding of
the folded P-loop conformation of c-MET and provide a sound
structural and chemical basis for further investigation of this underexplored yet potentially therapeutically exploitable conformational
state.
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Kinases have received considerable attention over the past
20 years as drug targets, particularly in the area of

oncology, with around 50 small molecule drugs approved to
date.5,6 Structure-based methods such as X-ray crystallography
have played a key role in the discovery of many of these drugs
and have enabled the characterization of a number of distinct
kinase conformations. Interestingly, the targeting of a specific
conformational state of a kinase is frequently associated with a
specific (and often favorable) activity profile. For example, it
has been shown that displacing either the αC-helix or a
conserved DFG motif within the activation loop (A-loop) can
lead to inhibitors with favorable selectivity, affinity, and/or
kinetic properties.7−12 In addition, some kinases have been
seen to adopt a conformation in which the P-loop
(“phosphate-binding” loop, also referred to as the “glycine-
rich” loop) is collapsed into the ATP binding site, referred to
from hereon as the “folded P-loop” conformation. Although
rare (only identified in approximately 10 kinases to date13−15),
there is good evidence to suggest that targeting the folded P-
loop conformation could be a potential route to improving
both the selectivity and potency of kinase inhibitors.14,16

The receptor tyrosine kinase c-MET17 is among the few
kinases reported to adopt a folded P-loop conformation,
evident in the crystal structure of the apo autoinhibited form of
the protein2 (Figure 1). c-MET has attracted considerable
attention as an anticancer drug target, with a significant
number of small molecules having been assessed in clinical
trials.18 As with many other disease-relevant kinases, most c-
MET-targeted inhibitors fall into one of three categories based
on their binding mode: type-I, type-1.5 or type-II. Type-I

inhibitors of c-MET, such as crizotinib,19 localize to the ATP-
binding site and typically exploit interactions with key A-loop
residues to achieve high selectivity, yet have been shown to
suffer from the emergence of acquired resistance in the
clinic.20−24 Type-1.5 and type-II c-MET inhibitors also bind to
the ATP-binding site but in addition extend into the kinase

Received: July 13, 2020
Accepted: November 30, 2020
Published: December 8, 2020

Figure 1. c-MET P-loop conformations.1 Blue: “folded” P-loop seen
in the apo autoinhibited form of the kinase (PDB Id 2G15).2 Green:
extended conformation seen in active ATP-bound structure (PDB Id
3DKC).3
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back-pocket. Such inhibitors are often highly potent yet are
typically less selective than type-I c-MET inhibitors,25 which
may limit their clinical application. In addition, the molecular
weight of type-1.5 and type-II compounds, often needing to be
greater than 500 Da to drive sufficient potency and
selectivity,18 can pose significant challenges for oral bioavail-
ability.
Despite the significant number of c-MET-targeted small

molecule inhibitors that have been reported, where structural
data is available, almost all bind to the kinase with the P-loop
in the “extended” or “active” conformation (Figure 1). To our
knowledge, there is just one chemical series reported shown to
target c-MET with a folded P-loop,4 and interestingly, the
inhibitors reported by D’Angelo and co-workers, which belong
to the type-1.5 inhibitor class, display both favorable potency
and selectivity for c-MET. Targeting the folded P-loop
conformation of c-MET could therefore be of potential
therapeutic utility, and in particular, the exploration of
alternative inhibitor classes (e.g., type-I or II) to target this
conformational state of c-MET could provide alternative routes
to inhibiting this kinase. In this vein, we report herein a
fragment-based screening campaign directed toward c-MET
from which we discovered a number of fragments shown by
crystallography to bind to the folded P-loop conformation of
the kinase. Structure-guided merging of two of these fragments
followed by preliminary SAR exploration led to an inhibitor
with nanomolar biochemical activity and promising cell activity
and kinase selectivity. These results potentially offer a novel
route to targeting c-MET as well as a structural framework to
guide further investigations.
With the aim of discovering novel small molecule inhibitors

of c-MET, we screened a library of 1150 fragments against the
isolated kinase domain of wild-type human c-MET using
ligand-observed 1D NMR (for full details of methods, see the
Supporting Information). The screen yielded a hit rate of
around 6%, with fragment hits analyzed by SPR to confirm
binding to c-MET and determine affinities. Around 20
fragments were identified as positive binders by SPR, the
majority of which we attempted to cocrystallize with the kinase
domain of c-MET.26 The majority of these experiments yielded
no or poorly diffracting crystals; however, a 1.75 Å cocrystal
structure was determined for compound 1 (Table 1). To our
surprise, this revealed the compound to bind to the hinge
region of the kinase with the P-loop in the collapsed/folded
conformation (Figure 2a), highly similar to that seen in the
previously reported apo autoinhibited crystal structure of c-
MET2 (Figure 2a, inset). Compound 1 binds to the hinge
residues P1158 and M1160 via its pyridone nitrogen and
carbonyl groups, with the benzyl ring orientated toward the
non-displaced DFG motif (Figure 2a). The conformation of
the P-loop, as seen here, creates a highly enclosed hydrophobic
ligand binding site, in which the conserved aromatic residue of
the c-MET P-loop, F1089, packs tightly against the fragment.
Comparison of the crystal structure of compound 1 bound

to c-MET with the folded P-loop ligand complex reported by
D’Angelo and co-workers4 reveals distinct differences,
particularly with respect to the conformations of the A-loop
and P-loop (Figure 2b). Compound 1 adopts a type-I binding
mode, anchored to the hinge via hydrogen bonds, with the
benzyl group packing up against a β-turn motif formed from
residues F1223-R1227 of the A-loop (Figure 2a and b).
Interestingly, the conformation of this β-turn motif and the
emergent A-loop effectively separates three key catalytic

residues: K1110, E1127, and D1222 (Figure S2a). In this
respect, in addition to the conformation of the P-loop (Figure
2a, inset), the c-MET-compound 1 structure closely resembles
that of the apo autoinhibited protein.2 In contrast, the type-1.5
compound reported by D’Angelo and co-workers displaces this
β-turn motif (Figure 2b), with the conformation of the P-loop,
although collapsed, differing noticeably to that of the apo
autoinhibited kinase (Figures 2b and S2b). Consequently, by
binding to the folded P-loop conformation of c-MET, yet with
a type-I binding mode involving key structural features of the
autoinhibited kinase, compound 1 appears to represent a novel
mode of targeting c-MET. Due to this, plus the rarity of folded
P-loops in general and their link with selectivity and
potency,14,16 we decided to explore this binding mode further.
A 2D similarity search of the AstraZeneca internal chemical
library was carried out for analogues of compound 1, with
selected compounds tested by SPR and in a biochemical
enzyme-inhibition assay.27 This led to the identification of
compound 2 (Table 1), with KD and IC50 values for c-MET of
97.0 and 24.2 μM, respectively. Compound 2 was also
cocrystallized with c-MET, with the structure revealing the
compound to bind to the kinase with a folded P-loop,
involving key hydrogen bonding interactions from the 7-
azaindole nitrogen atoms to the hinge region (residues P1158
and M1160), and the benzyl ring buried deep in the binding
pocket (Figure 2c).
Comparison of the compound 1- and compound 2-c-MET

structures reveals near perfect alignment of the P-loops (Figure
S2c), yet there were nevertheless clear differences in hinge
interactions and ligand geometry between the two binding

Table 1. Summary of Affinity and Activity Data of
Compounds 1−4 for c-MET

aDetails of NMR and SPR characterization of compound 1 can be
found in Figure S3. bSPR-derived dissociation constants (KDs). For
further details, see Figures S3 and S4. cADP-Glo biochemical enzyme
inhibition assay. “NT”: not tested. KD and IC50 values are the average
of at least three separate experiments with standard deviation shown
in brackets. For full details see the Supporting Information.
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modes (Figures 2d and S2c), which led us to undertake a
second search of our internal chemical library for analogues,
this time using compound 2 as a search template. Selected
analogues of compound 2 were tested by SPR and biochemi-
cally, which revealed two stand-out hits: compound 3, with KD

and IC50 values of 5.1 and 2.9 μM, respectively, and compound
4, with KD and IC50 values of 8.0 and 9.6 μM, respectively
(Table 1). Cocrystallization of these compounds with c-MET
revealed compound 3 to bind to the folded P-loop
conformation of the kinase (Figure 2e), with the 7-azaindole
group binding to the hinge region, overlaying very closely with
the equivalent region of compound 2 in complex with c-MET
(Figure 2f). The pyrrolopyrrolinone group of compound 3,
which is directed toward the solvent, packs against F1089, the
position of which is slightly shifted relative to its position in the
equivalent compound 2 complex (Figures 2f and S2d). In
contrast, the crystal structure of c-MET bound by compound 4
revealed this molecule to adopt a surprising canonical hinge
binding mode, with the fluoro indazole group bound to the
hinge region and the P-loop in an “extended” conformation
(Figure 2g). Structural alignment of the compound 3- and
compound 4-c-MET complexes provided a clear explanation
for the binding mode of compound 4 − with the fluoro-

indazole group of compound 4 bound to the hinge region, the
pyrrolopyrrolinone moiety would severely clash with F1089 if
it were to adopt the position it does in the folded P-loop
conformation. (Figure 2h).
Comparison of the cocrystal structures of compound 2 and

compound 3 bound to c-MET showed the 7-azaindole
moieties of both compounds to adopt very similar positions
(Figure 2f), which led us to attempt a structure-guided
merging approach in an attempt to improve potency.
Compound 5, a hybrid of compounds 2 and 3, was designed
and synthesized, with subsequent enzyme inhibition giving an
IC50 value of 660 nM28 (Table 2). Compound 5 was also
cocrystallized with c-MET, which pleasingly revealed a folded
P-loop binding mode (Figure 3a), with the position of the
hybrid (5) overlaying very closely with the pre-merged
individual fragments (Figure S2e).
A search of our internal chemical library was then carried out

in order to identify structurally similar analogues of compound
5 in an attempt to improve both potency and physicochemical
properties. The crystal structure of c-MET bound by
compound 5 (Figure 3a) strongly suggested that modification
of the pyrrolopyrrolinone group, which is directed toward
solvent, may allow us to modulate solubility and lipophilicity

Figure 2. (a) Crystal structure of c-MET bound by compound 1 with a folded P-loop (highlighted green). Inset: structural alignment of the P-loop
from the c-MET-compound 1 complex (green) with the P-loop from the apo autoinhibited kinase (white).2 (b) Comparison of the binding modes
of compound 1 (blue) versus compound 50 (pink) reported by D’Angelo et al.4 for c-MET. *Compound and numbering from D’Angelo et al.,
2008.4 (c) Crystal structure of c-MET bound by compound 2 (P-loop highlighted green). (d) Overlay of c-MET-compound-1 (blue) vs c-MET-
compound 2 (green) crystal structures. (e) Crystal structure of compound 3 bound to c-MET (P-loop in green). (f) Comparison of c-MET-
compound 2 (blue) vs c-MET-compound 3 (green) crystal structures. (g) Crystal structure of compound 4 bound to c-MET (P-loop in green).
(h) Comparison of c-MET-compound 3 (white) vs c-MET-compound 4 (blue) crystal structures. F1089 of c-MET-compound 3 complex
highlighted red. Structures in panels (c), (e), and (g) are in the same orientation, aligned to the structure in (c). Crystallographic data processing
and refinement statistics for all crystal structures reported in this work can be found in Table S1.
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without compromising potency. Indeed replacement of the
pyrrolopyrrolinone group with a piperidine-substituted pyr-
azole (6) resulted in a significant reduction (over 1.5 log units)
in logD (Table 2). The biochemical activity of 6 was also
assessed, revealing an IC50 of 48 nM for c-MET, a more than
10-fold improvement compared to compound 5 (Table 2). In
order to investigate the structural basis of this increased

biochemical activity, we solved a crystal structure of compound
6 in complex with c-MET (Figure S5a). This structure revealed
6 to clearly bind to the folded P-loop conformation of the
kinase and suggested that the increase in potency (compared
to 5) may be a result of a strong water bridge from the pyrazole
group of 6 to residue D1164. In addition, the pyrazole group of
6 appears to be noticeably twisted (and therefore less
energetically strained) compared to the bulkier pyrrolopyrro-
linone group of 5 (Figure 3b), which may also contribute to
the increased biochemical activity of 6 over 5.
We next explored the benzyl group of 6 by searching our

internal chemical library for analogues. Assessment of fluorine
substitutions of the ortho- (7), meta- (8), and para- (9)
positions of the benzyl ring revealed all positions to be
amenable to substitution, with IC50 values for 7−9 in the range
of 44−137 nM (Table 2). Crystal structures were then
determined for compounds 7−9 in complex with c-MET, with
all three inhibitors shown to bind to the folded P-loop
conformation of the kinase (Figures 3c and S5b,c). The cell
activity of compounds 6−9 was then investigated using a
cellular homogeneous time-resolved FRET (HTRF) assay.
These experiments revealed compounds 6−9 to be able to
effectively inhibit c-MET in a cellular setting, with IC50 values
in the single-digit μM range (Table 2).
As previous reports have linked the targeting of the folded P-

loop conformation with favorable kinome selectivity,14 we next
sought to assess the kinome selectivity of our most active
inhibitor (7). Compound 7 was screened at a concentration of
100 nM against a panel of 140 kinases, with 27 (∼18%)
inhibited by ≥60% (Table S2). While perhaps modest, this
level of kinome selectivity offers promise for a series that is yet

Table 2. Biochemical and Cellular Activity of Compounds 5−9 for c-MET

aLogD measured via shake-flask method in octanol and water at pH 7.4. bADP-Glo biochemical enzyme inhibition assay performed as in Table 1.
cLE (ligand efficiency) = 1.37(pIC50/heavy atoms) with units of kcal mol−1 per heavy atom. dLLE (ligand-lipophilicity efficiency) = pIC50 − logD.
eCellular homogeneous time-resolved FRET assay. Details can be found in the Supporting Information. All IC50 values are the average of at least
three experiments with standard deviation shown in brackets.

Figure 3. (a) Crystal structure of c-MET bound by compound 5. (b)
Comparison of compound 5- vs compound 6-c-MET crystal
structures highlighting the torsional difference (relative to the 7-
azaindole group) between the pyrazole group of 6 (blue carbons)
compared to the pyrrolopyrrolinone group of 5 (white carbons). (c)
Crystal structure of c-MET bound by compound 7. See Figure S5 and
Table S1 for further details.
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to undergo extensive SAR exploration. Moreover, the low
molecular weight (375 Da), coupled with the low lipophilicity
of the inhibitors, provides ample scope for further optimization
of this series.
The ability to target distinct conformational states of kinases,

such as the DFG-out7,9−11 and αC-helix-out conforma-
tions,8,12,29 has proven to be of significant therapeutic value,
yet the folded P-loop conformation has received far less
attention. This is particularly true of c-MET, for which many
chemotypes have been reported, yet few which bind to the
folded P-loop form of the kinase.4 We have reported here a
series of fragments shown by crystallography to bind to the
folded P-loop conformation of c-MET, with subsequent
fragment merging and preliminary SAR exploration resulting
in a series of inhibitors with nanomolar biochemical activity.
Crystal structures confirmed all nanomolar inhibitors to bind
to the folded P-loop conformation of c-MET via a novel type-I
binding mode, with one compound (7) showing promising
kinase selectivity and cell activity. This work increases our
structural understanding of the folded P-loop conformation of
c-MET and provides a sound structural basis for the further
exploration of this conformational state with small molecule
inhibitors.
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