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andscape of the epidermal growth
factor receptor kinase reveals a mutant specific
allosteric pocket†

Srinivasaraghavan Kannan, *a Gireedhar Venkatachalam,b Hong Hwa Lim,bc

Uttam Suranabcd and Chandra Verma*aef

Activating mutations within the epidermal growth factor receptor (EGFR) kinase domain give rise to several

cancers including Non-Small Cell Lung Cancer (NSCLC). Small molecule inhibitors targeted at these

mutants have proven to be clinically successful drugs. These molecules are ATP competitive and rapidly

result in the emergence of resistance. Recently Jia et al. [Nature, 2016, 534, 129–132] reported a small

molecule inhibitor (called EAI045) that binds at an allosteric pocket, does not compete with ATP and

displays high potency and selectivity towards certain activating mutants (L858R, T790M, L858R/T790M)

of EGFR, with IC50 values ranging from 3 nM to 49 nM. We present here a study combining extensive

molecular dynamics simulations with binding assays to provide a structural basis underlying the

mechanism of binding of this molecule. It appears that in mutants, conformational destabilization of the

short helix (that carries Leu858 in the wildtype), is key to the exposure of the allosteric pocket which

otherwise is occluded by a set of sidechains including L858. We extend this hypothesis to show that

a similar mechanism would enable the molecule to inhibit EGFRL861Q which is another oncogenic

mutant and validate this with binding experiments. The screening of the human structural kinome

revealed at least 12 other oncogenic kinases which carry at least one activating mutant in this disorder-

prone region and hence would be amenable to allosteric inhibition by molecules such as EAI045. Our

study characterizes a druggable allosteric pocket which appears to be specific to certain oncogenic

mutants of the EGFR and holds therapeutic potential.
Introduction

Diverse activating mutations within the epidermal growth
factor receptor (EGFR) kinase domain give rise to several cancers
including Non-Small Cell Lung Cancer (NSCLC) which accounts
for �80% of all lung cancers; L858R and exon 19 deletions are
the most common of these mutations.1 Small molecule tyrosine
kinase inhibitors (TKIs) targeting tumours harbouring these
Biopolis Street, 07-01 Matrix, Singapore

g; chandra@bii.a-star.edu.sg; Fax: +65

273

CB), A*STAR, 61 Biopolis Drive, 06-01

R, 20 Biopolis Way, Singapore 138668,

iversity of Singapore, 16 Medical Drive,

hnological University, 60 Nanyang Drive,

University of Singapore, 14 Science Drive

tion (ESI) available. See DOI:
activating mutations have demonstrated success in treating
a subset of patients with NSCLC. TKIs such as getinib and
erlotinib inhibit the tyrosine kinase activity of EGFR by
competing with ATP for the ATP-binding site, located in the
kinase domain, and are used for the treatment of advanced
NSCLC.1 However, most NSCLC patients who initially respond
to TKIs acquire resistance through secondary mutations. One of
the most common of these mutations occurs at the Thr790
position which is located deep in the ATP site and is found to be
mutated to Met.2–4 The longer side chain of Met partly blocks
the drug from optimal interactions and simultaneously results
in an increase in the relative affinity for ATP,2 thus rendering the
ATP-competitive inhibitors ineffective. The Thr790Met (T790M)
mutation is hence referred to as the gatekeeper mutation. The
realization that a free thiol group in a Cys residue (Cys797) at
the mouth of the ATP binding pocket could be targeted by
a class of inhibitors that could covalently bind to Cys797
through its sidechain sulphur resulted in the development of
“irreversible” inhibitors that demonstrated the ability to effec-
tively inhibit the EGFRT790M mutants. Success in clinical trials
led to their approval for the treatment of NSCLC positive
patients harbouring the T790M mutations.5–7 However, the
rapid emergence of a Cys to Ser mutation (C797S) rendered
This journal is © The Royal Society of Chemistry 2018
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these molecules also ineffective.8 This resulted in a depressing
scenario where none of the available EGFR TKIs were effective
against the EGFRT790M/C797S mutant. The emergence of resis-
tance against inhibitors that target the active sites is not
surprising because enzymes (such as kinases) are under evolu-
tionary pressures to bind to the substrate (ATP in the case of
kinases) and hence will mutate towards achieving this function,
albeit at the cost of some stability. Hence, there is an urgent
need to nd alternative mechanisms for inhibiting the activity
of such enzymes.

Recently, Jia et al.9 reported a breakthrough in the identi-
cation of a potent small molecule inhibitor (called EAI045) of
the L858R/T790M mutant of EGFR, with an IC50 of 3 nM and
a �10 000 fold selectivity over EGFRWT. The inhibitor did not
compete with ATP, and subsequent crystallographic analysis
showed that a close analogue of EAI045 (EAI001) bound to an
allosteric site that was distinct from the ATP binding site.
Although the compound was not effective in blocking EGFR
driven cell proliferation, combination with the anti-EGFR anti-
body cetuximab resulted in great efficacy in mouse models of
lung cancer driven by the mutant EGFRL858R/T790M/C797S. The
observation that this pocket in EGFR partially overlaps with
a pocket in MEK1, which has successfully been targeted by
allosteric inhibitors (currently in clinical trials),10 raises hopes
for similar allosteric inhibitors of other kinases. What is
intriguing is that Jia et al.9 could not crystallize EAI001
(analogue of EAI045) in a complex with the mutant EGFRL858R/
T790M, even though the compound binds to this mutant with
Fig. 1 Characterization of the druggable allosteric pocket in EGFRL858R:
(yellow), short a-helix (orange), P-loop (brown), hinge (red) and residues t
Leu858 (magenta spheres) buried. (B) Secondary structure evolution (blu
of the short a helix (y-axis) during the MD simulations (x-axis) of EGFR
accessible surface area (ASA) of the short a-helix (D) volume of the allo
simulations of EGFRWT (black), EGFRL858R (red), EGFRL858R–EAI045 (green
Root mean squared fluctuations (RMSF) of conformations of the aC-helix
and EGFRL858R–EAI045 (green). (F) Binding affinity (Kd) of EAI045 with EG

This journal is © The Royal Society of Chemistry 2018
sub-nM potency. They did successfully co-crystallize it with the
T790M/V948R mutant (PDB id: 5D41); the V948R mutation was
designed to prevent the dimerization of the kinase.11 Given that
EAI045 is an analogue of EAI001, we assume that EAI045 also
binds to the same pocket. Kinases are known to adopt two
distinct conformations that represent their active and inactive
forms and are detailed in the ESI (Fig. S1†). The inactive state of
the EGFR kinase is characterized by a short a-helix (residues
G857–G863) in the activation loop (A-loop) sandwiched between
a glycine rich P-loop and helix aC, with the latter adopting an
‘aC-Out’ conformation (see the ESI†). As a result, the sidechains
of three residues (L858, L861, and L862) project into a cavity
that is created by the outward movement of aC (Fig. 1A and
S2†); the side chain of Leu858, the most highly conserved
residue in the region, is the most buried into the cavity, pre-
venting the aC moving into the aC-in conformation (charac-
teristic of the active state of the kinase). The cavity itself is very
hydrophobic (made up of residues V726, K745, I759, E762,
A763, M766, C775, L777, L788, T790, D855, F856, G857, L858,
L861 and L862, Fig. S2†). The crystal structure of EAI001 com-
plexed to the T790M/V948R mutant EGFR (PDB: 5D41) shows
EAI001 bound at an allosteric site that is created by the outward
displacement of aC. This conformation characterizes the inac-
tive state, even though the T790M mutation is known to stabi-
lize the kinase in the active or the aC-in conformation. With the
A-loop coordinates missing, presumably due to increased
mobility, what is not clear is whether the kinase is in an inactive
state (due to the outward movement of the aC helix) or in an
(A) structure of the EGFRWT kinase in its inactive form with the aC-helix
hat form the hydrophobic allosteric pocket shown in surface (grey) with
e: a-helix, yellow: b-strand, grey: 310-helix, green: turn, and white: coil)
WT (top) and EGFRL858R (bottom). Probability distributions of the (C)
steric pocket calculated from conformations sampled during the MD
), EGFRdel19 (purple), EGFRT790M (blue) and EGFRL858R/T790M (orange). (E)
sampled during the MD simulations of EGFRWT (black), EGFRL858R (red)
FRL858R measured experimentally using KINOMEscan™ at DiscoverX.

Chem. Sci., 2018, 9, 5212–5222 | 5213
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active state (stabilized by the activating T790M mutation) or
perhaps it adopts an intermediate conformation. An examina-
tion of the PDB revealed several crystal structures of EGFR (WT,
L858R, T790M and L858R/T790M) in active and inactive forms.
Most crystallographic structures lack well-dened density for
the A-loop and none of the structures showed an accessible
allosteric pocket.

So then how does EAI045 bind to the kinase? To answer this
question, we present here a study combining extensive molec-
ular dynamics simulations with experiments that validate our
ndings. Our study suggests a mechanism that couples the
amino acid substitutions with changes in the conformational
landscape of EGFR and its mutants, resulting in mutant specic
binding of EAI045.

Results

Experiments carried out by Jia et al.9 demonstrated that EAI045
binds specically to EGFR carrying activating mutations.
However, in the active state, the aC-in conformation renders the
EAI045 pocket inaccessible (Fig. S3†). None of the active forms
of EGFR in the PDB have this pocket accessible. We carried out
MD simulations of the active forms of EGFRWT, EGFRT790M,
EGFRL858R, and EGFRT790M-L858R to see if the pocket can be
induced through uctuations but found the ‘aC-In’ conforma-
tion to be stable and the EAI045 pocket remained occluded
(Fig. S3†).

The crystal structures of the inactive forms of EGFRWT or
mutants such as T790M (in one instance this activating mutant
was found to have crystallized in the inactive state) that adopt
the inactive state upon complexation with inhibitors all show
the allosteric pocket to be occluded by the insertion of the
sidechain of L858. Once again, our attempts to induce the
pocket to get exposed through MD simulations failed; the
overall fold of EGFRWT remained stable (rmsd� 3.5 Å, Fig. S4A†)
and the short a-helix (residues G857–G863) in the A-loop
remained well preserved (Fig. 1B) with low amplitude uctua-
tions (Fig. S4B†) and buried between the P-loop and aC (with an
ASA of �200 Å3, Fig. 1C). The side chain of Leu858 remained
stably buried in the hydrophobic allosteric pocket with an ASA
of �20 Å3 and occupied the pocket where EAI045 is known to
bind in EGFRT790M/V948R.9 The occlusion of this allosteric pocket
in both active and inactive conformations of WT EGFRWT likely
explains the lack of inhibition of EGFRWT by EAI045 in the study
by Jia et al.9 We further conrmed this by carrying out binding
studies and showed that the compound does not bind to
EGFRWT, even at concentrations as high as 10 mM.

So how does EAI045 inhibit the activating mutants
EGFRL858R, EGFRT790M and EGFRL858R/T790M given that the active
conformation does not contain the allosteric pocket? To inves-
tigate this, we rst generated structural models of these
mutants in their inactive states (by replacing Leu858 with
Arg858 in the EGFRWT structure and in the crystal structure of
the inactive form of EGFRT790M from its co-crystal structure with
dacomitinib, pdb: 4I24) and found that the longer Arg858
sidechain in the L858R containing mutants occludes the allo-
steric pocket; however this model does not incorporate
5214 | Chem. Sci., 2018, 9, 5212–5222
conformational effects resulting from the mutation. Given this
discrepancy with the experimental observation which shows
unambiguously that EAI045 does inhibit the mutants L858R,
T790M and L858R/T790M (and does so with sub-nanomolar
potency9), it was clear that these mutants must undergo some
structural change (relative to the model we constructed) that
enables the binding of EAI045. The T790M mutation is thought
to stabilize the active form of the kinase by stabilizing the
hydrophobic spine,12,13 while the L858R mutation is known to
destabilize the inactive form and stabilize the kinase in an
intermediate form.14–20 We therefore subjected our models of
the T790M, L858R and L858R/T790M mutants in their inactive
states to multiple ms MD simulations. The simulations very
quickly show that the L858R substitution, either as a single
point mutation or in combination with T790M, is not tolerated
as modelled based on the wild type conformation, i.e. with the
Arg858 sidechain buried in the allosteric pocket. The destabi-
lization of the short a-helix (Fig. 1B) occurs, and it undergoes
rapid unfolding, with its solvent exposure increasing (from an
ASA of �200 Å3 in the wildtype to �400 Å3 in the mutant;
Fig. 1C). The helix was not seen to refold over the 1 ms simula-
tion nor in extensions to 4 ms. As a result, Arg858 becomes more
solvent exposed, with its ASA reaching values as high as 130 Å3,
interacting transiently with several residues from the activation
loop. The unfolding of the short a helix is coupled with high
uctuations and destabilization of the aC-helix (Fig. 1E).
Increased exibility and destabilization of the aC-helix have
also been reported in earlier computational studies.14–20 This
clearly points to the structural requirement of a helical motif in
this region (the short helix) to stabilize the kinase in its inactive
state. Apart from the increased exibility observed for the A-
loop, the aC-helix and the P-loop (Fig. S4B and D†), the rest of
the kinase domain of these mutants of EGFR remains stable
(rmsd � 4 Å, Fig. S4A†). We next constructed the models of the
complexes of EAI045 with EGFRL858R and with EGFRL861Q and
subjected them toMD simulations (as outlined in theMethods).
In these simulations, the short a helix remained unfolded and
the aC-out conformation was stabilized with dampened uc-
tuations similar to those seen in the inactive EGFRWT

simulations.
In contrast to simulations of the systems containing L858R,

EGFRT790M in its inactive form remained stable with no major
structural perturbations and with the short a-helix retained in
its helical conformation (Fig. S5†). This suggests that at least
the Arg mutation at the position of Leu858 induces the allo-
steric pocket to open. So, this raises the question as to how does
the T790M mutation bind EAI045? Given that the V948R
mutation, which abrogates dimer formation, had to be intro-
duced into T790M to crystallize the complex with EAI045, we
speculate that the conformational changes are most likely
independent of dimer formation.

We next calculate the volume of the allosteric pocket
(dened by residues that are within 6 Å of the EAI045 inhibitor
binding site in the crystal structure 5D41.pdb) from the simu-
lated trajectories (uncomplexed states of EGFRWT, EGFRL858R,
EGFRT790M, EGFRL858R/T790M and the EGFRL858R–EAI045
complex). The distribution of pocket volumes (Fig. 1D)
This journal is © The Royal Society of Chemistry 2018
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calculated over the entire trajectory revealed that the pocket in
EGFRL858R and EGFRL858R/T790M samples large volumes (ranging
from 70 to 300 Å3, averaging 190 Å3 and 150 Å3 respectively). The
broad range of the pocket volumes reects that the pocket is
quite dynamic and large enough to accommodate molecules as
large as EAI045 (the volume of the pocket in the complex simu-
lation is 170 Å3 and is clearly well sampled in the apo states of the
mutants, Fig. 1C). This clearly suggests that the allosteric pocket
already exists in the apo form of the L858R and L858R/T790M
mutants; the EGFRT790M mutant samples only smaller pockets
(�90 Å3). However, once again we face a contradiction: the
experimental data of Jia et al.9 show that EAI045 inhibits the
activity of EGFRT790M with an IC50 of 49 nM. The short a helix
remains stable, similar to what we see in the inactive EGFRWT

simulations, where the pocket volume sampled is also very small,
ranging from�10 Å3 to 100 Å3, averaging at�45 Å3, and therefore
unable to accommodate EAI045. In a control simulation where we
modelled the missing A-loop in the crystal structure 5D41.pdb
(T790M + V948R with AMP-NP and EAI001), removed the AMP-NP
and EAI001, and simulated the apo form, we see that the N-
terminal region of the A-loop (containing L858) quickly adopts
a helical conformation (Fig. S6†), and the L858 sidechain inserts
into the allosteric pocket and remains stable with the allosteric
pocket too small again to accommodate EAI001 (Fig. S6†). Our
binding assays showed that EAI045 is a weak binder of EGFRT790M

with a Kd of �5 mM (Fig. S5†), supporting our atomic model, and
Fig. 2 Characterization of the energy landscape of the allosteric pocket i
dihedrals of residues that form the short a helix at the N-terminus of the
helix and the volume of the allosteric pocket. All the conformations samp
included in the 2D free energy calculations. RMSD was calculated against
of EGFRWT and EGFRL858R structures are shown with the aC-helix (yellow
form the hydrophobic allosteric pocket in spheres (bottom).

This journal is © The Royal Society of Chemistry 2018
this contrasts with the IC50 value of 49 nM reported by Jia et al.9;
we do not understand the reason for this difference.

We next probe the energetics of the formation of the allo-
steric pocket by constructing the associated free energy surfaces
(FES). For constructing the FES we used three parameters: (1)
backbone dihedrals (phi and psi angles or the Ramachandran
map) of residues that form the a-helix; (2) pocket volume (as
described above); (3) rmsd of the short a-helix with respect to its
starting folded structure. From the FES of phi and psi distri-
butions (Fig. 2A), a single minimum was observed in the case of
EGFRWT (Fig. 2A) and this was localized to the a helical region in
the Ramachandran map. In contrast, for EGFRL858R we see
a broad distribution of phi and psi angles, representing
multiple minima, populating largely the non-helical regions in
the Ramachandran map (Fig. 2B). These minima are separated
by low energy barriers, suggesting that the residues (Gly857,
Leu858/Arg858, Ala859, Lys860, Leu861, Leu862, and Gly863)
interconvert easily on the simulation timescales. Surprisingly
the minima (corresponding to the a-helix) observed in the
EGFRWT have mostly disappeared in EGFRL858R, further evidence
that the region assumes disordered states.

Next, we compare the relationship between the volume of the
pocket and the structural deviation from the starting state
(helical state). The FES (Fig. 2C) is characterized by a single
minimum for EGFRWT which is small both in volume and in the
deviations from helicity. In contrast, EGFRL858R shows a broader
n EGFRL858R: 2D free energy landscape as a function of (A, B) backbone
A-loop and (C, D) root mean squared deviation (RMSD) of the short a-
led during the MD simulations of EGFRWT (A, C) and EGFRL858R (B, D) are
the starting folded structure. Cartoon representation of MD snapshots
), short a-helix (orange), Leu858/Arg858 in sticks (top) and residues that

Chem. Sci., 2018, 9, 5212–5222 | 5215
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distribution both in rmsd and in pocket volume and shows the
sampling of larger volumes and structural deviations from the
helical state. The absence of energy minima with RMSD < 2.5 Å
suggests that the region undergoes rapid destabilization/
unfolding, accompanied by an increase in the pocket volume;
the rmsd of the region reaches �4.5 Å while the pocket volume
reaches �250 Å3 (Fig. 2D). Closer scrutiny shows that there are
two minima in EGFRL858R where the volume is high at �150 Å3

but the rmsd is either 3.3 Å or 4.8 Å suggesting that the pocket
opens to its maximal value even when the helix is only partially
unfolded. The magnitude of the maximal pocket volume is
similar to the volume of the pocket that stabilizes EAI045 in the
simulations of the EGFRL858R–EAI045 complex (Fig. 1D).
Together this suggests that the allosteric pocket exists in the
apo state of the EGFRL858R mutant and the unfolding of the a-
helix makes the pocket accessible to the inhibitor. To conrm
this, we constructed a model of the complex of EAI045 with
EGFRL858R and separately with EGFRL858R in their inactive states
and show that the mutations result in the shi of the confor-
mations of the kinase away from the inactive to the interme-
diate state where the allosteric pocket is exposed and EAI045 ts
snugly into this pocket, stabilized by van der Waals packing and
h-bond interactions with the side chains of catalytic Lys745 and
of Thr854 (Fig. 3). We next carried out binding assays of EAI045
against EGFRL858R and found that it does bind with a Kd of 1.2
mM (Fig. 1F), thus supporting our atomic model. Surprisingly,
this value contrasts with the IC50 value of 3 nM reported by Jia
et al.9 pointing to the complexity of comparing results from
different assays (binding (Kd) vs. enzymatic (IC50) for example).
Allosteric pocket in exon 19 deletion

We next asked whether the other major activating mutation
found in NSCLC, the exon 19 deletion (found in 40% of NSCLC
patients), also results in the creation of this druggable allosteric
pocket. This mutation is also known to destabilize the inactive
state in favour of the active state.20 We model the EGFR19del
Fig. 3 Binding mode of EAI045 to EGFRL858R: snapshot from the MD
simulation of the complex between EGFRL858R and EAI045 (green
carbon, stick representation). All the interacting residues are shown as
thin sticks and all the interactions are highlighted as dotted lines
(magenta). Colouring of the kinase structure is the same as in Fig. 1
with the DFG motif highlighted in blue colour.

5216 | Chem. Sci., 2018, 9, 5212–5222
mutant by removing 5 amino acids (746ELREA750) from the b3-aC-
helix loop that connects the aC-helix and b-strand (b3), from the
EGFRWT in its inactive state. During the simulations of this
mutant in its apo state, the volume of the allosteric pocket is
much smaller as compared to that of the EGFRL858R/T790M and also
smaller than that of the EGFRWT (Fig. 1D). Due to the deletion of
ve amino acids in the EGFR19del the aC-helix is pulled towards
the ATP binding site, resulting in constraining the allosteric site
to a small volume. Based on these results we hypothesized that
EAI045 will not bind to this mutant (this was also speculated by
Jia et al.9) and we further conrmed our hypothesis by carrying
out binding measurements which showed the lack of binding
even at concentrations as high as 10 mM.
Allosteric pocket in L861Q

L861Q is the second most common mutation in exon 21 and
accounts for �2% of the NSCLC patients.21 Like L858R, L861Q
also displays enhanced kinase activity.21 However, in contrast to
L858R, which has increased sensitivity to type-I inhibitors
(getinib, erlotinib and afatinib), partially because it has
a reduced affinity for ATP, the L861Q mutant does not show
increased drug sensitivity towards the inhibitors as it retains
high affinity for ATP.21 Hence, there is an urgent need for
inhibitors against this mutant. Leu861 is also located in the
small a-helix that stabilizes the kinase in its auto-inhibited
state, with the side chain of Leu partially buried into the same
hydrophobic cavity as Leu858 (Fig. 4A). We wondered whether
the substitution at Leu861 by Gln could result in the creation of
the allosteric pocket, as was also speculated by Jia et al.9 As there
are no experimental structures of EGFRL861Q, we generated
a model by substituting the Leu at the 861 position with Gln in
the structure of EGFRWT and subjected it to MD simulations for
1 ms. The substitution of Leu861 with Gln in the inactive form of
the kinase is not tolerated, and the short a-helix unfolds rapidly
during the simulations (Fig. 4B). As a result, both the aC-helix in
its ‘aC-out’ conformation and the A-loop undergo increased
uctuations and destabilize the inactive form of the mutant
kinase (Fig. 4D). Together, these changes result in the emer-
gence of the cryptic allosteric pocket that now assumes volumes
similar to those observed in the L858R mutation (Fig. 4C). We
modelled the complex of EAI045 with L861Q and observed that
EAI045 is likely to have a higher affinity for L861Q than for
L858R because the shorter Gln861 side chain forms a unique
hydrogen bond with EAI045 (Fig. 4E); in L858R, the longer side
chain of Arg858 is stabilized by Glu758 of the aC-helix and is
thus not free to engage EAI045. Binding energy calculations
(Fig. S7†) using a protocol (outlined in the Methods) show that
EAI045 binds more favourably to the L861Q mutant (by
�9 kcal mol�1) compared to the L858R mutant; the unique
hydrogen bond that EAI045 forms with the L861Q mutant is
reected in the higher electrostatic contribution (Fig. S7†). We
next carried out binding assays of EAI045 with the L861Q
mutant and found that as predicted from our computational
studies the compound indeed binds to the mutant, albeit with
a Kd of 300 nM (Fig. 4F), and its affinity for L861Q is much
stronger compared to its affinity for L858R (Kd of 1.2 mM).
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Characterization of the druggable allosteric pocket in EGFRL861Q: (A) structure of the EGFRWT kinase in its inactive form with the aC-helix
(yellow), short a-helix (orange) and the hydrophobic allosteric pocket shown in surface with buried residues Leu858 (shown as magenta spheres)
and Leu861 (shown as cyan spheres); (B) secondary structure evolution (blue: a-helix, yellow: b-strand, gray: 310-helix, green: turn, and white:
coil) of the short a helix (y-axis) during the MD simulations of EGFRWT and EGFRL861Q. (C) Volume of the allosteric pocket calculated from the
conformations sampled during the MD simulations of EGFRWT (black), EGFRL858R (red), EGFRL861Q (cyan), and EGFRL858R/T790M (orange). (D) RMSF
of the aC-helix during the MD simulations of EGFRWT (black), EGFRL858R (red) and EGFRL861Q (cyan). (E) Snapshot from the MD simulation of the
complex between EGFRL861Q and EAI045 (cyan carbon, stick representation). All the interacting residues are highlighted as thin sticks and all the
interactions are highlighted as dotted lines (magenta). Colouring of the kinase structure is the same as in Fig. 1. (F) Binding affinity (Kd) of EAI045
for EGFRL861Q measured experimentally using KINOMEscan™ at DiscoverX.
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SNPs at the allosteric site

We next asked whether any Single Nucleotide Polymorphisms
(SNPs) have been reported at the allosteric site and if so would
they interfere with the ability of EAI045 to inhibit the mutants.
We found 7 SNPs (D855G, F856Y, G857E, I759V, L777Q, L788F,
and M766F) that are located in the vicinity of the allosteric
pocket22 [Fig. 5]. Simple modelling of the SNPs by mutating the
sidechains suggests that the associated size changes will likely
impact the binding of EAI045. We next carried out MD simu-
lations (250 ns in triplicates for each SNP) of individual SNPs in
EGFRWT and in EGFRL858R (we used the inactive conformations
Fig. 5 Characterization of the allosteric pocket in the presence of SNPs
EGFRL858R (red) with the various SNPs modelled (dashed lines). (C) Mode
(magenta) interactions are shown as dotted lines. All the allosteric pocket
I759V, L777Q, L788F, and M766F) located within the allosteric pocket ar

This journal is © The Royal Society of Chemistry 2018
for both because the inactive state is the only state relevant for
the emergence of the pocket as we have shown earlier in this
study). In the EGFRWT, the allosteric pocket remains inacces-
sible and appears to be agnostic to the nature of the SNP, with
the pocket sampling volumes ranging from �50 to 100 Å3

(Fig. 5A). Indeed, since most SNPs involve small to large amino
acid changes, the volume of the potential pocket is further
occluded compared to the WT.

In the L858R mutant, we modelled the SNPs onto a confor-
mation selected from the simulation of the L858R mutant
described earlier in this study; in this conformation, the short a-
in EGFR volume of the allosteric pocket in (A) EGFRWT (black) and (B)
l of EAI045 (green carbon, sticks) bound to EGFRL858R. Hydrogen bond
residues are highlighted as sticks. Various SNPs (D855G, F856Y, G857E,
e shown as magenta sticks.
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helix was already unfolded and the allosteric pocket was
present. However, we saw a rapid collapse of the allosteric
pocket during the MD simulations of all 7 SNPs; the volumes of
the allosteric pockets sampled were 50–100 Å3 as compared to
the volume of the pocket of �150 Å3 in the case of EGFRL858R

(Fig. 5B). This is not surprising since all SNPs (except the
D855G) examined here involve a small to large sidechain
substitution. Additionally these larger sidechains are all
hydrophobic and occupy the pocket and stabilize it, or rather
result in occluding the pocket from binding EAI045 (Fig. 5C).
The D855G mutation results in the removal of a charged side-
chain which was engaged in a salt bridge with Lys745. Upon its
removal, the lysine sidechain now occupies the pocket with its
charged head group stabilized by a combination of large uc-
tuations and new hydrogen bonds with the carbonyl backbones
of Phe856 and the sidechain oxygen of Thr845. Therefore, we
speculate that despite the short a-helix stabilized in an
unfolded state in the L858R mutant, making it accessible to
EAI045, such compounds may not be effective if the patient
carries any of the SNPs studied here or indeed develops resis-
tance against the EAI045 type of compounds due to the emer-
gence of such mutations. Indeed patients carrying the L777F/M
SNP in EGFR (or L785F in Her2) are known to be resistant to the
Fig. 6 Conservation of hydrophobic allosteric pocket residues across th
(http://weblogo.berkeley.edu) show the conservation and variation of h
alignments of the catalytic domains of the kinases from the human kinom
of hydrophobicity of the allosteric pocket across the human kinome (
allosteric pocket volume across the human kinome. The allosteric pocket
pocket in the EGFRWT as the template, and the pocket volume was calc

5218 | Chem. Sci., 2018, 9, 5212–5222
clinical EGFR/Her2 inhibitors lapatinib or neratinib, part of
which occupies this allosteric pocket.23,24 If this is experimen-
tally validated for molecules such as EAI045, the approach
presented here of combining computational models with some
binding assays could provide a very powerful lter to select
patients for maximal benet as part of ongoing efforts in
precision medicine.
Conservation of the allosteric pocket across the human
kinome

Does this allosteric pocket exist in other kinases? The �518
kinases from the human kinome share sequence homology
ranging from very low (10%) to very high (90%); however they all
adopt a similar fold. Most of the residues that form this allo-
steric pocket are part of the aC-helix and the A-loop, both of
which are conserved structural and functional features across
the kinome (Fig. 6). Using a global sequence alignment of the
human kinome25 we rst extracted the residues from all the
kinases that align with the residues forming the allosteric
pocket in the EGFR kinase. While the catalytic Lys and Glu and
the DFG motif are mostly conserved, there are variations in the
other positions (Fig. 6A); residues in the aC-helix and the A-loop
are least conserved. However, 15 out of the 23 amino acids that
e human kinome: (A) sequence logos made using the WebLogo server
ydrophobic allosteric pocket residues as found in multiple sequence
e (residue number corresponds to the EGFRWT kinase). (B) Distribution
hydrophobicity of EGFRWT corresponds to 12.75). (C) Distribution of
in each kinase was modelled using the 3D coordinates of the allosteric
ulated for the minimized modelled structures.

This journal is © The Royal Society of Chemistry 2018
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make up the allosteric pocket are conserved in polarity in more
than 75% of the sequences including residues in the A-loop
(Fig. 6A). Indeed, the hydrophobic nature of the allosteric
pocket across the human kinome is conserved with a hydro-
phobicity score26 averaging at �12.0 (the analogous score for
EGFR in 12.75; Fig. 6B). Given the high conservation of the
allosteric pocket we next investigated the accessibility of the
pocket in the human kinome. However, crystal structures are
only available for a third of all kinases in the human kinome. In
addition, there is further paucity of data since the densities for
the activation loop are missing in most of the crystal structures;
this is not surprising given the exibility of this region. So we
decided to generate simpliedmodels of the allosteric pocket in
all the kinases based on the crystal structure of the inactive
form of the EGFR kinase. The allosteric pockets were generated
by simply replacing/substituting each residue comprising the
allosteric pocket in the structure of the inactive form of the
EGFR kinase with a homologous residue from the target kinase.
The modelled structure was then energy minimized to remove
steric clashes and the volume of the allosteric pocket was
calculated from the minimized structure. We nd that most of
the kinases in the human kinome have a very small allosteric
pocket with an average volume of �20 Å3 as compared to the
EGFR (volume of � 40 Å3; Fig. 6C); 15% of the kinome has
pockets with volumes greater than 40 Å3. This may
partly explain the observation by Jia et al.9 in their screens that
EAI045 showed no inhibitory activity against a panel of 250 WT
kinases.

Of the residues that form the allosteric pocket, it is clear that
positions 858 and 861 are important in its genesis. EAI045
displays high selectivity towards the L858R and L861Q
Fig. 7 Structural mapping of oncogenic mutations in the short a-helix a
mutations in the catalytic core of kinases (ABL1, BRAF, KIT, FLT3, PDGFR
known high oncogenic potential were mapped onto the kinase catalytic
of kinase cancer mutations are annotated (number corresponds to the E

This journal is © The Royal Society of Chemistry 2018
mutations in EGFR. We observed earlier that the leucines bury
into the hydrophobic pocket and occlude it. However, upon
mutation to Arg or Gln, the pocket is rendered accessible. Leu at
the 858 position is highly conserved across the human kinome
(present in �50% of kinases) while �80% have a hydrophobic
residue at this position (Fig. S8†). Seven kinases contain
a charged residue (Asp in ve kinases, Arg in one kinase and Glu
in one kinase) at this position but they lack the DFG motif and
hence are unlikely to be catalytically active. In contrast, Leu at
the 861 position is conserved in only 25% of the kinases, but
�50% have a hydrophobic amino acid at this position and
�30% have a charged residue. When the positions 858 and 861
have non-hydrophobic residues such as Arg or Gln, it is clear
that they result in destabilizing the inactive state (which was
stabilized by the short aC-helix).

Therefore, we examined other oncogenic kinases that may
have similar mutations in the short a-helix which is part of the
A-loop. A recent study by Dixit et al.27 has shown that the
distribution of oncogenic mutations across the kinase domain
is biased towards specic functional regions, with a high
frequency in the functionally important A-loop. We found, from
the COSMIC database,22 48 substitutions in this region in 12
different kinases that are known to be highly oncogenic
including ABL, ALK, BRAF, BTK, EGFR, ErbB2, FLT3, KIT, KDR,
MET, PDGFRA, and RET (Fig. 7). The mapping of these onco-
genic mutations onto the structure of the catalytic domain of
EGFR revealed that all these mutations are localized at the
structurally conserved short a-helix (residues 857–864 in EGFR),
making it a signicant hotspot. We constructed models of these
12 kinases and found that the allosteric pocket is well conserved
(Fig. S9†). We hypothesize that all these oncogenic mutant
cross the human kinome: the spatial distribution of highly oncogenic
a, ALK, ErbB2, BTK, MET, KDR, and EGFR). The kinase mutations with
domain of EGFRWT in its inactive form. Structurally conserved hotspots
GFRWT kinase) with spheres and their locations is indicated by arrows.

Chem. Sci., 2018, 9, 5212–5222 | 5219
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kinases will have similar exposed allosteric sites, albeit of
differing sizes, and therefore could potentially be targeted by
allosteric inhibitors.

Discussion

Kinases have traditionally been viewed as existing in an active or
an inactive state and have been exploited successfully resulting
in several clinically successful inhibitors.28 The inactive
conformation undergoes large conformational changes, oen
upon phosphorylation of residues in the A-loop, to adopt
a catalytically competent active form.29,30 Several mutations
within the catalytic domain of kinases, particularly character-
istic of cancers, have been found to stabilize the active state.29,30

The molecular details of the transition between active and
inactive states could provide opportunities to drug intermediate
conformations, but remain elusive. Advanced sampling
methods such as metadynamics and Markov state models have
been used to model these pathways for proteins such as Src, the
EGFR kinases.15,31–33 Sutto L. et al.15 investigated the effects of
oncogenic mutations (L858R and T790M) on the conforma-
tional free-energy landscape of the EGFR kinase domain
through extensive MD simulations, parallel tempering and
metadynamics. They proposed that while the EGFRWT mostly
exists in the inactive conformation, all the oncogenic mutants
destabilize the inactive conformation in favour of the active
conformation. In an unbiased, all-atom MD simulation for �25
ms, the D. E. Shaw group31 observed spontaneous transition
from the active to the so-called “Src-like inactive” conformation
of the EGFRWT kinase funnelled across two different pathways;
they conrmed their ndings by carrying out hydrogen–deute-
rium (H/D) exchange measurements. Combining targeted MD,
unbiased MD and Bayesian clustering, Li et al.32 also proposed
two distinct pathways between the active and inactive forms of
the EGFR kinase domain. Using Markov state models to explore
the conformational landscape of the c-src tyrosine kinase,
Shukla D. et al.33 identied key structural intermediates along
the transition path between the active and inactive states and
identied potentially druggable allosteric sites in the
intermediates.

Recently, Jia et al.9 identied a small molecule EAI045 which
displayed high specicity towards the oncogenic L858R, T790M
and L858R/T790M mutants of EGFR. Upon co-crystallization of
the molecule EAI001 with EGFRT790M/V948R they found that the
compound binds at a novel allosteric site which is located
between the aC-helix and the A-loop. The activity of the inhib-
itor against the activating mutations seems paradoxical since
the pocket cannot be formed in the active state of EGFR; indeed
this pocket is not accessible even in the inactive state of EGFR, at
least not in the crystal structures available in the PDB. We show,
using a combination of modelling and extensive MD simula-
tions, that mutations such as L858R, L858R-T790M and L861Q
result in structural perturbations that destabilise the inactive
state of the EGFR and in the process create a transient inter-
mediate state where the allosteric pocket is fully formed and
accessible to binding by EAI045; we conrm our ndings with
binding assays. It appears that the specicity of this molecule
5220 | Chem. Sci., 2018, 9, 5212–5222
arises as a result of the intrinsic exibility of the mutant
kinases. The mutations are located in the short a helix of the
activation loop, resulting in destabilization around this region
and the subsequent expansion and exposure of the allosteric
pocket. Although an allosteric pocket exists in the inactive state
of EGFRWT, the highly stable a-helix in the N-terminal region of
the activation loop restricts the allosteric pocket to be stabilized
by hydrophobic interactions to much smaller sizes, thus
making it inaccessible to EAI045.

All kinases undergo conformational changes during the
transition from the inactive to the active form; the short a helix
unfolds and adopts an extended conformation and the aC-helix
is displaced. This transition is induced by phosphorylation and/
or the binding of a partner protein at the N-lobe which pushes
the aC-helix towards its aC-in conformation. However, the
allosteric pocket does exist in the unphosphorylated mono-
meric form, as reported by Jia et al.,9 for the T790M/V948R
mutant of the EGFR. This mutant is in its activated state as
a result of the T790M mutation and cannot dimerize due to the
V948R mutation;11 binding assays also suggest that the allo-
steric pocket exists in EGFRT790M and in EGFRL858R. We now
show through structural modelling, validated by binding
assays, that the presence of Arg at the 858 position results in
structural perturbations that result in the opening of the allo-
steric pocket to which EAI045 binds. EGFRL858R is known to
destabilize the inactive state and it is highly likely that this
allosteric pocket emerges transiently during the transition from
the inactive to the active state.

We extended the structural modelling to investigate L861Q,
another oncogenic mutation, which is located in the same a-
helix as L858R and found that its inactive state is destabilized in
a manner similar to that seen in L858R, resulting in an exposed
allosteric site that can bind EAI045. We next conrmed this by
carrying out binding assays. We speculate that the unfolding of
the helix and increased exibility of the aC-helix observed here
characterize intermediates between the inactive and active
states. Such destabilization of a helices has also been reported
in earlier experimental and computational studies employing
advanced sampling methodologies.14–21,31,32 We further extend
the structural modelling to show that this allosteric pocket is
absent in the exon 19 deletion, another activating mutation that
is commonly found in cancers and known to destabilize the
inactive form of EGFR. The deletion of the ve amino acids in
this mutant imposes structural restraints that prevent the aC
from adopting the ‘aC-Out’ conformation that is needed to
create the accessible allosteric pocket.

It appears that the allosteric site is specic to EGFR carrying
activating mutations such as L858R or L861Q, i.e. mutations
known to destabilise the hydrophobic cluster that stabilises the
inactive form of the kinase; the mechanism underlying the
observed binding to the EGFRT790M remains unclear. Jia et al.9

showed that EAI045 binds only when the dimers have been
disabled, for example in the presence of antibodies such as
cetuximab. While this work was carried out using cell lines that
carried only the T790M/L858R mutations, it would be inter-
esting to explore this in cell lines carrying the wild type or
indeed other mutations. The observation that the pocket is
This journal is © The Royal Society of Chemistry 2018
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targeted by these molecules in only certain mutants that
destabilize the inactive state opens a new window of opportu-
nity to stratify patient populations in precision medicine
programs.

Finally we scanned the structural kinome and identied 12
other oncogenic kinases (clinically reported) which have acti-
vating mutations in this short a-helical region. We speculate
that these kinases will have exposed allosteric sites, albeit of
differing sizes, and could potentially be targeted by molecules
such as EAI045.

Methods
Computational methods

Atomistic molecular dynamics (MD) simulations are used to
investigate the structural dynamics modulating the mutant
specic binding of EAI045 to EGFR. The structure for the kinase
domain (KD) was taken from the protein structure database or
modelled using standard methods.34 We model the KD of
EGFRWT, EGFRL858R, EGFRT790M, EGFRL858R/T790M, EGFRL861Q and
EGFR19del in active and inactive forms. The crystal structures of
apo EGFRWT are available in both active and inactive forms. The
apo forms of EGFRL858R, EGFRT790M, and EGFRL858R/T790M in the
active forms were derived from the corresponding liganded
crystal structures. The inactive forms of these 3 mutants were
generated using the apo form of the inactive EGFRWT structure.
The structures of EGFR19del and EGFRL861Q were similarly
modelled using the apo EGFRWT structures. We constructed the
models of the complexes of EAI045 with EGFRL858R and with
EGFRL861Q. The modelled structures were then subjected to
atomistic MD simulations using standard protocols.20 All the
structures and templates used in this study are listed in Table
S1† and the methodology used to construct the models and
carry out the MD simulations and analyses, including the
binding energy calculations, is summarized in the ESI.†

Experimental methods

In vitro binding assay was performed using KINOMEscan™ at
DiscoverX (details of the methods are outlined in the ESI†).
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