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Abstract Human epidermal growth factor receptor
(EGFR) has become a well-established target for the treat-
ment of patients with non-small cell lung cancer (NSCLC).
However, a large number of somatic mutations in such
protein have been observed to cause drug resistance or sen-
sitivity during pathological progression, limiting the appli-
cation of reversible EGFR tyrosine kinase inhibitor therapy
in NSCLC. In the current work, we describe an integration of
in silico analysis and in vitro assay to profile six represen-
tative EGFR inhibitors against a panel of 71 observed
somatic mutations in EGFR tyrosine kinase domain. In the
procedure, the changes in interaction free energy of inhibitors
with EGFR upon various mutations were calculated one by
one using a rigorous computational scheme, which was pre-
optimized based on a set of structure-solved, affinity-known
samples to improve its performance in characterizing the
EGFR-inhibitor system. This method was later demonstrated
to be effective in inferring drug response to the classical
L858R and G719S mutations that confer constitutive acti-
vation for the EGFR kinase. It is found that the
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Staurosporine, a natural product isolated from the bacterium
Streptomyces staurosporeus, exhibits selective inhibitory
activity on the T790M and T790M/L858R mutants. This
finding was subsequently solidified by in vitro kinase assay
experiment; the inhibitory ICs, values of Staurosporine
against wild-type, T790M and T790M/L858R mutant EGFR
were measured to be 937, 12 and 3 nM, respectively.
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Introduction

Receptor tyrosine kinase (RTK) superfamily represents a
subgroup of transmembrane proteins with an intrinsic tyro-
sine kinase activity which determines various cellular
functions as diverse as growth, differentiation and cell
motility or survival (Prenzel et al. 2001). The member of
RTK, human epidermal growth factor receptor (EGFR), has
received particular attention in recent years owing to their
strong association with malignant proliferation. The EGFR
is a key cell-surface receptor which plays a crucial role in
signal transduction pathways that regulate important cellular
behaviors such as differentiation and proliferation. Increased
levels of EGFR gene expression are observed in various
cancers including head and neck, breast, colorectal, lung,
prostate, kidney, ovary, brain, pancreas and bladder carci-
nomas. In particular, extending previous observations of
almost two decades ago (Veale et al. 1987), recent retro-
spective analyses have reported EGFR overexpression in
62 % of non-small cell lung cancer (NSCLC) cases, and its
expression is correlated with a poor prognosis (Sharma et al.
2007).
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Given its central role in regulating cell proliferation,
survival and migration in normal and cancerous cells, much
effort has been devoted to development of cancer thera-
peutics targeting EGFR. Up to date, three EGFR tyrosine
kinase inhibitors (TKIs), i.e. Erlotinib, Gefitinib and La-
patinib, have been approved by FDA for cancer therapy
and also a number of second- and third-generation TKIs
such as afatinib, neratinib and WZ4002 are in clinical or
preclinical development (Ohashi et al. 2013). However,
EGFR TKI treatment is not curative in patients because of
both primary and secondary treatment resistance (Lin and
Bivona 2012). One of important factors to cause drug
resistance is the somatic mutations in EGFR tyrosine
kinase (TK) domain, which were observed to elicit con-
stitutive activation of the kinase by destabilizing the auto-
inhibited conformation that is normally maintained in the
absence of ligand stimulation (Shigematsu and Gazdar
2006). The somatic mutations may alter TKI sensitivity to
EGFR by several mechanisms. For example, it was
reported that the marketed inhibitor Gefitinib binds 20-fold
more tightly to EGFR L858R mutant than to the wild-type
enzyme, whereas the G719S mutation would considerably
reduce the Gefitinib affinity to EGFR (Yoshikawa et al.
2013). In addition, the T790M mutation in EGFR was
thought to cause drug resistance by increasing the kinase
affinity for ATP rather than by sterically blocking the
binding of TKIs (Yun et al. 2008).

The complexity of the molecular mechanism underly-
ing drug response and susceptibility to EGFR mutations
promotes us to systematically investigate the complete
interaction profile of EGFR mutants with diverse inhibi-
tors. However, it is too time-consuming and expensive to
experimentally test the affinities of all existing TKIs to
hundreds of potential residue mutations in EGFR TK
domain. Alternatively, in silico approach provides a
promising way to virtually characterize protein—chemical
interactome in a high throughput manner. In the current
study, an integrative strategy of rigorous quantum
mechanics/molecular mechanics (QM/MM) analysis and
empirical solvent model was described to fast and reliably
characterize the binding free energy change of small-
molecule inhibitors upon EGFR mutations based on their
complex three-dimensional structure. With this method,
we were able to profile 6 EGFR inhibitors, including 3
FDA-approved drugs, 2 compounds that are currently
under clinical development and a natural kinase blocker,
as well as its natural substrate ATP against a panel of 71
observed somatic mutations in EGFR TK domain. On this
basis, we examined the specificity and sensitivity of dif-
ferent compound entities binding to a wide spectrum of
EGFR mutants, and investigated the molecular mecha-
nism and biological implication underlying drug response
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to EGFR mutations. We also identified several potential
mutations that might cause drug resistance by directly
influencing the non-bonded interaction of EGFR with
inhibitors or by indirectly addressing allosteric effect on
the kinase structure, which were verified by a following
in vitro kinase assay experiment. This study would help to
establish a systematic kinase—small-molecule interaction
profile for clinical compounds across various EGFR
mutants.

Materials and methods
Data preparation

Structure-based data set of wild-type and mutant
EGFR-inhibitor affinities

We have compiled 20 affinity data associated with binding
of the three FDA-approved EGFR inhibitors, i.e. Gefitinib,
Erlotinib and Lapatinib, to wild-type and mutant EGFR
from the publications contributed by Zarrinkar and co-
workers (Fabian et al. 2005; Davis et al. 2011); in their
works the affinity, quantified by dissociation constant Ky,
was measured using a ATP site-dependent competition
binding assay protocol (Fabian et al. 2005). These com-
piled samples were classified into three groups in terms of
the inhibitor category, and each group included at least one
member with complex crystal structure available in the
PDB database (Berman et al. 2000). The 20 samples are
tabulated in Supporting Information (SI) Table S1.

Somatic mutations of EGFR TK domain in TKI-treated
NSCLC

The complete human EGFR protein consists of extracel-
lular domain (EGF binding), transmembrane domain (TM),
and intracellular tyrosine kinase (TK) domain and auto-
phosphorylation regions. The TK domain is the functional
core of the protein that stretches from exon 18 to exon 24
and its somatic mutations are basically limited to exons
18-21 (residues 687-875). The observed somatic muta-
tions of EGFR in NSCLC are collected in the SM-EGFR-
DB database (http://somaticmutations-egfr.org/index.html),
from which we only selected those of TKI-treated single-
point mutations over the EGFR sequence region 687—-875.
Consequently, a total of 71 EGFR TK mutations were
extracted and illustrated in Fig. 1. The mutations are nat-
urally uneven that some residue positions such as E709,
G719 and L858 exhibit multiple substitutions, while some
others have not yet been observed to have alterations in
NSCLC.


http://somaticmutations-egfr.org/index.html

EGFR somatic amino acid mutations in lung cancer

1637

D
6?7 (700)
Exon 18 | j |
v D S
Q (712)
K

A
H
G
C

(709)

M F E

(689)(692) (696) (703)

S
7%9 (733)

M
(744)

Exon 19 | |

A
(742)

R
(731)

L G
7?2 (7?9) (7?7)
Exon 20 )

VM I
(763)A  C
(765) (768)

R
(773)

S A
(779) (783)

H
8%4 (sfz)

i I
(839) (847)

Exon 21

| | |
e C

(831)y (836)
(833)

S
(826)

I R
(843)(846)

Fig. 1 The somatic single-point mutations in EGFR TK domain
observed in TKI-treated NSCLC; these mutations were retrieved from
the SM-EGFR-DB database (http://somaticmutations-egfr.org/index.
html). The mutations associated with drug resistance and sensitivity

Collection of representative small-molecule inhibitors
that target EGFR TK domain

The EGFR inhibitors can be classified into reversible and
irreversible; the former inhibits the tyrosine kinase activity
of EGFR by competing with ATP for the ATP-binding site,
whereas the latter is covalently bonded to the serine resi-
dues nearby the site to disturb EGFR function. In this
study, only reversible EGFR inhibitors were investigated
(Doebele et al. 2010). Here, we collected six small-mole-
cule inhibitors that target EGFR TK domain, including
three FDA-approved drugs, two compounds under clinical
development and a natural product, Staurosporine, isolated
from the bacterium Streptomyces staurosporeus that
exhibits wide inhibition on diverse protein kinases (Riiegg
and Burgess 1989). All of these selected inhibitors are
available to their high-resolution crystal structures in
complex with wild-type EGFR (Table 1). In addition, the
EGFR natural substrate, ATP, was used as the reference to
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are colored in red and green, respectively, and those unclear to their
impact on drug behavior are in black (Riely et al. 2006; Sharma et al.
2007) (color figure online)

explore competitive inhibition of small-molecule drugs to
ATP binding.

Computational modeling of EGFR-ligand complex
structure

Construction of EGFR mutant—inhibitor complex structure
model

Although there are a large number of X-ray-solved crystal
structures of EGFR and its mutants in complex with
diverse small-molecule ligands available in the PDB
database (Berman et al. 2000), this is still far from the
requirement of this study if considering that we attempted
to investigate the systematic interaction profile of all
somatic mutations in the EGFR TK domain with a panel of
representative inhibitors. In this respect, we employed a
computational scheme to construct the structure models of
EGFR mutant—inhibitor complexes (Fig. 2a): (i) EGFR-
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Table 1 The six representative EGFR inhibitors

Inhibitor Complex crystal structure
Name (generic) Structure Status PDB EGFR
OSI1776 (Erlotinib) Approved 1M17 Wild type
Z NH
o.
NT | "ome
KN o /\/OMe
ZD1839 (Gefitinib) F:@\ Approved 2ITY Wild type
cl NH K\o
N O\/\/N\)
P
N OMe
GW572016 (Lapatinib) Approved 1XKK Wild type
o
F
el
cl NH / \ HN\/\ \\O
NZ o
N
N
AEE788 Clinical 2J6M Wild type
—
N
NH < >
NZ ‘ \ N
N
TAK-285 o Clinical 3POZ Wild type
OH
PO
cl NH o]
FIF N7 | N
F
P
N
AFN941 (Staurosporine) I« Natural product 2ITW Wild type

NHCH,

inhibitor complex crystal structure was used as template
to generate the complex structure models of different
EGFR mutants with the same inhibitor. (ii) The side chain
of the residue under mutation was manually removed from
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the crystal structure, and then a number of new side
chain rotamers were added to the residue using the in-
house program 2D-Gralab (Zhou et al. 2009a) based on
a penultimate rotamer library (Lovell et al. 2000).
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remove old side chain

generate new rotamers

(i) Crystal structure template (i) Complex structure model

with a number of candidate rotamers

(iii) Complex structure model
with the most stable rotamer

minimize the system

(iv) Minimized complex structure model

Fig. 2 Computational modeling of EGFR mutant—inhibitor complex structure from the crystal template of wild-type EGFR in complex with the

inhibitor (PDB: 1M17)

(iii)) Conformational searching was carried out over these
rotamers to pick up the most stable one from the rotamer
clusters, where the empirical atomic contact potential
(Zhang et al. 1997) was utilized to fast evaluate energetic
stability for these rotamers. (iv) The complex system with
the selected rotamer was structurally optimized using the
AMBER parm03 force field (Duan et al. 2003) imple-
mented in AMBERI10 package (Case et al. 2005). In the
procedure, the system was successively minimized using
500-step steepest descent and 2,000-step conjugate gradi-
ent, the solvent effect was described by implicit general-
ized Born (GB) model (Bashford and Case 2000), and the
force field parameters for the inhibitor molecule were
assigned with the generalized amber force field (GAFF)
scheme (Wang et al. 2004).

Construction of EGFR-ATP complex structure model

It has been reported that EGFR mutation may cause drug
resistance by increasing ATP affinity to the mutant (Yun
et al. 2008). Therefore, the interactions between various
EGFR mutants and ATP were also investigated in this
study. As the complex structure of EGFR (or its mutants)
with ATP has not yet been experimentally solved to date,
we herein adopted the high-resolution crystal structure of
wild-type EGFR bound with AMP-PNP (PDB: 2itx) to
model EGFR-ATP complex structure. The AMP-PNP is a
non-hydrolyzable analog of ATP, and its only difference to
ATP is that a secondary amine moiety, but not a oxygen
atom as that in ATP, connects between the first and second
phosphates. Thus, the AMP-PNP structure in the crystal
template can be readily modified to ATP manually, and
then the resulting structure model of EGFR complexed
with ATP was subjected to a minimization procedure as
described above.

Calculation of ligand affinity change upon EGFR
mutation

The hybrid quantum mechanics/molecular mechanics (QM/
MM) developed by Morokuma and co-workers (Svensson
et al. 1996) enables different levels of theory to be applied
to different parts of a large system and combined to pro-
duce a consistent energy expression. The objective is to
perform a high-level calculation on just a small part of the
system and to include the effects of the remainder at lower
levels of theory, with the end result being a similar accu-
racy to a high-level calculation on the full system (Alzate-
Morales et al. 2009). In recent years, QM/MM has been
widely applied to studying biomolecular binding phenom-
ena (Gleeson and Gleeson 2009a), which, for example, was
successfully employed to derive scoring function for pro-
tein-ligand docking (Hayik et al. 2010), to perform three-
dimensional quantitative structure—activity relationship
(3D-QSAR) modeling of enzyme inhibitors (Chung et al.
2010), and to explore fragment-based drug design (Gleeson
and Gleeson 2009b). Previously, based on the QM/MM
methodology, we have described a strategy that enables
fast and reliable evaluation of the interaction free energy
between protein receptors and small-molecule ligands or
peptides (Zhou et al. 2009b). Here, this strategy was further
modified to calculate ligand affinity change upon EGFR
mutation.

The scheme is schematically illustrated in Fig. 3. First,
the complex structures of wild-type EGFR and its mutant
with the same inhibitor were modeled using the protocol as
described above, and then the QM/MM (in consideration of
solvent effects, vide post) was utilized to calculate the
interaction free energy between the wild-type or mutant
EGFR and the inhibitor (AG,,, or AG,,,); the calculation was
accomplished by performing single-point energy
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Fig. 3 The scheme of Bound complex
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computations twice, one on the bound complex system
(G2 or GE5™%) and the other on the same system, but its
members (EGFR and inhibitor) were separated by a suffi-
ciently large distance from each other (G5P2™°? o GieParated),
In this way, the interaction free energy can be approxi-
mately expressed as AGy, = Gog"™ — GiP¥¢d or AGy =
bound _ Gseparated ' and the ligand affinity change upon the
EGFR mutation was thus derived to be AAGpuation =
AG,, — AG,, (mutation energy). Although we have found
that the QM/MM would systematically overestimate pro-
tein—ligand interaction energy AG (Tian et al. 2011a, b), this
problem is obviously not the matter in this study because we
herein only concerned the relative AG values before and
after the mutation; the systematic bias can be readily
eliminated in the final mutation energy AAG uation-

The QM/MM implemented in Gaussian03 suite of pro-
grams (Frisch et al. 2003) was used to calculate the free
energy G of bound or separated complex system. In the
scheme, the system was partitioned into two layers; the
inhibitor molecule and the mutated residue were included
in inner layer and treated with a high-level QM theory,
while the rest of the system was in outer layer and
described using a low-level MM method. For the parti-
tioned system, hydrogen atoms were used as link atoms to
saturate the dangling bonds, and the electrostatic interac-
tions between the two layers were treated in terms of
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Separated by a large distance

mechanical embedding scheme to save computational cost
(Lu et al. 2009). In this study, the semi-empirical AMI,
ab initio Hartree—Fock (HF) and density functional theories
(DFT) B3LYP and MPWLYP in conjunction with
6-31G+(d) basis set—these four methods have previously
been reported to perform QM/MM analysis of protein—
ligand systems (Zhou et al. 2009b; Lu et al. 2009; Guo
et al. 2012)—were considered in the inner QM layer, and
the AMBER force field was used for the outer MM layer.
The higher-level theories such as Mgller—Plesset pertur-
bation and coupled cluster were not considered here
because they are too computationally expensive to perform
calculations for the large-scale purpose as in this study.
The restricted electrostatic potential (RESP) fitting proce-
dure (Comell et al. 1993) was employed to obtain partial
atomic charges of the inhibitor molecule and the non-
standard amino acid atoms. Parameters that are not found
in standard AMBER force field are defined using the
generalized amber force field (GAFF) (Wang et al. 2004).
In addition, the solvent effects associated with EGFR-
inhibitor binding were described using two empirical
methods, i.e. Poisson—Boltzmann/surface area (PB/SA)
(Kollman et al. 2000) and additive model (AM) (Eisenberg
and McLachlan 1986). The detailed descriptions of PB/SA
and AM can be found in our previous publications (Li et al.
2009; Tian et al. 2011a, b), in which we successfully
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integrated the two solvent models with QM/MM to
investigate protein—ligand interactions.

EGFR kinase assay

A protocol modified from previous reports (Brignola et al.
2002; Tan et al. 2012; Peng et al. 2013) was used to per-
form EGFR kinase assay. Briefly, 100-uL purified EGFR
kinases (2 ng/pL) were diluted in the kinase assay buffer
(100-mM Hepes pH 7.5, 4-mM MgCl,, 0.2-mM MnCl,,
0.4-mM sodium orthovanadate, 2-mM bpL-dithiothreitol and
0.02 % Triton X-100) containing 30 ng/pl substrate GST-
Crk fusion protein, 10-uM ATP and 1 pCi [y->*P]ATP.
The mix was incubated with Staurosporine at 0.05, 0.1,
0.25, 0.8, 3, 10, 40 and 160 uM on ice for 10 min followed
by incubation at 30 °C for 30 min. The reaction was
stopped by the addition of SDS gel loading buffer, the
proteins were resolved on SDS-PAGE. The dried gel was
then exposed to the PhosphorImager (Molecular Dynamics,
Sunnyvale, US) to detect radioactivity. The phosphorylated
Crk was plotted against the concentration of Staurosporine
to determine ICsq for kinase inhibition. In this study, the
purified proteins of wild-type EGFR as well as its T790M
and T790M/L858R mutants were obtained from Sigma-
Aldrich Co., Ltd. (Dorset, UK). The GST-Crk were trans-
formed in Escherichia coli and purified by glutathione
affinity with glutathione-Sepharose 4B beads; GST was the
tag used to purify the protein. GST-Crk was removed from
the glutathione beads in 10-mM reduced glutathione in
50-mM Tris—HCI (pH 8.0).

Results and discussion

Optimization of QM/MM-solvent model combination
for the EGFR—inhibitor system

Previously, different levels of QM theory ranging from
semi-empirical, to ab initio and to DFT have been employed
to carry out QM/MM calculations of protein—ligand inter-
action, and also different solvent models were coupled with
the QM/MM to account for associated desolvation effects.
However, it is unclear which kinds of theory and model are
most applicable for the current EGFR—inhibitor system. In
this respect, we herein performed a systematic exanimation
of four sophisticated QM theories (AM1, HF, B3LYP and
MPWLYP) and two empirical solvent models (PB/SA and
AM) to determine the optimal combination of theory and
model in reproducing interaction free energy involved in the
system. The exanimation was carried out on the basis of 20
experimentally measured affinity values (pKy) of 3 FDA-
approved drugs to a variety of wild-type and mutant EGFR
(SI Table S1). These experimental values were compared to

interaction free energies (AG) calculated using the eight
combinations between the four QM theories and the two
solvent models.

As can be seen in Fig. 4a-h, the AG calculated by the
eight combined methods all exhibit negative correlation
with experimental pKy. This is expected because high
affinity is always associated with a significant decrease in
total free energy of the system upon EGFR—inhibitor bind-
ing. The Pearson’s coefficients Rpearson Vary considerably
over different combinations, ranging from the lowest
—0.257 (HF/AMBER + AM) to the highest —0.692
(MPWLYP/AMBER + PB/SA). In addition, from the his-
togram representation of Rpe,rson (Fig. 41), it is evident that
QM theories have a dominant influence on the final calcu-
lated results as compared to solvent models, and the latter
only casts a modest effect on the resulting Rpearson for dif-
ferent method combinations. The DFT functional MPWLYP
seems to perform much well in estimating EGFR-inhibitor
binding affinity, its coupling with PB/SA solvent model can
achieve the best result for the system (Rpearson = —0.692).
In fact, the MPWLYP functional has been testified to pro-
vide accuracies close to high-level electronically correlated
methods in recent study of biomolecular recognition (Lu
et al. 2009; Zhou et al. 2009b), and it is therefore not sur-
prising that this method can give satisfactory result for
characterizing the interaction energy of EGFR with inhibi-
tor. Unexpectedly, the ab initio HF performed much worse
than the semi-empirical AMI, but this is also reasonable
because the electronic correlation properties important for
the weak non-bonded interactions of protein-ligand com-
plex are completely neglected by the HF, but these proper-
ties are implicitly involved in the experimental data utilized
to parameterize AM1 method. The B3LYP functional,
although it is very popular in the theoretical biochemistry
community, appears not to be a good choice for studying the
EGFR-inhibitor binding phenomenon, which only shows a
moderate correlation with experimental affinities over the 20
samples (Rpearson = ~ —0.5).

It is worth noting that the calculated interaction energies
AG of EGFR with inhibitors vary from —60 to —20 kcal/
mol; obviously the values were overestimated with respect
to experimental binding affinities Ky, which are at nano-
mole level (1-100 nM), corresponding to free energy
changes of ~—10 kcal/mol (AG = —RTInl/Kjy). In fact,
in an early study, we found that the protein—-ligand binding
potencies derived from QM/MM analysis involve strong
systematic bias that represents a significant difference
between the absolute values of calculated and experimental
results—this is not unexpected considering that some sec-
ondary factors such as conformational entropy and strain
energy incurred from the binding may not be taken into
account in the calculated results (Fu et al. 2011; Polyansky
et al. 2012). However, the QM/MM method can indeed
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Fig. 4 Scatter plots of experimental affinity pK, against interaction
free energy AG calculated using different combinations of QM/MM
methods and solvent models: a HF/AMBER + PB/SA, b B3LYP/
AMBER + PB/SA, ¢ MPWLYP/AMBER + PB/SA, d AMU/
AMBER + PB/SA, e HF/AMBER + AM, f B3LYP/AMBER +

give a proper prediction for the relative free change upon
EGFR-inhibitor binding, as demonstrated by a good linear
correlation between the calculated AG and experimental
pKy. In this regard, it is apparent that the systematic bias
involved in QM/MM-derived free energies AG can be
readily eliminated for the mutation energy AAG,ution
concerned in this study, which is expressed as the differ-
ence in EGFR—inhibitor interaction energy before and after
the mutation, viz. AAGputation = AGmi — AGyy.

Systematic analysis of inhibitor affinity changes
upon various EGFR mutations

The optimal combination of MPWLYP/AMBER and PB/
SA (MPWLYP/AMBER + PB/SA) was employed to
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Experimental pK

AM, g MPWLYP/AMBER + AM and h AMI/AMBER + AM.
The data of calculated interaction free energies are listed in SI Table
S1. i Histogram representation of the Pearson’s correlation coeffi-
cients Rpeason Obtained from the different combinations of QM/MM
methods and solvent models

calculate one by one the mutation energies AAGuation
associated with the 497 terms of 7 ligands (6 inhibitors plus
substrate ATP) against 71 somatic EGFR mutations. This is
an exhaustive procedure but can give a sufficiently accurate
estimation for the systematic profile of clinical inhibitors
responsive to various EGFR mutations. The calculated
results are shown as a heat map in Fig. 5 (the data are
provided in SI Table 2), in which the green, red and black
colors represent favorable, unfavorable and neutral muta-
tions, respectively. As can be seen, most mutations have a
modest/moderate influence on inhibitor affinity to EGFR
(—2 kecal/mol < AAG huation < 2 keal/mol), and only few
exert large efficacy to the affinity (AAGueaton > 3 keal/
mol or <—3 kcal/mol). We have examined the relationship
between the location of mutations in EGFR protein
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Fig. 5 The heat map representation of the mutation energy profile of »

7 ligands (6 inhibitors plus substrate ATP) against 71 somatic
mutations in EGFR. The data are provided in SI Table S2. The green,
red and black colors represent favorable, unfavorable and neutral
mutations, respectively (color figure online)

architecture and its impact on inhibitor binding, and found
that most somatic mutations in EGFR are far away from the
ATP-binding site of EGFR and also these mutations con-
tribute limitedly to the mutation energy. This is in line with
the fact that only very few mutations such as L858R,
G719S and T790M were observed to have a large effect on
inhibitor interaction with EGFR.

As expected, the L858R, G719S and T790M mutations
are located around EGFR ATP-binding site and thus can
directly reshape the geometric and physiochemical prop-
erties of the site (Fig. 6a). The L858R and G719S confer
constitutive activation to the kinase and have been reported
to sensitize EGFR inhibitors (Yun et al. 2007; Yoshikawa
et al. 2013). According to our calculations, the L858R, and
its analog L858K, can considerably promote inhibitor
binding to EGFR by enhancing their interaction free
energies with ~3 kcal/mol over the six investigated
inhibitors. However, the G719S and its several analogs
such as G719C and G719A do not directly increase
inhibitor affinity; in fact, the interaction free energies
between EGFR and inhibitors were calculated to decrease
by ~2 kcal/mol associated with these mutations. Inter-
estingly, Yun et al. (2007) have quantitatively assayed the
binding of anti-lung cancer drug Gefitinib to wild-type and
G719S mutant EGFR and found a twofold decrease in the
binding affinity due to the mutation (K, increases from 53.5
to 123.6 nM). In addition, another important mutation in
EGFR is T790M, which has been reported to be closely
associated with acquired resistance in TKI-treated NSCLC
(Ma et al. 2011). The threonine 790 is the ‘‘gatekeeper’’
residue, an important determinant of inhibitor specificity in
the ATP-binding site. Previous experimental evidences
suggested that the increased ATP affinity is a primary
mechanism by which the T790M mutation confers drug
resistance (Yun et al. 2008)—this can be well reflected in
the calculated mutation energy profile (Fig. 5), where the
T790M renders a considerable improvement in ATP
affinity to EGFR (AAG huation = —2-38 kcal/mol). More-
over, we also found that this mutation will significantly
lower the interaction free energy of EGFR with different
inhibitors (AAGutation = ~ 3 kcal/mol) and, in this way,
impair drug sensitivity to NSCLC. Previously, Yun et al.
(2008) reported that the T790M mutant binds Gefitinib
with a higher nanomolar affinity as compared to wild-type
EGFR (K, decreases from 35.3 to 4.6 nM), but in a later
study the same mutation was measured by Davis et al.
(2011) to largely decrease Gefitinib affinity (K increases
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from 1 to 40 nM). Obviously, our calculations supported
the findings of Davis et al., and we therefore concluded that
the observed drug resistance associated with the T790M
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Fig. 6 a Stereoview of EGFR structure architecture (PDB: 2J6M). b—d The local structure variations around bound inhibitor molecules
Erlotinib, Gefitinib and AEE788 upon EGFR residue mutations D855G, G721D and G857R, respectively

mutation is a co-effect of increasing ATP affinity and
decreasing inhibitor affinity.

Balak et al. (2006) have found a rare secondary D761Y
mutation in EGFR isolated from lung adenocarcinomas
that can also cause acquired resistance to kinase inhibitors.
According to our analysis, however, this mutation does not
substantially influence the intermolecular interaction
between EGFR and inhibitors (AAGuwation = ~ 1 kecal/
mol). This can be solidified by visually examining EGFR
structure architecture; it is seen from Fig. 6a that the res-
idue 761 is located at the N-lobe aC-helix of EGFR TK
domain, apart from the ATP-binding site more than 15 A,
which can thus only exert a limited effect on inhibitor
binding. In this respect, it is suggested that the D761Y-
associated drug resistance may be acquired through some
bypass pathways such as altering EGFR—cellular

@ Springer

machinery interaction and/or shifting EGFR signaling
network (Hopper-Borge et al. 2009), rather than by directly
impairing inhibitor affinity.

Identification of potential EGFR mutations that might
cause drug resistance

From the mutation energy profile it is seen that there are
few EGFR mutations including D855G, G721D and
G857R that can address a consistent unfavorable effect on
inhibitor binding and thus are the potential candidates to
cause acquired resistance in lung cancer to kinase inhibi-
tors. These three mutations are located around the ATP-
binding site (Fig. 6a) and may generically lower drug
affinity to EGFR by direct non-bonded approach or indirect
allosteric effect, albeit they are not frequently observed. To



EGFR somatic amino acid mutations in lung cancer

1645

gain a clear picture about the structural details of these
potential resistance-associated mutations, we herein per-
formed a QM/MM minimization to fully optimize the
structure architecture of inhibitors complexed with these
EGFR mutants. In the procedure, the inhibitor molecule
and the mutated residue are included in QM layer, while
the rest of the complex system is in MM layer, and the
resulting structure models superposed between the wild-
type and mutant EGFR bound with inhibitors are shown in
Fig. 6b—d.

D855G mutation

The D855 residue is an intrinsic component of the ATP-
binding site and directly contacts bound ligand molecule.
In the wild-type EGFR—Erlotinib complex system (PDB:
IM17), the negatively charged carboxyl group of D855 can
form a number of hydrogen bonding (H bonding) and
electrostatic interactions with the hydrogen atoms in the
phenyl moiety of Erlotinib molecule, donating substantial
affinity contribution to the complex. The D855G mutation
removes the side chain of D855 and breaks these stabil-
ization interactions between the D855 and inhibitor
(Fig. 6b), rendering a considerable free energy loss in the
system (AAGutation = 3.97 kcal/mol). In addition, the
D855G leads to a moderate motion of Erlotinib in the ATP-
binding site, which weakens the interaction of ligand
molecule with the EGFR A-loop. Although the D855G is
unfavorable to inhibitor binding, it appears to stabilize
EGFR-ATP complex with a free energy income of
AAG uation = —2.06 kcal/mol. This can be explained by
the fact that the mutation eliminates the electrostatic
repulsion between the negatively charged groups of EGFR
D855 residue and ATP phosphate. In this regard, D855G
mutation is expected to cause drug resistance by simulta-
neously decreasing inhibitor affinity and increasing ATP
affinity, which is very similar to the T790M mutation.

G721D and G857R mutations

The residue G721 is located at the P-loop of EGFR but
does not directly contact inhibitor molecule. In fact, the
mutation of neutral glycine to charged aspartic acid at this
position can largely modify the local chemical environment
around the residue 721, leading to a significant confor-
mational change in the P-loop, which considerably weak-
ens the interaction stability of inhibitors with EGFR
(AAG nutation = ~3 kecal/mol) (Fig. 6¢). Interestingly, the
conformational change in P-loop also addresses unfavor-
able effect on ATP binding, with free energy penalty of
AAG utation = 2.06 kcal/mol.

The residue G857 is at the A-loop of EGFR and sepa-
rated from the ATP-binding site by a 5 A distance.

Previous works reported that its neighboring mutation
L858R stabilizes EGFR—inhibitor system (Yun et al. 2007),
but according to our calculations the G857R would cause
moderate affinity loss for inhibitor binding (AAG ,uation =
1-2 kcal/mol) via associated structural motions in A-loop
and inhibitor molecule (Fig. 6d); the mutation also impairs
EGFR interaction with ATP by a destabilization energy of
AAG utation = 1.87 kcal/mol.

Overall, the G721D and G857R mutations destabilize
the complex systems of EGFR with both the inhibitors and
ATP. Hence, it is unclear whether they can significantly
influence the inhibitory activity of drug entities to the
mutant EGFR due to the competitive mechanism between
inhibitors and ATP for the ATP-binding site.

In silico analysis and in vitro assay of staurosporine
sensitivity to EGFR mutations

The first-generation EGFR targeting agents are reversible
kinase inhibitors such as Gefitinib and Erlotinib, which
were reported to be sensitive to the L858R mutant that
confers constitutive activation for the EGFR kinase in
NSCLC (Siegel-Lakhai et al. 2005). However, these drugs
exhibit strong resistance to the secondary mutation T790M
in EGFR; the T790M has generally been considered to be
an acquired mutation, found in 40-50 % of cases at the
time of clinical progression to the Gefitinib or Erlotinib
(Rosell et al. 2011). Although a number of irreversible
inhibitors have been developed to overcome acquired
resistance associated with the T790M mutation (Zhou et al.
2009c; Takezawa et al. 2010; Carmi et al. 2012), these
suicide substances show high side effect and low selec-
tivity that limit their clinical practice. Therefore, design of
new reversible EGFR inhibitors with high affinity to
T790M mutant is of great interest in the medicinal chem-
istry community.

Here, we in silico analyzed the interaction profile of
various EGFR mutants with the Staurosporine, a natural
product that was originally isolated from the bacterium
Streptomyces staurosporeus and possesses wide inhibitory
potency on diverse protein kinases (Riiegg and Burgess
1989). According to our calculations, the Staurosporine has
relatively low interaction energy with wild-type EGFR, but
it would receive a large free energy income (AAG utation =
—4.83 kcal/mol) due to the T790M mutation. This is quite
different to those traditional reversible EGFR inhibitors
that generally have lower affinity to the T790M mutant
than wild-type EGFR. Further, we examined the complex
structure model of Staurosporine with the mutant and
found that the mutated M790 residue can form intensive
hydrophobic forces and S---m interactions with, respec-
tively, the aromatic ring and amide moiety of Stauro-
sporine, contributing considerable stabilization energy to
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Fig. 7 The S---m interaction and hydrophobic force formed between
the Staurosporine and M790 residue in T790M mutant EGFR

Table 2 The calculated mutation energy AAGuuation and experi-
mental inhibitory activity ICso of Staurosporine to wild-type EGFR
and its T790M, L858R and T790M/L858R mutants

EGFR Calculated AAG utation Experimental
(kcal/mol) 1C50 (nM)
Wild type 0.0 937 + 86*
T790M —4.83 12 £ 2.3%
L858R -0.78 b
T790M/L858R —5.09 3+ 09"

* For duplicate

° Not assayed

the complex system (Fig. 7). In addition, the removal of
hydroxyl group in native T790 residue associated with the
mutation may eliminate some unfavorable polar interac-
tions in the wild-type system. To verify this theoretical
supposition, we have performed in vitro kinase assay to
measure the inhibitory activity of Staurosporine against
wild-type and T790M mutant EGFR; the obtained ICsq
values are listed in Table 2. It is encouraged that Stauro-
sporine exhibits a 80-fold higher inhibitory efficacy on
T790M mutant over wild-type EGFR (ICso = 12 and
937 nM, respectively). Moreover, the mutation energies
AAG uiation Of Staurosporine upon L858R and dual
T790M/L858R mutations were estimated to be —0.78 and
—5.09 kcal/mol, respectively, suggesting that Stauro-
sporine has a relatively low sensitivity to the L858R
mutant, but the combination of L858R and T790M muta-
tions, which is very common in acquired resistance of
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NSCLC, will significantly improve the sensitivity. The
computational finding can be readily confirmed with the
kinase assay experiment by which the ICsy, value of
Staurosporine to the dual T790M/L858R mutant was
measured to be 3 nM (Table 2), which represents a very
high inhibitory activity if considering that the ICs, values
of clinical drugs Gefitinib and Erlotinib against their cog-
nate L858R mutant are only 80 and 40 nM, respectively
(Costa et al. 2008). In this regard, the Staurosporine is
suggested as a promising lead compound from which
investigators can design and optimize new reversible
inhibitors with high potency and selectivity to target drug-
resistant EGFR mutants.

Conclusions

EGFR mutations were reported to cause both drug resis-
tance and sensitivity to small-molecule tyrosine kinase
inhibitors. Understanding of the molecular mechanism and
biological implication underlying drug response to the
mutations is fundamentally important for design of new
anti-cancer agents with high potency and selectivity to
target drug-resistant mutants. In this study, we have sys-
tematically investigated the complete profile of several
representative  EGFR inhibitors in response to various
EGFR mutations using a combined QM/MM-PB/SA
scheme. The calculated mutation energy profile imparted
that most observed somatic mutations in EGFR TK domain
are far away from the ATP-binding site and thus only cast
limited effect on inhibitor binding, while few mutated
residues that are located around the site can substantially
impact the binding by directly breaking the non-bonded
interaction of EGFR with inhibitors or by indirectly
addressing allosteric effect on the kinase. In particular, the
“gatekeeper” mutation T790M was suggested to increase
ATP affinity and decrease inhibitor affinity simultaneously,
whereas another rare secondary mutation D761Y appeared
not to directly influence EGFR—inhibitor interaction. We
also identified several potential mutations including
G721D, D855G and G857R that might cause drug resis-
tance for most investigated inhibitors. In addition, the
natural kinase blocker Staurosporine was found to have a
low sensitivity to wild-type EGFR and its L858R mutant,
but a high inhibitory activity against the T790M and
T790M/L858R mutants; this compound could be consid-
ered as a promising lead entity to develop new reversible
EGFR inhibitors combating drug resistance associated with
the acquired T790M mutation.
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