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Abstract

The epidermal growth factor receptor (EGFR) kinase is activated by a variety
of mutations in human cancer. Despite previous extensive research on EGFR, the
structural and functional impact of the majority of cancer mutations remains poorly
understood, hindered the effective treatment of patients harboring these mutations. In
this dissertation, I establish a combined experimental and computational framework to
investigate patient-derived mutations that map to the kinase domain of EGFR. First,
I examine a recurrent R776H mutation and provide detailed mechanistic insight into
EGFR signaling and kinase regulation. Next, I perform a mutation screening study
focusing on the regulatory spine of EGFR. The study reveals a novel mode of kinase
activation and drug resistance mechanism. Last, I characterize a class of less well-
studied insertion mutations in the aC-$4 loop of the kinase domain. The findings
presented in the dissertation not only shed light on mutation-mediated EGFR kinase

activation, but also provide clues for patient treatment and future cancer drug design.
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Chapter 1

Introduction and literature review

1.1 Motivation

Cancer is a disease driven by heritable or somatic mutations that result in uncontrolled
cell division [1]. The rapid advancement of next generation sequencing technologies brings
promises to diagnose cancer patients with the genetic alterations in a cost-effective manner,
and to monitor disease progression at different stages of cancer development [2, 3]. While
informative, the majority of mutations identified through genome sequencing may arise sim-
ply as a natural consequence of random DNA replication error. These genomic alterations,
coined “passenger” mutations, are distinct from another group of mutations that truly con-
tribute to the tumor development, i.e., “driver” mutations [4]. Until now, distinguishing
genuine “driver” mutations against a background of “passenger” mutations is an unsolved
problem [5].

Epidermal growth factor receptor (EGFR) is one of the most frequently mutated genes



Table 1.1: FDA-approved EGFR kinase inhibitors

Name Year Approved Targets Indications

Gefitinib  2003-2005, 2015 EGFR NSCLC

Erlotinib 2004 EGFR NSCLC and pancreatic cancer
Lapatinib 2007 EGFR and ErbB2 Breast cancer
Vandetanib 2011 VEGFRs, EGFRs and Ret Medullary thyroid cancer

Afatinib 2013 and 2016 EGFR, ErbB2, ErbB4 NSCLC and squamous NSCLC
Neratinib 2017 EGFR and ErbB2 breast cancer
Brigatinib 2017 ALK and EGFR ALK NSCLC after crizotinib
Osimertinib 2015 and 2017 EGFR NSCLC

in human cancer [6, 7, 8, 9]. Mutational activation of EGFR results in constitutive cellular
growth signaling and drives the development of many different human cancers [10, 11, 12].
EGFR is also a long-pursued drug target with 8 different FDA-approved kinase inhibitors
until June 2018 (Table 1.1) and many in clinical trials [13, 14, 15, 16, 17]. Previous studies
have structurally and functionally characterized a few frequently occurring mutations in
EGFR and established their response profiles to EGFR-targeted inhibitors [18, 19, 20, 21, 22].
However, the vast majority of other patient-derived mutations in EGFR are poorly annotated
in terms of their impact on kinase activity and drug sensitivity, significantly hindered the
effective treatment of patients harboring these mutations [23, 24, 25, 26].

To overcome these challenges, I seek to experimentally and computationally characterize
a subset of these mutations, with a special focus on those that are located at functionally im-
portant regions of the kinase domain. The established pepline not only allows me to provide
phenotypic information regarding the activity and drug response of these mutations, but

also detailed structural mechanisms underlie the experimental observations. The interdisci-



plinary strategies employed in this study provide fundamental insight into EGFR oncogenic

activation and is broadly applicable to understand other mutations in protein kinases as well.

1.2 Background

1.2.1 EGFR Biology

The epidermal growth factor (EGF) and its receptor (EGFR) are first discovered by Stan-
ley Cohen from Vanderbilt University, who was awarded the Nobel Prize in Medicine in
1986 because of his contribution in establishing ligand-induced activation of cellular growth
signaling [27]. Human epidermal growth factor receptor, also known as ErbB1 or HERI,
is an important receptor tyrosine kinases (RTKs) that regulates many biological processes
(28, 13]. Genetic alterations of EGFR is commonly implicated in many diseases, in partic-
ular cancer [29, 30, 31]. EGFR belongs to the ErbB receptor family that also consists of
ErbB2 (HER2), ErbB3 (HER3), and ErbB4 (HER4) [28]. All ErbB receptors are membrane
proteins composed of a share domain organization, including a glycosylated extracellular
ligand binding domain, a single pass transmembrane segment, and a cytoplasmic portion
with a juxtamembrane segment, a protein kinase domain, and a carboxy-terminal tail [32].
Although the structure of full-length EGFR protein has yet to be determined, previous struc-
tural and functional analysis on fragments of EGFR has provided significant insight into the
molecular details of EGFR activation and regulation (Figure 1.1) [33].

The protein kinase domain of EGFR contains a small flexible N-terminal lobe for ATP
binding and a large stable C-terminal lobe for peptide substrate recognition [34]. The N-lobe

and C-lobe are connected by a hinge linker that controls the interlobe movement critical for



the catalytic cycle of the enzyme [35]. The kinase domain of EGFR displays structural plas-
ticity in that it can adopt distinct conformational states (Figure 1.1) [36]. In the catalytically
competent “active” state, the important regulatory aC-helix in the kinase domain is placed
in an “inward” orientation such that the critical ATP-coordinating K745-E762 salt bridge is
formed [22]. In addition, the activation segment, defined as residues between D855 and E884,
is in an extended conformation to allow substrate binding [22]. This is in contrast to the
“inactive” state of the kinase domain, in which the activation segment folds into two short
3/10 helices and the aC-helix rotates to an “outward” conformation [34]. As a consequence,
the K745-E762 salt bridge is broken and the kinase is catalytically incompetent [37]. The
dynamic equilibrium of EGFR between the “active” and “inactive” states is the structural
basis for it being a molecular switch of the growth signaling cascade upon various extracel-
lular stimuli [38]. A diverse array of regulatory mechanisms are evolved to further fine-tune
the normal signaling of EGFR and prevent uncontrolled kinase activation [22, 39, 25].

The catalytic activation of EGFR requires the presence of extracellular growth factors,
such as epidermal growth factor (EGF) and transforming growth factor a (TGFa) [40].
Previous crystallographic studies on the extracellular domain of EGFR suggests that ligand
binding induces the exposure of dimerization arm and facilitates the extracellular domain
dimerization [41, 42, 43]. Extracellular domain dimerized EGFR brings the intracellular
kinase domain into close proximity so that the kinase domain could also dimerize [28, 22,
38, 44]. In 2006, a seminal paper by John Kuriyan and colleagues discovered that EGFR
kinase domain adheres to an unexpected asymmetric dimer organization in which the N-
lobe of a EGFR (“donor”) interacts with the C-lobe of another EGFR (“acceptor”) (Figure

1.1) [22]. Such an intermolecular interaction allosterically activates the “acceptor” kinase by
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Figure 1.1: Crystal structures of EGFR in various conformational states. Left panel: the
active asymmetric dimer of EGFR (PDBID: 2GS6). Right panel: the inactive monomeric
form of EGFR (PDBID: 3W32).



positioning the catalytically crucial residues/motifs without the requirement of activation
segment phosphorylation [22]. The C-terminal tail of EGFR will then be phosphorylated at
several tyrosine residues to initiate downstream signaling [22, 45].

While the enzyme activity of WT EGFR is strictly controlled in normal state, in many
cancer cells, such a regulation is lost due to various mutations in EGFR [28, 29]. Although
patient-derived mutations are distributed throughout EGFR protein, more than 80% of the
mutations map to the intracellular kinase domain [46]. Mutational activation of EGFR
can be achieved through multiple different mechanisms. For example, the most frequently
occurring L858R mutation in EGFR introduced a positively charged arginine residue at
the activation segment, which is proposed to destabilize the characteristic 3/10 helix and
destabilize the inactive state [28]. Further biochemical assays and computational simulations
showed that the mutation activates EGFR by facilitating the dimerization process to achieve
kinase activation [47, 20]. Another group of frequently occurring deletion mutations locate
at the $3-aC loop of the kinase domain [48, 49]. Deletions at the loop is proposed to
restrict the flexibility of aC-helix [39]. As a result, the deletion mutations are sensitive to
EGFR inhibitor (erlotinib) that targets the active conformation of the kinase domain, but
are resistant to the inhibitor (lapatinib) that targets the inactive kinase conformation [39].

The kinase domain of EGFR has been the target for many small-molecule inhibitor drugs
(Table 1.1). Gefitinib, erlotinib and lapatinib are the three FDA-approved first-generation
EGFR inhibitors for non-small cell lung cancer patients (NSCLC) [13]. Crystallographic
study of EGFR with these inhibitors showed that they compete with ATP molecules to
inhibit the enzyme activity of EGFR [21, 50, 51]. Although promising outcome has been

reported for patients treated with these inhibitors, the responses are temporary in that the tu-



mor cells quickly develop secondary mutations and become resistant to the drugs [52, 53, 54].
The unfavorable prognosis is primarily due to the occurrence of the notorious “gatekeeper”
mutation (T790M) in the kinase domain [55, 54]. To overcome the drug resistance, multiple
strategies have been pursued in the past a few years. Since 2016, FDA has approved two
novel inhibitors (afatinib and osimertinib) for NSCLC patients with specific mutations in
EGFR kinase domain [56, 57]. The two inhibitors selectively target EGFR by covalently
linking to the C797 residue and are effective for T790M-positive tumors [58, 59]. However,
recent clinical report showed that the acquired C797S mutation is frequently observed in pa-
tients treated with afatinib and osimertinib, making the drug molecules ineffective [60, 61].
Novel allosteric inhibitors, such as EAI045, are currently under development for patients

with both T790M and C797S mutations [18].

1.2.2 Molecular Dynamics

Molecular dynamics (MD) simulation is a widely used computer simulation technique to
investigate the microscopic motions of molecules. MD simulation embraces a simple idea that
the dynamic trajectory of an atomic system can be predicted by numerically solving classical
equations of motion of interacting particles in a stepwise manner, where the potential energies
between particles are determined by the force field [62]. While the first MD simulation was
done by Alder and Wainwright in 1957 to study the interactions of hard spheres [63], the
method was restricted to simple systems for several decades due to the limited computational
power and the integration time step being in the range of several femtoseconds. The broad
applicability of MD simulation is largely driven by the pervasiveness of the supercomputing

environment and the development of fast and user-friendly simulation softwares [64, 65, 66,



67, 68, 69]. Community driven massive parallel computation and specialized computer such
as Anton bring the modern MD simulation to millisecond regime for many biomolecules [70,
71, 72, 73]. The techniques is now being used regularly as a complement to lab experiments,
allowing scientists to rationalize macroscopic observations with microscopic information.

While the traditional MD simulation is a good technique to study the intrinsic dynamics
of biomolecules, it is inefficient to sample large conformational changes. This is primarily be-
cause the typical free energy landscape of biomolecules is rugged with many local minimums
[74, 75]. Conventional MD simulations in the canonical ensemble sample the conforma-
tions according to the Boltzmann distribution, making it inefficient to jump across large free
energy barrier and explore the full conformational space. Enhanced sampling algorithms,
instead, sample from a modified /biased form of potential energy that favors regions of phase
space that would be visited only infrequently in unbiased MD [76]. Once the MD snapshots
drawn from this biased distribution are obtained, they can then be re-weighted to recover
the unbiased free energy landscape [74, 76]. Over the past decades, many different flavors
of biased /enhanced sampling methods have been proposed, including replica exchange MD
[77], umbrella sampling [78], adaptive biasing methods [79], and metadynamics [80]. Many of
these methods have been incorporated into the standard MD simulation software suite and
allow researchers to apply these methods to reveal mechanistic insight into many interesting
biological systems [81, 82, 83].

EGFR is one of the few receptor tyrosine kinases (RTKs) that have undergone extensive
investigation through MD simulations. Early simulation of EGFR in various conformational
states suggests that the interlobe movement of the kinase core is correlated with the dy-

namics of the juxtamembrane (JM) segment and the C-terminal tail [84]. In 2012, D.E.



Shaw Research performed more than 100 microseconds MD simulation on EGFR kinase do-
main and found that the N-lobe dimerization interface of EGFR is intrinsically disordered
[20]. However, the disorder can be suppressed by kinase domain dimerization or the pres-
ence of activating oncogenic mutations [20]. A following MD study observed a spontaneous
transition from the “active” state to the Src-like “inactive” state through two intermediate
conformations [85]. In addition to the previously identified locally disordered state, the au-
thors found an “extended” conformation, in which the two lobes of the kinase domain opens
up to allow the folding and unfolding movement of the activation segment [85]. The entire
EGFR protein in membrane environment has also been studied through coarse-grained MD
simulation which yielded interesting insight into P-site recognition and self-phosphorylation
events in the C-terminal tail [86].

MD simulation has also been used to study mutation mediated kinase activation and
drug resistance mechanisms. For example, previous massive parallel tampering and meta-
dynamics simulation quantified the equilibrium property and free energy landscape (FEL)
of the kinase domain of WT EGFR and several clinically relevant point mutations (L858R,
T790M, L858R/T790M) [87]. Later on, the FEL was combined with thermodynamic inte-
gration (TI) to understand the inhibitor binding to EGFR [88]. The analysis established
that the origins of the difference in drug binding free energy between WT and mutants are
due to the interplay between conformational dynamics and absolute binding affinity. In addi-
tion, The Molecular Mechanics Poisson-Boltzmann Surface Area (MM/PBSA) approach has
been applied to predict the binding free energies with gefitinib and erlotinib to 113 EGFR

mutations, providing a reference for clinical drug treatment [89].



1.3 Major research questions addressed

Despite previous intensive efforts on characterizing oncogenic mutations in EGFR, a signifi-
cant knowledge gap of understanding the impact of patient-derived mutations is still present.
The goal of the dissertation is to provide comprehensive and detailed mechanistic models
of previously understudied mutations in EGFR which could also contribute to the uncon-
trolled growth signaling and tumor development. I prioritize EGFR mutations that map to
functionally important regions of the kinase domain. Using a combination of experimental
cell-based kinase assay and computational MD simulations, the dissertation identifies novel
regulatory mechanisms underlie mutational activation of EGFR kinase. The three specific

aspects investigated by the study are described below.

1.3.1 Mechanistic Insights into R776H Mediated Activation of Epider-

mal Growth Factor Receptor Kinase

R776H is a recurrent point mutation identified by iterative mining of protein kinase ontology
(ProKinO) [24]. Previous study showed that EGFR bearing this mutation is constitutively
active and are sensitive to gefitinib [24]. However, the mechanistic details of how R776H
contributes to EGFR activation are not well understood. In this project, I use cell based assay
and molecular dynamics (MD) simulations to understand the mutation impact of R776H
in EGFR. Specifically, through detailed experimental design and mutagenesis, I uncover a
previously underappreciated “lateral” phosphorylation mechanisms that are enhanced by
oncogenic mutations. In addition, computational simulation identified a key auto-inhibitory

interaction between R776 and regulatory aC-helix, which is disrupted by R776H mutant

10



and result in kinase activation. My results provide an emerging scheme of how mutations
activate EGFR by modulating the critical structural element and provide clues for designing

mutant specific kinase inhibitors.

1.3.2 Computational and Experimental Characterization of Patient De-
rived Mutations Reveal an Unusual Mode of Regulatory Spine

Assembly and Drug Sensitivity in EGFR Kinase

The regulatory spine (RS) is a recently established structural motif present in all eukaryotic
protein kinases [90, 91]. RS is consists of four non-consecutive hydrophobic residues that is
spatially aligned in the active state of the kinase [92, 90, 91]. Previous mutagenesis studies
on RS residues of PKA and B-Raf established that the integrity of RS assembly is critical
for kinase activation and regulatory functions of the kinase [93, 94]. In particular, the RS of
EGFR is also a mutation hotspot. The goal of this study is to characterize patient-derived
RS mutations in EGFR and understand their mechanisms of action.

In this study, I establish a correlation between the side-chain size of the residue present at
the RS3 position and EGFR autophosphorylation activity. Molecular modeling and molecu-
lar dynamics simulations of WT and mutant EGFR suggest a model in which RS3 mutations
activate the kinase domain by disrupting the hydrophobic contact between RS3 residue and
the activation segment. In addition, a buried water mediated hydrogen bond connecting
T766 and catalytically important motifs of protein kinases is identified as a key determinant
of M766T-mediated activation. M766T is resistant to FDA approved EGFR inhibitors such

as gefitinib and erlotinib, and computational free energy analysis provides detailed mecha-

11



nisms associated with drug sensitivity. In sum, my studies suggest an unusual mode of RS
assembly and oncogenic EGFR activation and provide new clues for the design of allosteric

protein kinase inhibitors.

1.3.3 Altered conformational landscape and dimerization dependency
underpins the activation of EGFR by aC-/34 loop insertion muta-

tions

aC-4 loop is an important structural motif conserved across all eukaryotic protein kinases
(ePKs), including EGFR. Short in-frame insertion mutations at the aC-£4 loop of EGFR are
frequently observed in many cancer patients and are often associated with drug resistance
(95, 96, 97]. Despite the prevalence and clinical relevance of insertion mutations, the mecha-
nisms by which they regulate EGFR activity and contribute to drug response is poorly under-
stood. In this study, I demonstrate that insertion mutations in the aC-34 loop alter kinase
activity to various levels. I identify three mutations (N771_P772insN, D770_N771insG, and
D770>GY) that constitutively activate EGFR and alter the dimerization dependency. The
activating insertion mutations respond similarly to both reversible and irreversible EGFR in-
hibitors compared to WT EGFR. Based on structural modelling, molecular dynamics (MD)
simulations and umbrella sampling techniques, I propose a model in which aC-34 loop in-
sertion mutations alter catalytic activity by controlling the conformational freedom of the
regulatory aC-helix and lowering the transition free energy (AGctive-inactive) Detween active
and inactive states. My established pipeline not only provides detailed mechanisms asso-

ciated with the aC-£4 loop mutation mediated kinase activation but also a framework to

12



understand aC-£4 loop mutation in other protein kinases.
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Abstract

Mutational activation of human Epidermal Growth Factor Receptor (EGFR) ki-
nase is implicated in many different cancer patients. R776H is one recurrent mutation
in the aC-B4 loop of the tyrosine kinase domain that activates EGFR in the absence
of the activating EGF ligand. However, the mechanistic details of how R776H (R752H
in another numbering system) contributes to kinase activation are not well under-
stood. Here using cell-based co-transfection assays, we show that the R776H mutation
activates EGFR in a dimerization dependent manner by preferentially adopting the
acceptor position in the asymmetric dimer. The acceptor function, but not the donor
function, is enhanced for the R776H mutant, supporting the “superacceptor” hypoth-
esis proposed for oncogenic mutations in EGFR. We also find that phosphorylation of
monomeric EGFR is increased by R776H mutation, providing insights into EGFR lat-
eral phosphorylation and oligomerization. Based on molecular modeling and molecular
dynamics simulation, we propose a model in which loss of key auto-inhibitory aC-helix
capping interaction and alteration of co-conserved cis regulatory interactions between
the kinase domain and the flanking regulatory segments contribute to mutational acti-
vation. Since the R776 equivalent position is mutated in ErbB2 and ErbB4, our studies
have implications for understanding kinase mutational activation in other ErbB family

members as well.
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2.1 Introduction

Epidermal growth factor receptor (EGFR) associated pathways are critical for regulating
cell growth, proliferation, differentiation, and survival [1, 2, 3]. While EGFR signaling is
tightly controlled by a diverse array of regulatory mechanisms in normal cells, in many
cancer cells, the regulatory constraint on EGFR signaling is lost, resulting in abnormal
cell growth and proliferation [2, 3, 4, 5]. Cancer genome sequencing studies have revealed
hundreds of mutations in EGFR, many of which map to the intracellular kinase domain.
Although more than 800 unique mutations have been identified in EGFR, only a handful of
recurrent mutations have been structurally and functionally characterized. The mechanisms
of action of many less frequently occurring mutations are poorly understood. R776H/C/G
is one such mutation in the aC-£4 loop region of EGFR kinase domain (Figure 2.1). A total
of 22 unique samples (patients) have been reported to carry mutations at R776 position in
COSMIC database, and 14 of them are R776H mutation. In one clinical report, R776H
mutation is associated with lung cancer patients without smoking history and is found both
in normal and tumor tissues [6]. In addition, R776H/C mutations are known to co-occur
with other common oncogenic mutations, such as L858R, G719A and L861Q), and confer
sensitivity to cancer drugs [6, 7, 8]. R776H/C mutations have been shown to activate EGFR
kianse domain in the absence of the EGF ligand [9]. However, the mechanism by which
R776H/C activates the kinase domain is not fully understood.

Here we employ a combination of computational and experimental approaches to char-
acterize the R776H mutation in EGFR. First, we show that R776H activates EGFR in a
ligand independent manner; however the mutant still relies on the asymmetric dimer for its

activity. When co-expressed with WT EGFR, R776H mutant preferentially adopts the ac-
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Figure 2.1: Structure of EGFR showing the position of R776 and associated interactions in
active (2GS6) and inactive (3W32) states.
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ceptor position to better exert its activity, i.e., it functions as a “superacceptor”. We further
demonstrate that the enzymatic activity of R776H is not restricted to the dimer itself in that
the activated EGFR dimer can phosphorylate inactive monomeric EGFR in vivo. Lastly, we
performed molecular dynamics to investigate the activation mechanism of R776H mutant.
Our study suggests a model in which the R776H mutation activates EGFR by relieving
auto-inhibitory interactions with the aC-helix as well as the auto-inhibitory C-terminal tail.
Our results provide an emerging scheme of how mutations activate EGFR by regulation of

the critical aC-helix, and provide clues for designing mutant specific kinase inhibitors.

2.2 Results

2.2.1 R776H mutation activates EGFR in a dimerization dependent

manner

We previously demonstrated that the R776H mutant is constitutively active and displays cat-
alytic activity in the absence of the activating EGF ligand [9](Figure 2.2a, lane 3-4); however,
the role of dimerization in R776H-mediated EGFR activation was not studied. To test the
dimerization dependency of R776H, we introduced an N-lobe dimerization deficient mutation
L704N (L68ON in another numbering system) and a C-lobe dimerization deficient mutation
VI948R (V924R in another numbering system) in the R776H background [10]. Western blot
analysis indicates that dimerization deficient mutants, R776H/L704N and R776H/V948R,
are inactive (Figure 2.2a, lane 5-8). However, Y1197 (Y1173 in another numbering system)
phosphorylation can be restored when both constructs are co-expressed (Figure 2.2a, lane

9-10), indicating that the activation of R776H relies on the intact dimerization interface.
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Figure 2.2: R776H depends on the asymmetric dimer for activation. a) Lanes from left
to right, WT EGFR (-), WT EGFR (+), R776H (-), R776H (+), R776H/V948R (-),
R776H/V948R (+), R776H/L704N (-), R776H/L704N (+), R776H/V948R & R776H/L704N
(-), R776H/V948R & R776H/L704N (+). + and - indicate the presence and absence of
EGF ligand, respectively. WT EGFR, R776H, R776H/V948R are GFP tagged, whereas
R776H/L704N is FLAG tagged. b) Cartoon representation of the asymmetric dimer that is
formed between R776H/V948R and R776H/L704N.

N-lobe

Thus, the asymmetric dimer is required for R776H mediated activation (Figure 2.2b). Lig-
and independent phosphorylation of R776H also depends on the asymmetric dimer (Figure
2.2a, lane 3, 9), because auto-phosphorylation is not detected when R776H is dimerization

deficient (Figure 2.2a, lane 5, 7).
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2.2.2 R776H mutant preferentially adopts the acceptor position in the

asymmetric dimer

To test whether R776H mutant preferentially adopts the acceptor position in the asymmetric
dimer, we used the complementation assay, as described in a recent study [11]. Specifically,
we reconstituted the asymmetric dimer by co-expressing designated acceptor (V948R and
R776H/V948R) (Figure 2.3, lane 4, 6, 14, 16) and donor (L704N and R776H/L704N) (Fig-
ure 2.3, lane 3, 5, 13, 15) constructs, and probed for C-terminal tail auto-phosphorylation
(Y1197). Y1197 phosphorylation is greatly enhanced when R776H mutant is in the acceptor
position (Figure 2.3, lane 7 vs 8, 9 vs 10 and Figure 2.3, lane 17 vs 18, lane 19 vs 20),
suggesting that the R776H mutant has a higher intrinsic kinase activity compared to WT.
Co-transfection of enforced donor and acceptor constructs shows that phosphorylation of
Y1197 decreases when R776H is in the donor position (Figure 2.3, lane 7 vs 9, 8 vs 10, 17 vs
19, and 18 vs 20). Interestingly, the highest tyrosine phosphorylation is observed when WT
donor (L704N) is reconstituted with R776H acceptor (R776H/V948R) (Figure 2.3, lane 8,
18). Taken together, these results indicate that the R776H mutant preferentially adopts the
acceptor position when paired with WT EGFR, providing support for the “superacceptor”

hypothesis proposed for other lung cancer mutations [11].

2.2.3 R776H mutant enhances lateral phosphorylation of monomeric

EGFR

In the traditional view of EGFR activation, only the acceptor kinase is activated upon

dimerization [10]. Once activated, the acceptor kinase phosphorylates tyrosine residues in
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Figure 2.3: R776H is a “superacceptor”. + and - indicate the presence and absence of EGF
ligand, respectively. Lanes from left to right, WT EGFR (-), R776H (-), L704N (-), V948R
(-), R7T76H/L704N (-), R776H/V948R (-), L704N & V948R (-), L704N & R776H/V948R (-),
R776H/L704N & V948R (-), R776H/L704N & R776H/V948R (-), WT EGFR (+), R776H
(+), L704N (+), V48R (+), R776H/L704N (+), R776H/V948R (+), L704N & V948R (+),
L704N & R776H/V948R (4), R776H /L704N & V948R (+), R776H/L704N & R776H/V948R
(+). + and - indicate the presence and absence of EGF ligand, respectively. WT EGFR,
R776H, V948R, R776H/V948R are GFP tagged, whereas L704N and R776H/L704N are
FLAG tagged.
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the C-terminal tail of the donor in a trans manner, although recent coarse-grained MD sim-
ulation suggest an alternative hypothesis in which the acceptor kinase is phosphorylated in
cis [12]. To test whether the C-terminal tail of the acceptor kinase is phosphorylated in
the asymmetric dimer in vivo, we mutated Y1197 in the donor to a phenylalanine (Y1197F,
L704N/Y1197F) (Figure 2.4, lane 3-6). When we co-expressed L704N/Y1197F with the en-
forced acceptor (V948R), Y1197 phosphorylation is detected in the presence of EGF (Figure
2.4, lane 9, 10). We also performed the same set of experiments in the background of R776H
mutant (Figure 2.4, lane 11-20) and noticed that Y1197 phosphorylation is observed even
in the absence of EGF (Figure 2.4, lane 19, 20) suggesting that the acceptor kinase gets
phosphorylated in the asymmetric dimer and the R776H mutant enhances acceptor kinase
phosphorylation.

Phosphorylation of the acceptor kinase in the asymmetric dimer can be explained by two
competing hypotheses/models: 1) The acceptor kinase phosphorylates itself (cis phosphory-
lation) within the asymmetric dimer, because only the acceptor kinase is active when EGFR
dimerizes [10]. 2) The acceptor kinase is phosphorylated by other EGFR dimers. To test the
second hypothesis, we generated a monomeric form of EGFR that contains both the N-lobe
dimer deficient mutation (L704N) and C-lobe dimer deficient mutation (V948R) [10]. As
expected, the enforced kinase monomer is not active (Figure 2.5a, lane 7, 8; Figure 2.5¢).
However, when the enforced kinase monomer is co-transfected with WT EGFR, with Y1197
mutated to phenylalanine (Figure 2.5a, lane 3, 4, 2.5b), phosphorylation of Y1197 is detected
in the presence of EGF (Figure 2.5a, lane 5, 6; Figure 2.5d). In addition, co-expression of
R776H/Y1197F with the enforced kinase monomer reveals that Y1197 phosphorylation is

enhanced even in the absence of EGF (Figure 2.5a, 13, 14; Figure 2.5d). Because Y1197
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Figure 2.4: Receiver kinase phosphorylation. + and - indicate the presence and
absence of EGF ligand, respectively. Cartoon scheme below shows the position of
the mutation introduced to EGFR. Lanes from left to right, WT EGFR (-), WT
EGFR (+), Y1197 (-), Y1197 (4), L704N/Y1197F (-), L704N/Y1197F (+), V948R (-
), VI48R (+), L704N/Y1197F & VO948R (-), L704N/Y1197F & V948R (+), R776H
(-), R776H (4), R776H/Y1197F (-), R776H/Y1197F (+), L704N/R776H/Y1197F (-),
L704N/R776H/Y1197F (+), R776H/V948R & L704N/R776H/Y1197F (-), R776H/V948R &
L704N/R776H/Y1197F (+). L704N/Y1197F and L704N/R776H/Y1197F are FLAG tagged.
All other constructs are GFP tagged.
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is mutated to phenylalanine in the asymmetric dimer, the observed Y1197 phosphoryla-
tion is from the enforced kinase monomer (Figure 2.5d). CHO cells express low levels of
endogenous ErbB2 [13, 14|, which can potentially contribute to Y1197 phosphorylation by
forming hetero-dimers with EGFR in our experiment. To rule out this possibility, we made
a kinase dead construct, in which the catalytic DFG-Asp is mutated to a glycine (D855G).
Co-expression of D855G or R776H/D855G with enforced kinase monomer (L704N/V948R)
shows no Y1197 phosphorylation (Figure 2.6, lane 9-12 vs 13-16). Thus the enforced ki-
nase monomer (L704N/V948R) phosphorylation is due to EGFR but not due to endogenous
ErbB2. Although our experiments cannot rule out the possibility of cis phosphorylation,
lateral phosphorylation of the enforced kinase monomer by EGFR dimers has implications
for understanding substrate phosphorylation and EGFR signaling in the oligomeric state
(See Discussion). In the R776H background, this lateral phosphorylation is enhanced even

in the absence of EGF (Figure 2.5a, lane 13).

2.2.4 «C-helix conformational R776H is correlated with a capping in-

teraction between R776 and A767

To investigate the atomic details of how R776H activates EGFR, we performed 1us atomic
molecular dynamics simulation of WT and mutant EGFR in the active state. Previous long
time scale molecular dynamics simulation of EGFR showed that the regulatory aC-helix
is intrinsically disordered and the salt bridge interaction between the conserved aC-helix
glutamate (E762) and the ATP coordinating lysine (K745) breaks within a short period
of time (less than 200 ns) during the simulation [15]. Consistent with these studies, we

observe a state shift from active to inactive state during 240ns to 480ns in our simulation,
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in which the K745-E762 salt bridge is lost and the aC-helix breaks/cracks into two parts
(Figure 2.7a, Figure 2.7d). However, the K745-E762 salt bridge and aC-helix are stable in
the R776H mutant (Figure 2.7a, 2.7c and 2.7d), indicating that the R776H mutant favors the
active form. Furthermore, aC-helix cracking is strongly correlated with a capping interaction
between R776 and A767 in WT simulations. Figure 2.7b plots the shortest distance between
R776/(NH1,NH2,NE) group and A767/0O (Figure 2.7a, 2.7b). At around 240ns to 480mns,
R776 hydrogen bonds to the backbone oxygen of A767, which correlates with the loss of
K745-E762 salt bridge and aC-helix breaking (Figure 2.7a and 2.7c). The breaking point of
aC-helix is another alanine (A763), which is 4 residues N-terminus of A767 and forms the
canonical i-i+4 hydrogen bond in the intact aC-helix conformation (Figure 2.7d). However,
upon aC-helix breaking the canonical i-i+4 interaction between A763 and A767 is lost, and
the unsatisfied backbone hydrogen bonds are partially stabilized by the capping interactions
between R776 and A767 (Figure 2.7d). Notably, the hydrogen bond frequency between R776
and A767 is reduced in the R776H mutant (26.9% vs 9.5%), suggesting a loss of inhibitory
capping interaction, which correlates with a stable aC-helix conformation (Figure 2.7d).
However, it should be noted that the aC-helix capping interaction in itself does not fully
explain aC-helix conformational transitions because at around 600ns the K745-E762 salt
bridge is formed even though the aC-helix capping interaction is maintained (Figure 2.7a

and 2.7b).
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Figure 2.7: Molecular dynamics simulation of EGFR. a) K745-E762 salt bridge distance
across 1us active monomer simulation of WT and R776H. b) Distance plot between the side
chain nitrogen of R767 and the backbone oxygen of A767 in WT simulation. c¢) Secondary
structure assignment of aC-helix residues during the 1us simulation. Coil: ~, Bend: S, Turn:
T, A-helix: H, 3-Helix: G. Y-axis spans residues 752-767 which correspond to aC-helix in
EGFR. d) Representative snapshot of WT and R776H simulation at Ons, 300ns and 900ns.

45



2.2.5 cis regulatory interactions between the kinase domain and the
flanking JM and C-terminal tail contribute to kinase conforma-

tional transitions and R776H mediated activation

We previously demonstrated that the C-terminal tail and juxtamembrane (JM) segment
are distinguishing features of the EGFR family that have co-evolved with the kinase core
to uniquely regulate catalytic activity [16]. R776 associates with these conserved flanking
segments in the crystal structures and MD trajectories. In particular, a segment of the C-tail
(1011-1018) tethered to the kinase hinge forms extensive interaction with R776 during our
simulation (Figure 2.8a, 2.8b). However, these interactions are not observed in the R776H
mutant (Figure 2.8a, 2.8b). Per-residue interaction energy profiles reveal that C-tail residues:
D1012, A1013, D1014, 11018 and P1019 form favorable interactions with R776 but not with
the mutant (R776H). D1014 is one of the conserved C-tail residues that hydrogen bonds
to the inter-lobe salt bridge (Q791 and K852) associated with inter-lobe movement [16].
The association of R776 with the C-tail and JM segment suggests that these cis regulatory
interactions may also be altered in the R776H mutant in addition to the aC-helix capping

interaction described above.

2.3 Materials and Methods

2.3.1 Antibodies and reagents

Anti-GFP, anti-p-Y1197, HRP conjugated mouse monoclonal and rabbit polyclonal anti-

bodies were purchased from Cell signaling (Danvers, MA). Anti-FLAG and human recom-
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binant EGF was purchased from Sigma (St. Louis, MO). Lipofectamine was obtained from
Invitrogen (Carlsbad, CA). Protease inhibitor cocktail were purchased from Calbiochem.

Quick-Change site-directed mutagenesis kit was bought from Stratagene (San Diego, CA).

2.3.2 DNA constructs

pEGFP-N1-EGFR plasmid was a kind gift from Dr. Graham Carpenter (Vanderbilt Univer-
sity, Nashville, TN). Mutagenesis was performed using the QuikChange II kit and confirmed

via DNA sequencing.

2.3.3 Cell culture and Transfections

CHO cells were grown in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) (Cell-
gro, Manassas, VA, USA) with 10% fetal bovine serum (Bioexpress, UT, USA) without

antibiotics. Transfection in CHO cells was performed using lipfectamine-2000 according to

manufacturer’s protocol with GFP-pEGFP-N1-WT-EGFR (WT), GFP-pEGFP-N1-R776H-

EGFR (R776H), FLAG-pEGFP-N1-L704N-EGFR (L704N), FLAG-pEGFP-N1-R776H /L.704N-

EGFR (R776H/L704N), GFP-pEGFP-N1-V948R-EGFR (V948R), GFP-pEGFP-N1-R776H/V948R-

EGFR (R776H/V948R), GFP-pEGFP-N1-Y1197F-EGFR (Y1197F), GFP-pEGFP-N1-R776H/Y1197F-

(
(
(
(

EGFR (R776H/Y1197F), FLAG-pEGFP-N1-L704N/R776H/Y1197F-EGFR (L704N/R776H/Y1197F),

FLAG-pEGFP-N1-L704N/V948R-EGFR (L704N/V948R) DNA constructs. Transiently trans-
fected cell population was pooled and protein expression was analyzed under fluorescent
microscope for GFP tagged WT /mutant EGFR and on Western blot using target-specific

antibodies.
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2.3.4 EGF stimulation, cell lysis and immunoblotting

CHO cells transiently transfected with WT and mutant EGFR plasmids were cultured in
DMEM containing 10% FBS on 60 mm plate. To detect autophosphorylation of WT and
mutant EGFR, 30% confluent cells were serum-starved in Ham’s F-12 media for 18 h . EGF
stimulation was carried out using 50 ng/ml human EGF for 5 min . Cells were washed and
immediately lysed with lysis buffer (50 mM Tris-HCL, pH 7.4, 150 mM NaCl, 10% glycerol,
1 mM EDTA, 10% Triton X-100, 1 mM PMSF, and 1X Protease Inhibitor Cocktail Set V,
EDTA-free). Total cell lysate was spun at 15,000 rpm at 4 °C for 5 min. Samples for SDS-
PAGE gel were prepared in 2x Laemelli buffer (25ug total protein). Proteins were resolved
on 10% SDS-PAGE and transferred onto polyvinylidenedifluoride (PVDF) membrane using
Trans-Blot SD semi-dry transfer cell (Bio-Rad). Western blotting was done using anti-GFP,
anti-pY1197 and anti-FLAG antibodies. Proteins were detected by using chemiluminescent

substrate (Western Blotting ECL substrate, Pierce, Rockford, IL).

2.3.5 Modeling and molecular dynamics simulations

The PDB structures of EGFR in active conformation (2GS6) were used to model the active
state[10]. The two disordered regions (33-aC loop and part of C-terminal tail) were modeled
using modeller[17]. R776H mutation was then introduced in the modeled WT structure using
the loop refine module. The backbone was nearly identical for both mutant and wild-type
structures and no steric clashes were observed in the final structures.

Molecular dynamics (MD) simulations were done using GROMACS version 4.6.1[18]. All-
atom modified AMBER ff99SB force field[19] was used with TIP3P water in a box that was

at least 1 nm bigger than the protein on all sides. Steepest descent and conjugate-gradient
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energy minimization was performed on the solvated protein for 10000 steps until the Fmax
was less than 50 kcal/mol. NVT simulations were carried out by heating from 0 to 298.15 K
by coupling it to a berendson thermostat for 200 ps. The restraints on the protein backbone
atoms over multiple stages of equilibration under NPT ensemble (P = 1 atm, T = 298.15
K) were released to obtain a relaxed protein, and Parinello-Rahman barostat was used to
maintain pressure and density. The unrestrained MD productions were run for 1 ps using a
time step of 2 fs at the NPT ensemble. Root mean square deviation is checked to be stable
before further analysis. Analysis of MD simulations was carried out using programs in the

GROMACS suite. All protein visualization was done using PyMOL[20].

2.4 Discussion

The allosteric activation of EGFR kinase domain involves conformational transitions from an
inactive aC-helix “out” conformation to an active aC-helix “in” conformation [21, 22]. Our
studies are consistent with a model in which the R776H mutant enhances kinase activity by
altering aC-helix conformational transition. In particular, the R776H mutantion increases
affinity for dimerization by stabilizing the acceptor aC-helix in an “in” conformation, thereby
priming the N-lobe interface for dimerization [15, 11]. The increased affinity for dimerization
is the biochemical basis for “superacceptor” activity, and analogous to the recently described
L858R/T790M mutation, R776H also appears to display “superacceptor” activity. Notably,
both L858R/T790M and R776H display impaired donor activity compared to WT EGFR [11,
23], indicating that only acceptor functions are selectively enhanced by oncogenic mutations.

Furthermore, the co-occurrence of R776H with L858R, L861Q, and G719A suggests that the
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double mutants (R776H/L858R, R776H/L861Q, and R776H/G719A) may have a synergistic
effect on EGFR activation.

Free energy landscape theory suggests that activating allosteric mutations shift the con-
formational ensemble of proteins towards an active state by destabilizing inactive confor-
mations [24]. Our MD studies suggest a possible transition state intermediate in which the
aC-helix is held in an inactive “broken” conformation by a capping interaction between R776
and A767. Additional support for the aC-helix capping interaction is provided by crystal
structures of inactive symmetric dimer in which the R776 mediated capping interaction is
stabilized through interactions with the juxtamembrane segment [25]. In fact, comparisons
of all available crystal structures of EGFR indicates that the R776 to A767 capping interac-
tion is correlated with aC-helix “out” conformation (p-value 6.077e-10) (Figure 2.9). Thus,
disruption of auto-inhibitory aC-helix capping interaction and C-terminal tail interaction
appears to be the most likely allosteric mechanism by which R776H mutation activates the
kinase domain.

Because the aC-helix “in” conformation is critical for kinase activity, key auto-inhibitory
mechanisms have evolved to prevent inadvertent EGFR activation [22]. Our studies indicate
the aC-helix capping interaction mediated by R776 as a critical auto-inhibitory interaction
that prevents aC-helix from adopting an active conformation in the monomeric form. The
aC-helix cap may work in conjunction with other regions such as the $3-aC loop and the
activation loop that are also associated with aC-helix movement. Oncogenic mutations ap-
pear to activate the kinase domain by overcoming these auto-inhibitory interactions (Figure
2.10). L858 and L861 in the activation loop, for example, pack against the aC-helix in

the inactive conformation, and oncogenic mutations at these positions (L858R and 1L.861Q))
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Figure 2.9: Histogram plot showing the shortest distances between R776(NE,NH1,NH2) to
A767(0) between aC-helix “in” crystal structures and aC-helix “out” crystal structures.
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potentially relieve auto-inhibitory interactions between the activation loop and aC-helix to
activate the kinase domain [5, 15]. The £3-aC loop is rich in deletion mutation (account
for 15% of EGFR cancer mutations in COSMIC database) and although these deletion mu-
tants have not been structurally characterized, they are likely to favor an aC-helix “in”
conformation, by restricting aC-helix conformational flexibility [15, 22]. The aC-/4 loop,
on the other hand, is an insertion hotspot and insertions in the loop also favors aC-helix
“in” conformation [26, 22]. Indeed, in one crystal structure of aC-54 loop insertion mu-
tant (D770__N771insNPG, PDBID: 4LRM), the inserted residues form another turn of the
aC-helix that prohibit R776 from forming the aC-helix capping interaction [26].

R776 is a mutation hotspot in the kinase domain as the residue equivalent to R776 is
mutated in multiple cancers and congenital disorders [9]. A total of 68 missense muta-
tions have been found at the R776 equivalent position in 44 different kinases. Other than
R776H, R776C/S/G are also observed in COSMIC database. These mutants are likely to
be activating as well, since cysteine, serine and glycine are also predicted to destabilize the
autoinhibitory aC-helix capping interaction. Indeed, we previously showed that R776C also
activates EGFR in a ligand independent manner [9]. Notably, ErbB2 (R784C/L) and ErbB4
(R782Q)) also harbor the arginine mutation at the equivalent position, but not ErbB3. Al-
though the intrinsic disorder of the aC-helix is a unique feature of EGFR and not observed
in closely related kinases such as ErbB2 and ErbB4, they may still share some aspect of
EGFR conformational transition [15, 21]. Thus R776H equivalent mutations in ErbB2 and
ErbB4 are predicted to be activating as well.

EGFR auto-phosphorylation is believed to occur in trans through the formation of the

asymmetric dimer [10]. Our experimental results show that EGFR kinase activity is not re-
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stricted to the asymmetric dimer itself. Upon ligand stimulation, the activated asymmetric
dimer is able to phosphorylate monomeric inactive EGFR. This is an extension of our tra-
ditional view of EGFR signal transduction. The result also indirectly supports the observed
oligmers reported by several studies [27, 28]. One previous report showed that EGFR lacking
the extracellular domain is able to phosphorylate ErbB3 in the absence of ligand stimulation
[29], similar to the lateral phosphorylation suggested by our studies. These data support
the model that dimeric EGFR functions as a holoenzyme to phosphorylate other monomeric
EGFR, and members of the ErbB family. An activating mutation in EGFR, such as R776H,
increases such lateral phosphorylation even in the absence of ligand stimulation, leading to
constitutive activation and downstream signaling. A logical extension of this model is that
other members of the ErbB family (ErbB2, ErbB3, and ErbB4) can potentially be phospho-
rylated by the R776H dimer via lateral phosphorylation. This hypothesis, however, needs
to be tested in future studies. The concept of lateral phosphorylation was first proposed by
PJ. Verveer et al. in 2000 when lateral propagation of EGFR signals in the plasma membrane
was observed using fluorescence imaging [30]. Our studies on the enforced kinase monomer

are consistent with previous studies linking EGFR dimerization and lateral phosphorylation.
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regualtory spine assembly and drug

sensitivity in EGFR kinase
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Abstract

The catalytic activation of protein kinases requires precise positioning of key con-
served catalytic and regulatory motifs in the kinase core. The Regulatory Spine (RS)
is one such structural motif that is dynamically assembled upon kinase activation. The
RS is also a mutational hotspot in cancers; however, the mechanisms by which cancer
mutations impact RS assembly and kinase activity are not fully understood. In this
study, through mutational analysis of patient derived mutations in the RS of EGFR ki-
nase, we identify an activating mutation, M766T, at the RS3 position. RS3 is located
in the regulatory aC-helix, and a series of mutations at the RS3 position suggest a
strong correlation between the amino-acid type present at the RS3 position and ligand
(EGF) independent EGFR activation. Small polar amino-acids increase ligand inde-
pendent activity, while large aromatic amino-acids decrease kinase activity. M766T
relies on the canonical asymmetric dimer for full activation. Molecular modeling and
molecular dynamics simulations of WT and mutant EGFR suggest a model in which
M766T activates the kinase domain by disrupting conserved autoinhibitory interac-
tions between M766 and hydrophobic residues in the activation segment. In addition,
a water mediated hydrogen bond network between T766, the conserved K745-E762 salt
bridge, and the backbone amide of the DFG motif is identified as a key determinant
of M766T-mediated activation. M766T is resistant to FDA approved EGFR. inhibitors
such as gefitinib and erlotinib, and computational estimation of ligand binding free
energy identifies key residues associated with drug sensitivity. In sum, our studies
suggest an unusual mode of RS assembly and oncogenic EGFR activation, and provide

new clues for the design of allosteric protein kinase inhibitors.
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3.1 Introduction

Eukaryotic protein kinases (EPKs) are a large family of signaling proteins that propagate
cellular signals through the controlled phosphorylation of serine, threonine and tyrosine
residues on protein substrates [1, 2]. EPKs share a conserved structural fold consisting
of an N-terminal ATP binding lobe (N-lobe) and a C-terminal substrate binding lobe (C-
lobe)[2]. The N-lobe of the kinase domain contains five S-strands and the regulatory aC-
helix [1, 2, 3], while the C-lobe of the kinase domain is mainly helical and serves as a scaffold
for protein docking and substrate recognition[l, 2, 3, 4]. ATP binding and phosphoryl-
transfer occur at the catalytic cleft located between the N and C-lobes|2, 3|. The wealth of
crystal structure data available on protein kinases has also enabled structural bioinformatics
approaches in the study of kinase activation and regulation. In particular, comparisons
of the active and inactive conformations of various kinases using spatial pattern matching
techniques identified the Regulatory Spine (RS), a set of 4 non-consecutive residues spanning
the ATP and substrate binding regions, as a key spatial motif for kinase regulation[5, 6, 7].
The RS is formed by a contiguous network of hydrophobic interactions (RS1, RS2, RS3 and
RS4) that are structurally assembled in the active state, but disassembled in the inactive state
(Figure 3.1)[5, 7, 8], though some exceptions to this rule have been noted[9, 10]. Large-scale
statistical comparisons of protein kinase sequences and crystal structures have also identified
additional structural and conformational features associated with RS assembly and kinase
activity. For example, a conformational “strain” switch in the catalytic site was shown to be
correlated with RS assembly and kinase activity[9]. Likewise, extension of the RS through
family and group-specific residues have been suggested to contribute to unique modes of

allosteric regulation in some kinases[11, 12]. A molecular dynamics (MD) based structural

63



R-spine Assembled (Active) R-spine Disassembled (Inactive)

.RS4 (L777) R4 (L277)
il %,
;  ““rs3 (M766) P
« RS2 (F856) ()RS3 (M766)
RS2 (F856) Y
= ~
RS1 (H835) ~ RS1 (H835)

Figure 3.1: R-spine assembly/disassembly in active (PDB: 2GS6) and inactive (PDB: 3W32)
state of EGFR.

network modelling approach identified the RS as a central hub for structural stability and
allosteric communication[13].

The RS residues are also frequently mutated in human cancers. Mining of cancer muta-
tions in the context of kinase sequence and structural motifs conceptualized in the Protein
Kinase Ontology (ProKinO) revealed the RS as a mutational hotspot in cancers [14, 15].
Experimental characterization of some of these mutations in the oncogenic kinase B-Raf

revealed that oncogenic variants that introduce additional aromatic interactions in the RS
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result in constitutive B-Raf activity [16, 17]. Here, we computationally and experimentally
screen patient-derived RS mutation in EGFR and identify M7667T, a mutation at the RS3
position, as a novel activating mutation. We find that the nature and size of amino acids
present at the RS3 position strongly correlate with ligand independent EGFR activation.
Based on molecular modelling and molecular dynamics simulation studies, we propose a
model in which M766T activates the kinase domain by both destabilizing the inactive hy-
drophobic packing between aC-helix and A-loop, and stabilizing the active state through
a novel water mediated interaction in the dynamic core. We show that EGFR harboring
the M766T mutation is resistant to gefitinib and erlotinib treatment, but not to lapatinib
treatment. Since M766 is part of the binding site for some allosteric protein kinase inhibitors
[18], our findings are relevant for the design of structure guided protein kinase inhibitors as

well.

3.2 Results

3.2.1 Identification and mutational analysis of patient derived EGFR

R-spine mutations

To investigate the impact of mutations mapping to the RS of EGFR, we queried the protein
kinase ontology, ProKinO, which integrates and conceptualizes the relationships connecting
protein kinase sequence, structure, function, evolution and disease in a human and machine
readable format[14, 15]. Queries requesting mutations mapping to the RS in EGFR revealed
a total of 18 distinct samples containing 7 unique mutations. To understand how these

mutations alter kinase activity, we generated all 7 RS mutations in EGFR and monitored
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the extent of Y1197 auto-phosphorylation in the absence/presence of EGF as a measure
of kinase activation (see methods). Ligand dependent and independent activity of H835L
(RS1 mutation) is less than WT (Figure 3.2a, lane 7-8; Figure 3.3, lane 3-4). H835L tends
to co-occur with the L833V mutation (9 out of 11 patient samples). Western blot analysis
shows that 1833V itself is highly active, but the double mutant H835L/L833V is less active
than H835L (Figure 3.3). The DFG-Phe (RS2) is mutated to a leucine (F856L) or serine
(F856S) in cancer samples. F856L shows reduced Y1197 auto-phosphorylation (Figure 3.2a,
lane 4) whereas F856S completely abrogates Y1197 auto-phosphorylation (Figure 3.2a, lane
6). M766T at the RS3 position is the only mutation more active than WT EGFR in the
absence of EGF (Figure 3.2a, lane 11), whereas M766V is less active (Figure 3.2a, lane 13).
Mutations at the RS4 position, L777Q and L777P, reduced Y1197 phosphorylation in the
presence and absence of EGF (Figure 3.2a, lane 16, 18). Thus, our initial screening identified
M766T as an activating mutation in the RS of EGFR. Downstream signaling of EGFR is
also altered by the M766T mutation, as the phosphorylation status of STATS is increased

in M766T relative to WT (Figure 3.4).

3.2.2 Activity of EGFR is correlated with side-chain size at the RS3
position

To understand the activation mechanism of M766T in EGFR, we made a series of mutations
(M766A/T/S/V/F) at the RS3 position (Figure 3.2b). The phosphorylation levels of WT
and mutant EGFR are comparable in the presence of EGF. However, ligand independent
activity of EGFR differs for the various RS3 mutants. In general, when the RS3 methionine

is replaced by a smaller side-chain residue (M766T/S/A), the mutants display higher ligand
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Figure 3.2: Western blot analyses and screening of RS3 mutations in EGFR. (a) Lanes from
left to right: WT EGFR (—), WT EGFR (+), F856L (—), F856L (+), F856S (—), F856S
(+), H835L (—), H835L (+), WT EGFR (—), WT EGFR (+), M766T (—), M766T (+),
M766V (—), M766V (+), L777Q (—), L777Q (+), L777P (=), L777P (4). — and + indicate
the absence and presence of EGF stimulation. (b) Series of mutations at RS3 residue. Lanes
from left to right: WT EGFR (—), WT EGFR (+), M766A (—), M766A (+), M766S (—),
M766S (+), M766T (—), M766T (+), M766V (—), M766V (+), M766F (—), M766F (+).
— and + indicate the absence and presence of EGF stimulation. (c¢) Densitometry of three
independent experiments of RS3 residue mutations.
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Figure 3.3: Western blot of H835L (RS1) and co-occurring L833V mutation. Lanes from left
to right: WT EGFR (—), WT EGFR (+), H835L (—), H835L (+), L833V (—), L833V (+),
H835L/L.833V (—), H835L./L833V (+). — and + indicate the absence and presence of EGF
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Figure 3.4: Phosphorylation of STAT3 by M766T EGFR. Lanes from left to right: WT
EGFR (-), WT EGFR (+), M766T (—), M766T (+). — and + indicate the absence and
presence of EGF stimulation.
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independent activity compared to WT (Figure 3.2b, lane 3-8), except for M766V, which
displays lower activity in comparison to WT (Figure 3.2b lane 9-10). M766T is 46% more
active than WT EGFR in the absence of EGF, as indicated by densitometry quantification
(Figure 3.2c). However, when RS3 methionine is replaced by a phenylalanine, activity of
M766F is significantly reduced in comparison to WT (Figure 3.2b, lane 11-12), suggesting
that the nature and size of amino acid side chain at the RS3 position is critical for normal

EGFR functions.

3.2.3 M766T mediated EGFR activation is dimerization dependent

It is well established that WT EGFR requires the formation of the asymmetric dimer to
be active[19]. To test if M766T mediated activation of EGFR also requires the asymmetric
dimer, we performed complementation assays, as described in a previous study[19]. Specif-
ically, we introduced kinase C-lobe dimerization deficient mutation (V948R) and N-lobe
dimerization deficient mutation (L760R) [19] in the M766T background and probed for
Y1197 phosphorylation. Y1197 phosphorylation cannot be detected once the dimerization
deficient mutation is introduced (M766T/V948R and M766T/L760R) (Figure 3.5, lane 5-8).
However, Y1197 phosphorylation can be rescued by co-transfection of M766T/V948R, (re-
ceiver kinase) and M766T /L760R (activator kinase) in the presence of EGF (Figure 3.5, lane
9-10), since the asymmetric dimer can still form when both constructs are present. These

data demonstrate that M766T mediated EGFR activation requires the asymmetric dimer.
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Figure 3.5: Dimerization dependency of M766T mutation.  Right panel: Lanes
from left to right: WT EGFR (—), WT EGFR (+4), M766T (—), M766T (+),
M766T/V948R (—), M766T/V948R (+), M766T/L760R (—), M766T/L760R (+),
M766T/VI48R+MT766T/L760R (—), M766T/VI48R+MT766T/L760R (+). — and + indi-
cate the absence and presence of EGF stimulation. Left panel: a cartoon representation of
EGFR asymmetric dimer with N-lobe dimerization deficient mutation (L760R) and C-lobe
dimerization deficient mutation (V948R).



3.2.4 Molecular dynamics simulations of WT and mutant (M766T)
EGFR

To investigate the activation mechanism of M766T mediated activation, we performed MD
simulations of WT and mutant (M766T/S/A/V/F) EGFR in the active, inactive and asym-
metric dimer forms with two independent replicates, accumulating a total of 7.5 us MD data
(see method). Although we performed Kullback Leibler (KL) divergence comparison for all
RS3 mutants, we primarily focus our discussions on M766T since it is a novel activating

mutation.

M766T relieves auto-inhibitory packing interactions between aC-helix and the activa-
tion segment Previous studies have shown that the auto-inhibitory hydrophobic packing
interactions between the regulatory aC-helix and the activation segment are critical for
EGFR mutational activation[19, 20]. M766 is part of the hydrophobic network connecting
the aC-helix and activation segment in the inactive state and makes van der Waals inter-
actions with residues F856, L858 and L861 in the activation segment (Figure 3.6a). In our
inactive MD simulation, the interaction between the two turn helix in the A-loop and the
RS3 residue is weaker in M766T/S/A/V compared to WT EGFR (Figure 3.6b). In addition,
the sulfur group of M766 is optimally positioned to form an S-pi interaction with the DFG-
Phe (F856) (Figure 3.6¢)[21]. Quantification of the contact area between the A-loop and
the RS3 residue also suggests that M766T/S/A/V decreases hydrophobic packing between
these two regions (Figure 3.6d) and can potentially activate EGFR by destabilizing the in-
active conformation. M766F, on the other hand, makes a strong van der Waals interaction

with the A-loop, and increases the contact area between A-loop and aC-helix (Figure 3.6b,
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