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Abstract

Kinases are a large family of enzymes that catalyse the phosphorylation of diverse

substrates. This post-translational modification is crucial for the regulation of differ-

ent cellular functions, including cell growth and proliferation, among others. Dereg-

ulation of kinase activity by the acquisition of mutations is known to be central for

the survival and spread of cancer cells. Despite the remarkable progress of experi-

mental techniques in probing the structural implications of oncogenic mutations in

kinases, our understanding of the behaviour of many clinically relevant mutations

at an atomic level is still limited and underlines the need of using computational

methods to study the dynamics of such variants at atomic resolution, complement-

ing experimental findings.

In this thesis, we report the structural and dynamical implications of a num-

ber of activating, oncogenic mutations within the kinase domain of the epidermal

growth factor receptor (EGFR) and the phosphoinositide 3-kinase alpha (PI3Kα).

For this purpose, we have applied molecular dynamics simulations complemented

by metadynamics simulations to sample rare events of biological interest and cal-

culate the associated free energy landscapes of both the wild type and selected mu-

tants.

In particular, we have explored the effects of the exon 19 ΔELREA dele-

tion and the exon 20 L858R point mutation, which comprise the vast majority of

EGFR mutations, as well as the lower frequency D770-N771insNPG, and A763-

Y764insFQEA exon 20 insertions, which are associated with diverse activation lev-

els and responses to inhibitors. The differences in the conformational energy land-

scapes of these mutants unravel the molecular effects of these mutations, which lead
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to aberrant signalling, and suggest that these mutations do not share any common

mechanism of action as different mutations favour different conformations.

Given the importance of the dimerisation in the activation of EGFR, we dis-

cuss also the differences in the dynamics of these four mutations in the context of

symmetric and asymmetric homodimers. Furthermore, we expand the list of the

studied mutations to include more mutations that have been reported to affect the

dimerisation ability of EGFR.

Lastly, out of the known mutations of PI3Kα that are implicated in cancer,

we discuss the effect of the hotspot mutation E545K on the dynamics of PI3Kα

and elucidate its mechanism of action, which is more complicated than previously

thought.



Impact Statement

Mutated epidermal growth factor receptor (EGFR) and the phosphoinositide 3-

kinase alpha (PI3Kα) cause cells to multiply outside the limits of controlled cell

division leading to tumour formation. Due to their implication in several biological

pathways, EGFR and PI3Kα have a primary role in cancer development and pro-

gression, and their mutant variants are, thus, therapeutic targets of great importance

for a variety of cancer types.

Understanding the effect of oncogenic mutations on these targets is of

paramount importance to improve the clinical outcome in many oncology settings.

The presented results offer a window into the molecular basis of action of several

oncogenic and clinically relevant mutations and provide insight that can be used

to associate the structural implications of these mutants with the drug resistance

that has been reported for some of these mutants paving the way for mutant-based

drug design approaches. In that way, drugs that will have a higher selectivity for

the mutant versus the wild-type forms of these proteins can be designed in a more

time- and cost-efficient way.

A broad academic, economic and societal impact stems from this thesis. From

the academic standpoint, researchers in the field of computational chemistry, medic-

inal chemistry, drug discovery, structural biology, physical chemistry, and bio-

physics will benefit from the presented methodology and results of our study on

EGFR and PI3Kα. From the economic point of view, biotech and pharmaceutical

companies, such as the co-funder of this work, AstraZeneca Pharmaceuticals, will

be able to gain useful structural information that can be used for mutant-specific

drug discovery purposes. Finally, given the central role of kinases in the develop-



Impact Statement 6

ment and progression of several human disease, we expect our findings to impact

the treatment and cure of a large number of pathological conditions, which can be

translated to significant health-care associated benefits for the society as a whole.
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CHAPTER1
Introduction

1.1 Proteins as dynamic entities
Proteins are one of the main orchestrators of life, performing and regulating diverse

functions in our body. The diversity in protein function originates from the differ-

ences in their structures and the conformations they can adopt. A growing number

of studies have suggested that the conformational dynamics of proteins are essential

as they determine how these biological molecules exert their function and regulate

physiological processes [1, 2]. The presence of active and inactive conformations in

the conformational landscape that proteins explore is critical to their function. An

example of regulation through the transition to different states is the signal trans-

duction, where an external stimulus can alter the conformation in which a signalling

protein is found and lead to an active response. The condition of a conformational

change for the response to take place introduces a layer of tight regulation on the

biological process it dictates.

Much of what we know about the proteins structure-function relationship

comes from the large number of high-resolution protein structures obtained through

X-ray crystallography and cryogenic electron microscopy (cryo-EM). Crystal and

cryo-EM structures represent the time and space average over a large number of

molecules within a crystal or a frozen specimen [3]. However, even such large num-

ber of molecules in the crystal does not provide a complete picture of the underlying

dynamics because the crystallisation or cryofixation conditions are designed to sta-

bilise a particular conformation of the protein and are unable to represent all of its
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relevant functional states or the dynamics between them.

In the last decades, the advancements in nuclear magnetic resonance and

fluorescence-based ensemble/single-molecule techniques have furthered our under-

standing of the dynamic nature of proteins and we now know that they fluctuate

under equilibrium conditions, creating a dynamic ensemble of inter-converting con-

formations [4, 5]. These experimental techniques, however, tend to provide ensem-

ble averaged information, and most of them tend to probe dynamics within nar-

row windows of timescales, depending on the resolution of the instruments. At the

same time, the technical advances in computer simulations of proteins have allowed

us to disentangle this ensemble averaged information, which has offered profound

insights into the conformational changes that connect these conformational ensem-

bles. The combination of such experimental and computational studies has enriched

greatly our understanding of the interplay between proteins’ structure and function.

1.2 Cell signalling by kinases and their implication in

cancer development
Among the several proteins whose function is dictated by transitioning to different

conformations, kinases are one of the most studied and biomedically relevant. A

kinase is a protein that catalyses the transfer of phosphate groups from a high-

energy, phosphate-donating ATP molecule to a specific substrate - a process known

as phosphorylation. The result of phosphorylation is a phosphorylated substrate and

ADP or AMP. Conversely, the donation of a phosphate group from a phosphorylated

substrate to ADP or AMP is referred to as dephosphorylation. Kinases are classified

into the following three broad categories according to the substrate they act upon:

protein kinases, lipid kinases, and carbohydrate kinases.

Protein kinases act on proteins by phosphorylating typically their serine, threo-

nine, tyrosine, or histidine residues, although other residues can be phosphorylated

too. Phosphorylation can modify the function of a protein in many ways. It can

increase or decrease the protein activity by stabilising a particular conformational

state, mark the protein for degradation, localise it within a specific cellular compart-
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ment, or alter its interaction with other proteins.

Lipid kinases phosphorylate lipids in the cell, both in the plasma membrane

and the membranes of the organelles. The addition of phosphate groups can change

the reactivity and localisation of the phosphorylated lipid, which can, in turn, trigger

or propagate signal transmission.

For many mammals, metabolism of carbohydrates provides a large portion of

their daily calorie requirements. To use energy from oligosaccharides, they must

first be broken down into monosaccharides so they can enter the metabolism. Car-

bohydrate kinases are responsible to catalyse the transfer of a phosphate group to a

carbohydrate substrate molecule, a step that is present in most glycolytic pathways.

The phosphorylation state of a molecule, whether it be a protein, lipid or car-

bohydrate, can affect its activity, reactivity and its ability to bind other molecules.

Therefore, kinases are critical in metabolism, cell signalling, protein activity reg-

ulation, cellular transport, secretory processes and many other cellular pathways,

underlying their important role to human physiology. Out of the many kinases in

a cell, here, we focus on the epidermal growth factor receptor (EGFR), which is a

receptor tyrosine kinase, and the phosphoinositide 3-kinase α (PI3Kα), which is a

lipid kinase.

1.2.1 Cell signalling by receptor tyrosine kinases - the case of

EGFR

Receptor tyrosine kinases (RTK) are cell-surface receptors that have emerged as key

regulators of critical cellular processes, such as proliferation and differentiation, cell

survival and metabolism, cell migration, and cell-cycle control [6, 7]. Humans, in

particular, have 58 known RTKs (at the time of writing this thesis), which fall into

20 subfamilies [8]. The architecture of RTKs allows them to act as molecular ma-

chines, which transmit information across cellular membranes. Their regulatory

role is evident from the numerous diseases, which result from genetic abnormalities

that alter their activity, abundance, or cellular distribution. Specifically, mutations

in RTKs and aberrant activation of their phosphorylation-dependent signalling cas-

cades have been linked to cancers, diabetes, inflammation, and angiogenesis [6, 7, 8]
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and these connections have driven the development of several drugs that block or

attenuate RTK activity.

In what follows, we discuss the structural basis of RTK regulation, and in par-

ticular, that of EGFR, which has emerged from recent structural and functional

studies.

EGFR belongs to the ErbB family of cell-surface receptor tyrosine kinases,

which are essential in regulating biological processes, including cell growth, cell

survival or death, and cellular differentiation [9]. EGFR serves as a mediator of

growth signals into the cell and there are at least 12 different growth factors that

bind to it, including the epidermal growth factor (EGF), transforming growth factor-

α (TGFα), epigen, heparin-binding EGF (HB-EGF), and betacellulin [10]. Struc-

turally, EGFR consists of three principal domains: 1) a large N-terminal extracel-

lular region comprised of four domains, including the growth factor binding site,

2) a single transmembrane helix, and 3) a cytoplasmic region that contains the jux-

tamembrane regulatory region and the protein tyrosine kinase domain followed by

the carboxyl C-terminal tail (Figure 1.1A).

EGFR, like many RTKs, propagates extracellular growth signals across the

cell membrane. The signal is conveyed through a chain of events cascading from

the extracellular to the cytoplasmic domains. The extracellular module of EGFR

exists primarily in one of two conformational states - tethered or extended. In the

tethered conformation, the four extracellular domains are curled in on each other

hiding a structure called the ”dimerisation arm” (Figure 1.2). In the extended state,

the domains I and II of the dimerisation arm stretch out in a 130° arc with respect

to domains III and IV exposing the dimerisation arm (Figure 1.2). The now ac-

cessible dimerisation arm permits coupling with another extended EGFR monomer

or another dimerisation partner of the ErbB family, forming a homo- or a hetero-

dimer respectively. In this state, a growth factor binds to the large glycosylated

extracellular domains I and III of each subunit of the dimer and stabilise the dimer.

The binding of a second growth factor to the dimerisation partner further stabilises

the dimer and induces changes within the transmembrane and cytoplasmic domains
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Figure 1.1: Structural elements of EGFR. (A) Graphical representation of EGFR
domains showing the extracellular domain in the extended conformation (growth
factor binding site, PDB ID: 3NJP), the transmembrane domain and juxtamembrane
segment (PDB ID: 2M20), the tyrosine kinase domain (PDB ID: 2GS2) and the C-
terminal tail, (B) Structural overview of the kinase domain int the active state. Key
structural elements are coloured in green (αC-helix), orange (A-loop), yellow (P-
loop), and orange spheres (DFG-motif).

that activate the intracellular tyrosine kinase domain (reviewed in ref. [11, 12]). It

has to be noted that recent experiments show an important role of multimers be-

sides dimers (see below). The activated kinase domain catalyses, in turn, the trans-

fer of the γ-phosphate of ATP to specific cytoplasmic proteins or to the receptor

itself. The phosphorylated receptor recruits adapter proteins, which, in turn, acti-

vate complex downstream signalling cascades, including the Ras-Raf-MEK-ERK,

PI3K-Akt-mTOR, PLCγ-DAG-PKC, and STATs pathways [13, 14].

The kinase domain of EGFR has the common fold that eukaryotic protein ki-

nases adopt consisting of two lobes: a smaller N-terminal lobe (N-lobe) that features
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Figure 1.2: The two main conformations that the extracellular module of EGFR is
found in the absence of a growth factor; namely the ”tethered” and ”extended”.

a β-sheet with five strands and a helix referred to as the ”αC-helix”, and a larger C-

terminal lobe (C-lobe), which has mostly α-helices and loops (Figure 1.1). Between

the lobes lies the ATP-binding site. Two hydrophobic structural motifs termed as

”spines” (the regulatory or R-spine and the catalytic or C-spine) traverse the two

lobes and regulate dynamically the arrangement of the necessary for the catalysis

elements.

In order for ATP to stay in the ATP binding pocket of EGFR, it needs a ”seat

belt” to keep it in place, and there are a few amino acids responsible for that. Firstly,

there is a glycine-rich loop, termed as ”P-loop”, which extends over the top of the

ATP and, along with a number of conserved residues, facilitates the coordination

of Mg-ATP in the catalytic pocket (Figure 1.1B). Then, there is a conserved lysine

(K745) buried deep within the interlobe cleft that binds to the α- and β -phosphates

of ATP keeping them in place [15]. A conserved glutamate (E762) on the αC-helix

forms a salt bridge with K745, stabilising it and orienting it properly for catalysis.

Mutation of these amino acids renders the kinase unable to bind ATP and abolishes

its activity [15, 16]. On the other side of the pocket, there is the so-called “DFG

motif”, which binds Mg2+ that is needed for the transfer of the phosphate group.

The 855DFG857 motif is also the start of a large loop, termed as the activation loop
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(A-loop), which adopts different conformations depending on the activation state of

the receptor. Lastly, there is the 835HRD837 motif whose aspartate residue (D837)

is needed for the transfer of the γ-phosphate from ATP onto the substrate tyrosine

(Figure 1.1B).

The kinase domain of EGFR can be found predominately in three states – the

active state, the Src-like inactive state, and the inactive state (Figure 1.3) [16]. The

active conformation, also known as the ”αC-in” conformation is characterised by

the placement of the αC-helix such that the catalytically important KE salt bridge

between K745 and E762 is formed, while D855 of the conserved ”DFG” motif

points towards the ATP binding site (”DFG-in”). In this state, the A-loop adopts

an extended conformation compatible with substrate binding (Figure 1.3A). In the

Src-like inactive conformation, named after its resemblance to the inactive confor-

mation of Src and CDK2 kinases, the αC-helix rotates away from the core of EGFR

(”αC-out” conformation), while the A-loop forms a single- or two-turn helix packed

towards the αC-helix, while the DFG motif maintains its ”DFG-in” arrangement

(Figure 1.3B). The inactive conformation differs from the active one in that it fea-

tures a ”flipped” DFG motif, in which F856 of the motif points towards the ATP

binding site, instead of the D855 (Figure 1.3C). The transition from the active to the

inactive state involves complex conformational changes in at least three structural

motifs at the active site; namely changes in the activation loop, the DFG motif, and

the αC-helix (Figure 1.3D). Changes in the assembly of these functional elements

contribute to the subsequent assembly of the two hydrophobic spines and make the

ATP binding cleft at the interface between the two lobes accessible or not to ATP,

regulating that way the activation and deactivation of the receptor.

As mentioned above, the cytoplasmic kinase activity of EGFR is increased

as a consequence of the binding of growth factors to the dimerisation arm, which

leads to the homodimerisation of two EGFRs, multimerisation of up to eight EGFRs

[17, 18], or the heterodimerisation of EGFR with other members of the ErbB fam-

ily, most commonly HER2 [12, 19]. A breakthrough in our understanding of how

EGFR is activated came with the discovery that two EGFR kinase domains can
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Figure 1.3: The three main conformational states of EGFR kinase domain. (A)
”αC-in”, ”DFG-in” active conformation (PDB ID: 2ITP), (B) ”αC-out”, ”DFG-in”
Src-like inactive conformation (PDB-ID: 2GS7), (C) ”αC-out”, ”DFG-out” inac-
tive conformation (PDB ID: 2RF9), (D) Superposition of all three conformations.
Unresolved regions are depicted in dashed lines.

interact in an asymmetric fashion so that one, termed as the activator, activates the

other, termed as the receiver, in an allosteric mechanism [20] that relies on transpho-

sphorylation (Figure 1.4). The mechanism by which the kinase domain of EGFR

is activated resembles the activation of cyclin-dependent kinases by cyclin. The
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C-lobe of the activator kinase domain plays the role of the cyclin in the activation,

even though it is not structurally related to cyclins [16].
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JM segment
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Figure 1.4: EGFR activation model. The unliganded EGFR is found in inactive
monomers or symmetric dimers, while growth-factor binding or enhanced expres-
sion of the receptor drives the formation of active asymmetric dimers and higher-
order oligomers. Although more conformations of the extracellular, transmem-
brane, and cytoplasmic domains are known [12, 17], here we present only the ones
that are most relevant to this thesis.

Studies on kinases, particularly serine/threonine kinases, have led to the as-
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sumption that A-loop phosphorylation is required for the adoption of the active

conformation [21, 22]. However, in the case of EGFR, the Y869F-EGFR mutant

has been shown to be activated upon attachment to vesicles to a similar extent as

the WT-EGFR kinase domain suggesting that phosphorylation of the tyrosine in the

A-loop of EGFR is not as important as in other kinases [20]. Instead, the activation

requires the intact asymmetric dimerisation interface, as revealed by the inability

of the activator-impaired V948R mutant and the receiver-impaired I706Q mutant

to respond to EGF binding and propagate downstream signalling [20]. Activation

through dimerisation enables efficient phosphorylation of other tyrosine residues

in the receptor, primarily those of the C-terminal tail of each receptor, which act

as binding sites for effector molecules that couple the activated receptors to down-

stream signalling pathways (Figure 1.4).

In the asymmetric dimer, the dimerisation interface is largely hydrophobic and

involves the C-lobe residues of the activator kinase, which dock on the N-lobe of

the receiver kinase. The hydrophobic surface on the N-lobe is specific to the active

conformation, as the exposure of the residues that form this surface is affected by

conformational changes. The hydrophobic surface in the C-lobe of the activator,

on the other hand, is not in a region where conformational changes are observed in

kinase domains, and it is likely to remain available as an interaction surface even in

the inactive state.

The crystal structure of an EGFR kinase domain variant inactivated by the

V924R mutation showed that the kinase domains can also form symmetric dimmers

in which the C-lobe of the activator kinase interacts with the C-lobe of the receiver

kinase (Figure 1.4) [23]. In this arrangement, the two monomers are held together

predominately by electrostatic interactions between residues of the two monomers

on the dimerisation interface. Until recently, the formation of symmetric dimers

was thought to play a role in the autoinhibition of kinase activity [23, 24]. How-

ever, the discovery that the constitutively active T790M-EGFR mutant [25] forms

a significant number of symmetric dimers compared to the WT-EGFR [26] puts

in question the notion that symmetric dimers have only inhibiting properties and
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suggests that more work needs to be done to understand the role of such dimers in

different settings.

1.2.2 Cell signalling by lipid kinases - the case of PI3Kα

Inositol lipids are essential mediators of many membrane signalling events [27] and

their spatial and temporal location in the cell must be tightly regulated. The reg-

ulation of their localisation happens mostly through their phosphorylation and de-

phosphorylation by phosphoinositide kinases and phosphatases, respectively. The

head group of phosphatidylinositols (PtdIns) can be phosphorylated on three of the

free hydroxyl groups to form seven different phosphoinositide species with distinct

roles in signal transduction. The exact composition of each species varies within

cells depending on the cell type, but it has been shown that phosphoinositides par-

ticipate in directional membrane trafficking, recruitment of signalling machinery to

specific phosphoinositides, lipid-mediated transport of proteins across a gradient,

regulation of ion channels, and many others (reviewed in ref. [28, 29]).

Out of different phosphoinositide species, much attention has been focused

on PtdIns(3,4,5)P3 - an intracellular secondary messenger produced rapidly in re-

sponse to many divergent cellular stimuli, including many hormones and growth

factors [30]. While this lipid is only a minor constituent of the plasma membrane, its

levels can be quickly modulated by activation of class I phosphoinositide 3-kinases

(PI3Ks) [30], which act on the relatively abundant phosphoinositide PtdIns(4,5)P2,

and by the lipid phosphatase PTEN [31].

The canonical PI3K signalling pathway starts with receptors that activate the

PI3Ks to produce PtdIns(3,4,5)P3 and this lipid, in turn, recruits a range of effector

proteins with modules, such as pleckstrin homology domains, that have evolved to

recognise this secondary messenger [32, 33].

The PI3Kα isoform of the class IA PI3Ks consists of a p110α catalytic subunit

which associates tightly with a p85α regulatory subunit (Figure 1.5). The domain

organisation (from the N- to C-terminus) of the p110α comprises an adaptor-binding

domain (ABD), a Ras-binding domain (RBD), a C2 domain, a helical domain, and

a kinase domain. The p85α regulatory subunit consists of an SH3 domain, a GAP
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domain, and two SH2 domains (nSH2, cSH2) flanking an iSH2 domain. The ABD

binds with high affinity to the iSH2 domain and this constitutive interaction is es-

sential to stabilise the p110α/p85α complex in cells. In addition to this high affinity

interaction, the p85α also makes weaker interactions with the catalytic subunit that

down-regulate the basal activity of the catalytic subunit (Figure 1.5). As any other

kinase, the A-loop of PI3K is responsible for the recognition and binding of the

substrate, in this case of the PtdIns(4,5)P2 (Figure 1.5). It contains a polybasic

stretch characterised by two basic motifs, 941KKKK944 and 947KRER950, where the

kinase K942 is conserved in all class I PI3K isoforms [34]. H917 of the P-loop and

H936 of the A-loop are critical residues for ATP hydrolysis and phosphorylation of

PtdIns(4,5)P2 [34].

ABD

RBD

C2

Helical

Kinase

nSH2

iSH2

p110α (PIK3CA) ABD RBD C2 Helical Kinase

1 108 191 291 330 480 525 696 1068

p85α (PIK3R1) sH3 GAP nSH2 iSH2 cSH2

1 85 115 298 322 430 600 617 724
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p-loop

diC4-PIP2

ATP
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K943

A B

180o

Kinase

iSH2
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Figure 1.5: (A) Domain organisation of the p110α (catalytic) and p85α (regulatory)
subunits of PI3Kα. The genes that encode the PI3Kα subunits are included in the
parentheses. The SH3, GAP, and cSH2 domains that correspond to the grey regions
in the PIK3R1 gene are not shown due to the absence of crystallographic data. Reg-
ulatory contacts between the domains of the p85α and p110α subunits are depicted
with lines connecting the corresponding domains, (B) ATP and PtdIns(4,5)P2 bind-
ing site. Closeup: residues of the A-loop (green) and P-loop (yellow) of the kinase
domain that are involved in the γ-phosphate group transfer from ATP (mesh) to a
PtdIns(4,5)P2 mimetic (diC4-PIP2, spheres) are depicted in sticks (PDB IDs 4OVV,
1E8X).
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1.2.3 Genetic mutations on kinases as hallmarks of cancer

Cancer is a disease that touches virtually everyone, either directly or indirectly. As

one of the most common causes of death worldwide, it is the primary focus of many

healthcare plans and government strategies. Although cancer has many causes, it is

now clear that cancer is a genetic disease that is associated with genetic alterations,

which make cells divide in an unregulated fashion and spread to and invade other

parts of the body.

Every day we are bombarded by environmental agents that damage our cells.

Exposure to ionising radiation and chemicals associated with air pollution, even the

by-products of metabolism, such as free radicals, can damage our cells [35]. These

damaging agents can make changes to the DNA in our cells, which encodes the

necessary information to make proteins. Most of the time, our cells do a very good

job dealing with DNA damage by making use of sophisticated repairing machineries

or by sending apoptotic signals to destroy the cell if the damage cannot be repaired.

However, damages caused by exposure to external, carcinogenic factors or in-

herited changes on the proteins that are involved in these protective mechanisms,

interrupt the DNA repair process and lead to accumulation of mutations on genes

that encode proteins. These damaged cells are more likely to divide and grow un-

controllably leading to the formation of tumours.

EGFR gets activated by receptor overexpression, as well as by ligand-

dependent and ligand-independent mechanisms. Active EGFR leads to the au-

tophosphorylation of the intracellular domain of EGFR, and the phosphotyrosine

residues act as a docking site for various adapter molecules, resulting in the acti-

vation of the Ras/Erk pathway, the PI3K/Akt pathway and signal transducers and

activators of transcription signalling pathways (Figure 1.6) [19, 36]. In the case of

mutation-driven activation, amino acid changes create forms of EGFR that are con-

stantly switched on, which means that the pathways that EGFR regulates are also

constantly on.

The PIK3CA gene, which encodes the p110α catalytic subunit of PI3Kα, is one

of the most frequently mutated genes in human tumours and many distinct PIK3CA-
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Figure 1.6: Brief summary of key EGFR and PI3Kα effectors as described in ref
[36, 33]. The depicted effectors have many other important substrates, which are
not shown here for clarity.

activating mutations have been identified in different types of cancer [32, 33]. Due

to the implication of PI3Kα in the regulation of apoptotic and metabolic pathways

(Figure 1.6), elevated PI3Kα signalling can contribute to tumourigenesis and is a

hallmark of human cancer [33].

1.3 Scientific rationale
Aberrant function of EGFR has been linked to stimulation of tumour growth and ab-

normal cell survival through its implication in the aforementioned pathways. EGFR

expressed by oncogenes1 that possess structural modifications, such as point muta-

tions, deletions, or insertions appear to enhance its activity by inducing conforma-

tional changes and stabilising conformations equivalent to that triggered by ligand

binding and dimerisation. Therefore, messages, including cellular division ones, are

sent despite the lack of growth factor binding. In Chapter 3 of this thesis, we have

focused on four oncogenic mutations observed in the cytoplasmic domain of the

receptor and specifically in the kinase domain and their effect on the structure and

dynamics of this domain. Since dimerisation and/or multimerisation is an integral

1Mutated or expressed at high levels genes that have the potential to cause cancer.
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part of the activation of EGFR and the signal transduction, in Chapter 4 we dis-

cuss these four mutations in the context of symmetric and asymmetric homodimers

and expand the list of examined mutations to include additional mutations that have

been reported to affect the dimerisation ability of EGFR.

A large body of research on PI3Kα has revealed critical roles for the pathways

that PI3Kα is involved in. Among others, these pathways have been demonstrated to

regulate cellular metabolism and immune system functions (reviewed in ref. [37]).

Similar to EGFR, several mutations in PI3K genes (most commonly the PIK3CA

gene encoding p110α) render PI3K oncogenic. Out of the known mutations on

PI3K that are implicated in cancer, in Chapter 5, we discuss the effect of the hotspot

mutation E545K on the dynamics of the PI3Kα isoform and unravel its mechanism

of action.

Errors in EGFR and PI3Kα are examples of the thousands of molecular mis-

takes implicated in cancer development and progression. Altered EGFR and PI3Kα

cause cells to multiply outside the limits of controlled cell division leading to tu-

mour formation. Understanding the effect of oncogenic mutations on these targets

is of paramount importance to improve the clinical outcome in many oncology set-

tings. This work provides a computational, cost-effective framework of predicting

the conformational changes that are associated with such mutations, which can in

turn be used in structure-based drug design approaches aimed to produce drugs that

have higher selectivity for mutant versus the wild-type forms of these proteins.



CHAPTER2
Material and Methods

2.1 Theoretical background of the computational

techniques used
Given the dynamic nature of proteins, the concepts of conformational ensembles

and conformational energy landscapes are increasingly used to explain protein func-

tion. Complex events ranging from molecular recognition to protein folding, or the

propagation of information through the structure of proteins via correlated motions,

all imply protein motions [1, 2, 38, 39]. Over the last decades, computer simulations

of biological systems that are able to produce such conformational ensembles have

become increasingly useful and are routinely exploited to provide helpful insight

into several phenomena with atomic-level detail [40, 41]. Since it is now widely

accepted that protein motions occur over a spectrum of timescales, computer simu-

lations of proteins allow the bridging of multiple timescales and provide a detailed,

atomistic description of protein dynamics. In this thesis, we have used such simula-

tions to generate conformational ensembles and, in particular, investigate the effect

of oncogenic mutations on the dynamics and energetics of EGFR and PI3Kα.

2.1.1 Molecular dynamics simulations

Molecular dynamics (MD) is a computer simulation technique that can, in principle,

provide a detailed description of protein dynamics. It is based on the modelling of

the interatomic interactions within a biomolecule, as well as the interactions of the

biomolecule with its environment, by using empirical potential-energy functions
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called ”force fields”. MD simulations allow the observation of the time evolution,

or the so called trajectory, of a biologically relevant phenomenon by integrating

Newton’s equations of motion. How well such a trajectory captures the properties of

the biomolecules depends on the ability of the force field to describe the interactions

within the studied system, as well as on the ability of the computer hardware to

simulate biologically relevant timescales.

In a nutshell, the basic idea behind MD simulations is to solve numerically

the instantaneous forces acting on N interacting atoms of a system and follow their

consequent movements. The atoms of such a system move in response to their inter-

actions with each other, which are described by the equations of motion (Equation

2.1) as defined in classical (i.e. Newtonian) mechanics. The numerical integration

of Newton’s second law over time for a system constitutes a molecular dynamics

simulation. The net force, Fi, that acts on the ith atom of the system at a given point

in time t of the simulation is given by the equation:

Fi(t) = miai(t) =−
∂V (r(t))

∂ri(t)
(2.1)

where ai(t) is the corresponding acceleration, and mi is the mass of the atom. In

Equation 2.1, the instantaneous configuration of the system is represented by the

vector r(t), which describes the position over time of N interacting atoms in the

Cartesian space, while V (r(t)) is the potential energy of the N interacting atoms.

Since the dynamics of a simulated system depend on the ability of a potential-

energy function to define its energy landscape, in what follows, we give a brief

description of this critical aspect. A force field is a set of equations that describe the

basic physical interactions within a system of interacting particles and in our case,

within a molecular system. It represents the total potential energy of the system

of particles and can be described by the sum of intramolecular interactions, pair-

wise potentials, three body potentials and so on. The force field is typically divided

into non-bonded and bonded terms (Equation 2.2), which are assumed to be able

to describe the physical interactions within a molecular system accurately enough.

The non-bonded interactions include intermolecular van der Waals and Coulombic
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interactions and usually, in conventional MD simulations, for reasons of compu-

tational efficiency, the energy function for non-bonded interactions tends to be a

simple pairwise additive function of nuclear coordinates only. Simple two-body,

three-body, and four-body terms are used to describe the bond lengths, bond an-

gles, and dihedral angles respectively (Figure 2.1). A general form of the potential

energy of a system at a single instance, termed a snapshot, is given by the equation:

Vtotal = ∑
pairs

VLJ + ∑
pairs

VCoul︸ ︷︷ ︸
Non-bonded interactions terms

+ ∑
bonds

Vbonds + ∑
angles

Vangles + ∑
dihedrals

Vdihedral︸ ︷︷ ︸
Bonded interactions terms

(2.2)

Figure 2.1: Bonded and non-bonded interactions described in a force field. Basic
physical interactions in a molecular system. The interactions are typically divided
into bonded and non-bonded terms. Non-bonded interactions include intermolecu-
lar van der Waals and Coulombic interactions, whereas bonded interactions include
intramolecular forces due to bonding, angle bending and torsions. Figure adapted
from ref. [42].

The parameters (numerical constants) that are used in the aforementioned func-

tional form of a classical force field are derived usually from data obtained from ex-

perimental and/or quantum mechanical studies of solvated small molecules or frag-

ments. It is assumed that such parameters can be transferred to larger molecules of

interest, like proteins. While the approximations in the parameters that are used in

classical force fields generally work well for most globular proteins, there are in-

stances in which changes in polarity or electric field are important, and as such, the

distribution of charges must change to address the physical phenomena being mod-

elled. Thus, the development of explicitly polarisable force fields where the charges

change in response to the electric field they are surrounded with (polarisable force
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fields) is desirable and has become a focus of the molecular modelling community

in recent years [43].

Despite the higher theoretical accuracy of polarisable force fields, the compu-

tational cost for simulations that make use of them is still very high, while their

parameterisation is complex and, so far, such force fields have been used system-

atically only in relatively small systems [43]. Given the size of our studied sys-

tems, in this thesis, we have used two recently developed force fields, namely the

a99SB-disp [44] and the CHARMM36m [45]. While no single force field captures

all aspects of protein conformational sampling in folded and unfolded states uni-

versally, both force fields have been shown by our group and others to be able to

reproduce well the experimental properties of both folded and unfolded states [46].

Since a99SB-disp has been able to capture subtle changes associated with the intrin-

sic disorder of proteins [44], it was the force field of choice for the case of EGFR,

in which the disordered nature of the αC-helix is important for its function. On the

other hand, due to the ability of CHARMM36m to also reproduce data related to

protein-protein interactions [45], we chose this force field to study the effect of the

E545K mutation that lies on the interface of two domains.

2.1.2 Metadynamics simulations

Proteins undergo a variety of conformational changes, which take place on

timescales ranging from picoseconds (e.g. bond vibrations) to seconds (e.g. long-

range conformational changes), that allow them to act as signalling molecules,

transporters, catalysts, or mechanical effectors. The achievable timescales of clas-

sical (unbiased) MD simulations continue to increase and on specialised super-

computers can reach biologically relevant timescales. However, a large number of

related processes take place on timescales that are, still, difficult to sample with

unbiased MD simulations despite the tremendous advances in computer hardware

and MD software. Specifically, several dynamical processes of interest are usually

characterised by several metastable states separated by high energy barriers that

lead to kinetic bottlenecks, which in turn makes the transition between these states

a rare event taking place on timescales that cannot be accessed in practice. To over-
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come this difficulty, different approaches have been proposed based on either the

reduction of the number of degrees of freedom examined by using coarse-grained

models [47], or the acceleration of the dynamics of the process of interest using

enhanced sampling techniques [48].

Among the different types of enhanced sampling techniques in biomolecular

simulations that have been developed so far, metadynamics (metaD) is a powerful

computational technique for accelerating rare events by enhancing the sampling in

molecular dynamics simulations while computing the underlying free energy1 [49].

In a nutshell, metaD is an algorithm that acts on top of the MD algorithm and it-

eratively ”fills” the potential energy of the system by adding predefined Gaussians

centred along a suitably chosen set of reaction coordinates, thereby forcing the sys-

tem to migrate from one energy minimum to the next (Figure 2.2). This original idea

has been developed and improved over the years in several variants, which nowa-

days allow addressing in a unified framework some of the most important tasks of

molecular simulations: computing the free energy as a function of the collective

variables, accelerating rare events, and estimating unbiased kinetic rate constants

(reviewed in ref [50]).

As many enhanced sampling techniques, the metaD algorithm requires the pre-

liminary identification of a set of reaction coordinates, termed as collective variables

(CVs,) which are assumed to be able to describe the process of interest. In other

words, metaD rely on a dimensionality reduction of the conformational space: in-

stead of applying the bias on all the Cartesian coordinates along the entire trajectory,

the bias is applied only on a limited set of M of CVs that are multidimensional func-

tions of the atomic coordinates and allow to map the 3N dimensional free energy

space to a reduced dimensionality CV space, with dimensionality M << 3N. A

good CV, or a good set of CVs should (i) be able to distinguish clearly the initial,

final, and intermediate states of the process of interest, and (ii) describe all the slow

1The term ”free energy” refers to a thermodynamic potential that measures the energy released (or
absorbed) by a system while it goes from an initial to a final state. If the process of going from the
one state to the other is held under constant temperature and volume, then we refer to the Helmholtz
free energy, while if it is held under constant temperature and pressure, then we refer to the Gibbs
free energy.
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events (slow degrees of freedom) that are relevant to this process. Furthermore, the

number of CVs should not be too large, as it will otherwise take a very long time to

fill the underlying basins of the free energy surface [51, 52]. In metaD simulations,

an external history-dependent bias potential, which is a function of the selected

CVs, is added to the Hamiltonian of the system [52, 53]. This potential is con-

structed as a sum of repulsive Gaussians deposited along the system’s trajectory in

the CV space to accelerate the sampling of rare events by pushing the system away

from local free-energy minima (Figure 2.2). These Gaussians, which are centred on

the explored points in the CV space, have a preassigned, fixed width (σ ) and height

(wG), and are deposited every τG time units as the simulation proceeds.

If s(r, t) is a d-dimensional vector of the CVs, namely two or more CVs are

used at the same time, the dynamical evolution of the system is altered by the addi-

tion of an external bias potential that is periodically updated and (VG(s, t)) is given

by the following equation:

VG(s, t) = wG ∑
t ′=τ,2τ...<t

exp

(
−

d

∑
α=1

(sα(r, t)− sα(r, t ′))2

2σ2
a

)
(2.3)

where wG is the Gaussian height, σa is the Gaussian width in each dimension and

τ is the time step of deposition, which defines how often a Gaussian is added. It

should be noted that Gaussians are repeatedly added to the potential according to

the explored states, such that they discourage the system from revisiting previously

explored configurations in the CV space. After a suitable ”filling time”, i.e. once

convergence is reached, the bias will start growing parallel to itself, and one can

expect to directly estimate the free energy as −VG. This relation implies that an

equilibrium quantity, the free energy, can be estimated by non-equilibrium dynam-

ics, which changes during time with the addition of Gaussians. Therefore, the power

of metadynamics lies on the fact that metadynamics simulations not only discour-

age the exploration of the already visited states in the CV space, but also provide an

immediate estimate for the underlying free-energy surface (FES). The reconstructed

FES contains all the relevant information about the system, such as the location and
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relative stability of the metastable states as well as the free energy barriers separat-

ing them.
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Figure 2.2: Graphical representation of the evolution of the free energy over a
metadynamics simulation. As the system evolves according to normal dynamics,
potential energy in the form of Gaussian is deposited along a chosen CV, which
modifies the free energy landscape in which the dynamics evolve. After a while,
the sum of the deposited Gaussian potentials fill up the first metastable state and
the system moves into the second metastable basin etc., until the basins are filled
and the system starts diffusing the CV space. The summation of the deposited bias
provides the negative estimation of the free energy profile.

Even though metaD is a relatively new technique (formalisation of the tech-

nique was introduced in 2002 [54]), it has found already many applications in dif-

ferent fields. Discussing or even mentioning all the studies based on metaD goes

beyond the scope of this thesis, but in what follows we will mention a couple to illus-

trate the main fields of application and we apologise if in doing so we do not do full

justice to many good papers that have been left out. MetaD has found widespread

applications in the field of material science due to its ability to induce crystallisation

events at a given thermodynamics condition [55, 56] as well as its ability to enhance

phase transitions [57] and diffusion processes [58]. The great enhancement in con-
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formational sampling guaranteed by metaD finds a natural application in studying

processes in which changes in the electronic structure play a dominant role, such

as chemical reactions. In particular, metaD simulations have been used to study

among others the molecular mechanism of enzymatic catalysis [59] and the effect

of high temperature and high pressure on the mechanism of peptide bond formation

from alpha-amino acids [60].

The most relevant to this thesis application of metaD is its ability to explore the

conformational landscape of biomolecules since most of the conformational transi-

tions that are biologically relevant are still not accessible by means of brute-force

simulations. MetaD can provide a viable solution for overcoming this problem,

even if its application within this context poses a few distinct challenges. In ab-

sence of chemical reactions, the system dynamics is ruled by a large number of dif-

ferent molecular interactions characterised by comparable energies. The resulting

energetic landscape is extremely rough and complex with a very large number of ac-

cessible microscopic configurations and many possible transition pathways between

different free-energy minima. In this framework, identifying an efficient set of CVs

for biasing the system is extremely challenging. Regardless of these difficulties,

metaD simulations have been used to study several biologically relevant processes,

including folding processes of peptides and small proteins [61, 62], ligand-protein

associations taking into account the full protein flexibility [63, 64, 65] allowing thus

the monitoring of the microscopic features of drug association, diffusion of small

molecules and ions in cavities and channels [66, 67], protein-protein association

processes [68, 69] and many others.

Of the many different variants of metadynamics that have been developed

since the introduction of this method back in 2002, in this thesis we have used

the well-tempered variation (WTmetaD) [70] in a parallel tempering or multiple

walkers scheme.

Well-tempered metadynamics In WTmetaD, the biased potential that is

added in each step to a predefined degree of freedom (CV) is modified slightly
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to:

VG(s, t) = wG exp
(
− 1

γ−1
βV (s(t), t)

)
exp

(
−

d

∑
α=1

(sα − sα(t))2

2σ2
a

)
(2.4)

the scaling parameter 1
γ−1β is sometimes referred to as kBT . The update con-

sists of adding a biasing kernel centred on the current CV value s and scaled by

exp
(
− 1

γ−1βV (s(t), t)
)

. It can be shown that exp
(
− 1

γ−1βV (s(t), t)
)

decreases as

the simulation progresses [70]. The change of the external bias potential due to

the iteration in Equation 2.4 thus becomes smaller as the metadynamics simulation

progresses. That way, the risk of overfilling is avoided. The WTmetaD offers this

way the possibility of tuning the CV fluctuations via an appropriate choice of γ . It

has been shown that with this method, the rate decreases fast enough for the bias

to converge eventually, yet slow enough for the result not to depend on the initial

conditions [70]. Moreover, the modified added potential is not uniform in the CV

space since at a given point, the rate is inversely proportional to the time already

spent there [70].

Potential energy as a collective variable (the well-tempered ensemble)

Bonomi et al. [71] showed that it is possible to perform a WTmetaD simulation

using the potential energy as a CV and sampling the so-called ”well-tempered en-

semble”. This ensemble is characterised by a parameter γ , which is related to the

usual parameter ∆T by γ = T+∆T
T , and the introduction of this parameter aims to

increase the fluctuation of the potential energy by a factor γ . When the potential en-

ergy grows, the explored conformations are equivalent to those explored at a higher

temperature, so that, roughly speaking, the simulation performs a sort of annealing

where the effective temperature is allowed to increase and decrease. At high tem-

peratures, energy barriers are largely decreased, and the system is able to cross free

energy barriers more easily.

Parallel tempering simulations Another technique that can be used to en-

hance the sampled conformational space is based on the use of an algorithm called

parallel tempering (PT) [72, 73, 74]. This algorithm can be used either on its own
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on top of classical MD, or in conjugation with metaD (PTmetaD) to speed up the

convergence of the free energy profile. Parallel tempering is a method that falls

into the broader category of replica exchange methods in which multiple replicas

(copies) of the system of interest with modified Hamiltonians run simultaneously.

Replica exchange methods are generally based on the idea of sampling one

“cold” replica, which is the physical system of interest in which sampling is hin-

dered and one that could normally be stuck in a metastable state, plus a number

of “hot” replicas, whose only purpose is to accelerate the sampling. The “hottest”

replica should explore the space fast enough to overcome barriers for the process

under investigation, whereas the intermediate replicas are necessarily introduced to

bring the system smoothly from the “hottest” ensemble to the “coldest” ensemble.

Indeed, the number of needed replicas is actually related to the energy difference

between the hottest and the coldest ensembles [72, 73, 74]. In plain parallel temper-

ing, “hot” and “cold” refers to physical temperature as controlled by a thermostat,

whereas in the general Hamiltonian replica exchange scheme, the Hamiltonians of

the “hot” replicas can be biased in an arbitrary manner so as to accelerate the sam-

pling.

Atomic configurations are allowed to move up and down the ladder by period-

ically attempting to exchange two neighbouring replicas (Figure 2.3). The potential

energy of the system in each replica (Un) is calculated every predefined number of

steps and the swap in the atomic coordinates is accepted according to the Metropo-

lis–Hastings criterion with acceptance probability,

A = min

{
1,e

Ui(ri)
kBTi
−

U j(r j)
kBTj

}
(2.5)

.

Otherwise, the swap is rejected. In this way, high-energy barriers present in

the lower replica are overcome by going higher in the temperature ladder, where

barriers are lower and more easily crossed. Swaps are normally attempted between

replicas with adjacent temperatures, Tj = Ti +1.

In some cases, it can be hard to identify CVs that correspond to all the slowly
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Figure 2.3: Replica exchange scheme in a parallel tempering simulation.

varying degrees of freedom that are associated with the transition of interest. Even

if they can all be identified, the CV set becomes unreasonably large if one is to

include all of them. In such cases, it can be beneficial to combine metadynam-

ics with a replica exchange scheme, as the replica exchange scheme is expected to

enhance, through heating, the fluctuation of the degrees of freedom that have not

been explicitly defined in the CV set and, therefore, ”cure” the associated conver-

gence problems. The advantage of replica exchange methods is that they generally

require very little a priori knowledge of the system. However, the disadvantage

is that they can be rather computationally expensive as they might require a large

number of replicas to have acceptable exchange probability while covering a large

temperature range.

Multiple walkers metadynamics Multiple walkers metadynamics (MWmetaD)

is similar to PTmetaD in the sense that multiple metadynamics simulations (walk-

ers) contribute simultaneously to the filling of the wells of a single combined FES

[75]. The free energy is given by the sum of the Gaussians laid by all the walk-

ers that, unlike the PT scheme, do not interact. The different walkers can either

start from the same position in the CV space, but with different initial velocities

assigned, or from different regions of the CV space. In that way, the walkers evolve

differently and explore different regions of the CV space. Moreover, although

these walkers do not swap coordinates, they all read the same deposited history-

dependent potential and, therefore, similarly to plain metaD, they are discouraged
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from revisiting already explored regions, expanding thus the sampled space.

Because the level of required communication between the walkers is very low,

it is easy to implement a parallelised version of the algorithm with many walkers

with almost no performance lost, depending on the available hardware. It has also

been shown that the accuracy of the reconstructed free energy is independent of the

number of walkers [75]. MWmetaD is an appealing flavour of metaD when it comes

to big systems, and a good alternative to PTmetaD, which is why it was the method

of choice in the case of PI3Kα. To reach high enough temperatures to overcome

energy barriers, while maintaining a satisfactory exchange probability, one needs

many intermediate replicas in the PTmetaD approach, which in most of the cases

leads to a prohibiting computational cost when applied to big systems. However,

provided a good set of CVs, an affordable number of walkers can accelerate the

exploration of the CV space and aid the convergence of the FE.

2.1.3 Protein-ligand docking

Computational ligand docking is a modelling technique that allows the prediction

of bound conformations of small-molecule ligands to macromolecular targets, in

our case to a protein. Docking is widely used for the study of biomolecular interac-

tions, and it is applied routinely to structure-based drug design as the method is fast

enough to allow virtual screening of ligand libraries containing tens of thousands of

compounds (reviewed in ref. [76, 77]). By docking a large library of compounds

into one or more high-resolution structures of the target receptor, fewer compounds

typically need to be experimentally screened to identify prospective lead optimisa-

tion candidates.

Docking algorithms use a series of hierarchical filters to search for possible

conformations of a ligand in the predefined, binding-site region of a receptor. The

shape and properties of the receptor are represented on a grid by different sets of po-

tential energy fields that provide progressively more accurate scoring of the ligand

pose (reviewed in ref. [78]). Exhaustive enumeration of ligand torsions generates a

series of ligand conformations that are examined during the docking process. Given

these ligand conformations, initial screens are performed deterministically over the
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entire phase space of the ligand to locate promising ligand poses inside the bind-

ing site. This prescreening reduces drastically the region of conformational space

over which computationally expensive energy and gradient evaluations will later be

performed to evaluate the fit of the ligand in the binding site.

Starting from the poses selected by the initial screening, the ligand is min-

imised in the field of the receptor using a standard molecular mechanics energy

function [78, 79]. Finally, a small number of poses obtained in this fashion are sub-

jected to a Monte Carlo procedure that examines nearby torsional energy minima.

This procedure is needed in some cases to orient peripheral groups properly and

occasionally alters internal torsion angles.

2.2 Simulations setup - monomeric EGFR
Protein structures preparation In X-ray crystallography, the protein is purified

and crystallised, then subjected to an intense beam of X-rays. The proteins in the

crystal diffract the X-ray beam into one or another characteristic pattern of spots,

which are then analysed to determine the distribution of electrons in the protein.

The accuracy of the atomic structure that is determined depends on the quality of

these crystals. In perfect crystals, we have far more confidence that the atomic

structure correctly reflects the structure of the protein. Two important measures

of the accuracy of a crystallographic structure are its resolution, which reflects the

level of detail that may be seen in the experimental data, and the R-value, which

measures how well the atomic model is supported by the experimental data found

in the structure factor file.

The crystal structures for the active, unphosphorylated kinase domain of the

wild-type (WT) (PDB ID: 2GS2) and mutant (PDB ID: 2ITV for the L858R mu-

tant, and PDB ID: 4LRM for the D770-N771insNPG mutant) EGFR were retrieved

from the Protein Data Bank. The resolution of the chosen structures is 2.80 Å (PDB

ID: 2GS2), 2.47 Å (PDB ID: 2ITV), and 3.53 Å (PDB ID: 4LRM). Despite their

relatively poor resolution, especially the structure of the D770-N771insNPG mu-

tant, our choice was driven mainly by the level of completeness of the structures
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compared to other structures with higher resolution but higher number of missing

residues.

The missing residues of the A-loop in 2GS2 were added using the software

MODELLER [80], according to the respective Uniprot sequence and using the PDB

ID: 2ITX as a template. Any co-crystallised ligand present in the crystal structures

was removed. The structure of the active WT was used then as a template to model

the missing residues in the structures of the L858R and D770-N771insNPG mu-

tants. In the absence of crystallographic data regarding the structures of the ac-

tive A763-Y764insFQEA, and ΔELREA mutations, we used the structure of the

WT to introduce the mutations using MODELLER [80]. In the case of the A763-

Y764insFQEA mutant EGFR, the four-residue FQEA insertion occurs in the middle

of the αC-helix. The one turn of a helix that these residues form was modelled so

that it shifts the register of the adjacent residues in the helix towards the N-terminal

direction, in accordance with the mutagenesis studies performed by Yasuda et al.

[81].

Since none of the studied mutants has been crystallised in an inactive confor-

mation, we used the crystal structure of the unphosphorylated WT-EGFR in the

Src-like inactive conformation (PDB ID: 2GS7) to create models of the inactive

states of the mutants. The mutations were introduced using MODELLER [80].

MD simulations combined with experimental data have shown that the flip of

the DFG motif in many protein kinases, including the kinase domain of EGFR,

is dependent to the protonation state of the Asp residue of the DFG motif where

protonation promotes the flip and favours the DFG-out conformation [82, 83, 84].

In all of the structures that we used in the simulations that are described below, the

Asp was unprotonated and, therefore, the DFG-flip was not sampled in any of the

simulations described here.

Unbiased molecular dynamics simulations Prior to any simulation, the pro-

tonation state of each residue was calculated using PROPKA3.0 server [85] at pH 7

and overall optimisation of the hydrogen bond network using PDB2PQR 2.1, which

left all the residues in their usual charge states. Then, each system was enclosed in
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a truncated dodecahedron box with periodic boundary conditions and solvated with

TIP4PD water molecules, while Na+ and Cl- ions were added to reach neutrality and

the final NaCl concentration of 0.15 M. The MD simulations were performed using

GROMACS 2018.3 simulation package patched with the PLUMED 2.4.1 plug-in

[86, 87]. For all simulations, we used a99SB-disp protein force field with its mod-

ified TIP4PD water model [44]. All systems were minimised with 1000 steps of

steepest descent integrator and equilibrated then in the NPT ensemble for 5 ns, us-

ing the Berendsen barostat [88] at 1 bar with initial velocities sampled from the

Maxwell–Boltzmann distribution at 300 K. The temperature was kept constant at

300 K by the velocity-rescale thermostat [89] and a time step of 2 fs. The long-

range electrostatics were calculated by the particle mesh Ewald algorithm [90], with

Fourier spacing of 0.16 nm, combined with a switching function for the direct space

between 0.8 and 1.0 nm for better energy conservation. The systems were equili-

brated for additional 10 ns in the isothermal-isobaric (NPT) ensemble prior to the

production run applying position constraints to the protein (with a restraint spring

constant of 1 kJ mol-1 nm-2). An unconstrained 1000 ns production run in the NPT

ensemble was carried out for each of the systems starting independently from the

active and Src-like inactive conformation (Table 2.1).

Metadynamics simulations A preliminary PTmetaD simulation in the well-

tempered ensemble was performed for each of system using eleven replicas at in-

creasing temperatures (300, 305, 310, 318, 326, 335, 344, 354, 363, 375, and 382

K), in which only the potential energy was biased so that to increase its fluctuation

and reach a target exchange rate between neighbouring replicas of 15%. To ensure

that all meaningful conformations would be sampled over the course of the metaD

simulations, three out the eleven replicas were started with the WT or mutant EGFR

in the Src-like inactive conformation, while in the rest the receptor was in the active

conformation. Once the desired exchange rate between the replicas was reached,

the simulations were interrupted and the deposited energy was saved and used as an

initial bias during the production metaD simulations.

For the production stage, we ran PTmetaD in the well-tempered ensemble for
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Table 2.1: Summary of the unbiased simulations of the monomeric EGFR. The re-
ported times correspond to the simulation time of each independent unbiased simu-
lation.

System Starting conformation Total simulation time (ns)

WT

active 1000
active 1000

Src-like inactive 1000
Src-like inactive 1000

L858R
active 1000

Src-like active 1000

A763-Y764insFQEA
active 1000

Src-like active 1000

D770-N771insNPG
active 1000

Src-like active 1000

ΔELREA
active 1000

Src-like active 1000

each system using the eleven replicas (300 to 382 K), where we kept biasing the

potential energy by depositing Gaussians of height, W0 = 1 kJ mol-1, and width,

σPotEnergy = 100 kJ mol-1, to maintain a good exchange rate despite the big tem-

perature separation. An exchange between adjacent replicas was attempted every

2 ps. A Gaussian was deposited in the collective variable space every 1 ps with

W = W0e−
V (s,t)
( f−1)T , where W0 = 4 kJ mol-1 is the initial height, T is the tempera-

ture of each replica, f = 15 is the bias factor, and V(s, t) is the bias potential at

time t and CV value s. The following three collective variables were used: the dif-

ference between atomic distances CV 1 = d(NK745
Z ,CE762

δ
)− d(NK745

Z ,CD855
γ ); the

distance in contact map space with respect to the inactive conformation CV 2(R) =
1
N ∑γ∈Γ(Dγ(R)−Dγ(Rinactive))

2; the distance in contact map space with respect to

the active conformation CV 3(R) = 1
N ∑γ∈Γ(Dγ(R)−Dγ(Ractive))

2. Dγ(R) is a sig-

moidal function that measures the degree of formation of the contact γ in the struc-

ture R and is defined as Dγ(R) = wγ

(rγ/r0
γ )

n

(rγ/r0
γ )m , where rγ is the contact distance in the

structure R, r0
γ is the contact distance in either the reference inactive or active confor-

mation depending if γ is a contact specific to the former or latter conformation, wγ
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is the weight of the contact and is set to 1 for regular contacts and 3 for salt bridges,

N is a normalisation constant, n = 6, and m = 10. The set of contacts defining the

contact map distance for CV2 and CV3 were the ones used by Sutto et al. [91]. The

set of contacts includes only those pairs that are able to discriminate between the

two structures, i.e. pairs of atoms that describe contacts, which are formed in the

active conformation but are broken in the Src-like inactive and vice-versa.

As mentioned earlier, metaD simulations rely on the identification of adequate

CVs that correspond to all the slowly varying degrees of freedom that are associated

with the process of interest. Choosing suitable CVs can be far from straightforward,

which is why this choice is often guided by experimental data and/or exploratory

simulations run prior to the metaD simulations. In the case of this set of metaD

simulations, prior to running any production metaD simulation, we ran a series of

steered MD (SMD) simulations2 on the WT and mutant systems to ensure that the

chosen CVs described above were capable of capturing the active-to-inactive and

inactive-to-active transitions of interest. We ran several 10 ns long SMD simulations

starting both from the active and inactive conformations and applying different force

constants. We verified the adequateness of the CVs by comparing visually the end

points of the SMD simulations with the target conformations each time, as well as

by calculating the RMSD over the course of the SMD simulation with respect to the

target conformation.

To assess the convergence of a metadynamics simulation, one can calculate the

estimate of the free energy as a function of the simulation time. At convergence,

the reconstructed profiles should be similar. Moreover, as the PTmetaD simulation

progresses and the added bias grows, the system should be able to escape the local

minimum that is trapped to at the beginning and explore a new region of the phase

space. Following the progression of the predefined CVs over time, one can assess

2In a nutshell, steered MD (SMD) is an out-of-equilibrium simulation technique that is often used
to drag the system from an initial configuration to a final one by pulling one or more CVs along
a predefined range. The magnitude of the force that is applied on the CVs to pull the system
is adjusted by a force constant. A very high spring constant introduces an artificially very high-
frequency motion, which is expected to distort the dynamics of the system. The same is true for a
high pulling speed. Therefore, a good balance of force constant and simulation length needs to be
struck to get meaningful SMDs.
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whether the system gets stuck to any specific region of the CV phase space. The

metaD simulations were run until the free energy in the bidimensional projections

and in the monodimensional projections did not change more than 2 kcal mol-1 in

the last 100 ns. As an example of this behaviour over time, we present the time evo-

lution of the bidimensional (Figure A.1) and monodimensional (Figure A.2B) free

energy profile of D770-N771insNPG, but similar behaviour has been observed for

all systems. This convergence criterion led to 1000 ns/replica long simulations for

WT-EGFR, A763-Y764insFQEA, and ΔELREA, and to 900 ns/replica long sim-

ulations for L858R and D770-N771insNPG. These two qualitative observations,

namely that the system is diffusing efficiently in the collective variable space (Fig-

ure A.2) and the estimated free energy does not change significantly as a function

of time (Figures A.1, A.2.B) suggest that the simulations are well converged.

The input files for the metaD simulations, as well as the necessary files for the

definition of the contacts that were used as CVs, will be deposited to the public

repository of the PLUMED consortium, PLUMED-NEST [92].

To determine representative structures of the ensemble conformations that cor-

respond to each of the free energy minima, we performed clustering based on the

Cα RMSD of the A-loop and the αC-helix residues on the ensemble of the 300 K

replica. We selected this feature to cluster the conformations in each basin as the

combined RMSD of these two regions has been shown to be able to differentiate

different conformations along the activation path of WT-EGFR [93]. For the clus-

tering, we used the gromos algorithm as implemented in the GROMACS software

with an RMSD cutoff of 1.5 Å. Prior to the clustering, conformations in which the

αC-helix has unfolded almost completely were filtered out of the ensemble using

an αC-helix αRMSD >5 a.u criterion. These conformations have probably resulted

from the acceleration of fluctuation of hidden CVs through the temperature increase

of the PT scheme.

Protein-ligand docking in free energy minima

To assess the biological relevance of identified the low-energy conformations

of the different mutants in regards to drug affinity, we performed ensemble docking



2.2. Simulations setup - monomeric EGFR 48

calculations. Unlike traditional docking in which the ligand is docked to a single

(experimental or modelled) structure of the protein target, in ensemble docking a

number of MD-derived conformations of the protein are used in multiple docking

calculations are performed. This ensemble of conformations is supposed to reflect

the dynamics of the protein and, thus, the ensemble-based approach aims to repro-

duce a conformational selection mechanism, in which specific protein conforma-

tions are selected by ligand(s) to form a thermodynamically favoured protein/ligand

complex.

For these docking calculations, we used the ensemble of conformations cor-

responding to the deepest energy minima of the FES of each mutant and clustered

the structures within them as described above. The representative structures of each

cluster was identified as the structure with the most neighbour structures, with an

RMSD value beneath the given threshold (1.5 Å), in that cluster. Since it has been

established that the sensitivity of the different mutants to different TKIs stems from

their their enhanced intrinsic affinity for these TKIs and their compromised affinity

for substrate ATP [94, 95, 96] (see introduction of Chapter 3), we docked three ap-

proved anilinoquinazoline TKIs, erlotinib, gefitinib, and lapatinib (Figure 2.4), as

well as ATP, to the exemplar conformations. The necessary energy minimised 3D

molecular structures of the TKIs were generated using the LigPrep application of

the Schrödinger suite (LigPrep, Schrödinger, LLC, New York, NY, 2020). The TKIs

were docked to the representative conformations using Glide (Glide, Schrödinger,

LLC, New York, NY, 2020) [97]. The XP GlideScore scoring function within Glide,

which uses an anchor-and-grow algorithm to sample more thoroughly ligand de-

grees of freedom, was used to rank the docked poses based on their energy. Since

all of the chosen TKIs form a hydrogen bond with the backbone of M793 of the

hinge region of EGFR in their respective crystal structures, we introduced a dis-

tance constraint between the nitrogen of their quinazoline group and the the amide

group of M793, as an effective filter to keep ligand-protein conformations in which

this hydrogen bond interaction is formed.
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Figure 2.4: Schematic drawings of the EGFR anilinoquinazoline inhibitors dis-
cussed here.

2.3 Simulations setup - homodimeric EGFR
Protein structures preparation The apo, unphosphorylated WT-EGFR monomers

were assembled into asymmetric and symmetric homodimers based on the crystal

packing of the monomers observed in PDB entries 2GS6 and 5CNO respectively

[20, 98]. The resolution of both structures 2.60 Å (PDB ID: 2GS6) and 1.55 Å

(PDB ID: 5CNO) was satisfactory, considering the size of the systems.

The kinase domain of each monomer is found in the active conformation in

the asymmetric dimer and in the Src-like inactive conformation in the symmetric

dimer. Out the different mutants that we simulated here, available crystal structures

exist only for the L858R-EGFR (PDB ID: 2ITV, 2.47 Å resolution) and D770-

N771insNPG-EGFR (PDB ID: 4LRM, 3.53 Å resolution), both of which are found

in active, asymmetric assemblies in their crystal structures. Given the activating na-

ture of A763-Y764insFQEA andΔELREA [81, 99] and absence of crystallographic

data for both of them, the mutations were modelled to the asymmetric dimer using

the WT-EGFR as a template using the software MODELLER [80].

Preliminary experimental data from our collaborators (unpublished data) sug-
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gested that the I966E mutation abolishes the ability of EGFR to form homodimers

while enhancing the formation of higher-order oligomers. As the experiments were

not able to clarify which type of homodimer is affected the most by the introduc-

tion of this mutation, we modelled I966E-EGFR in both the symmetric and the

asymmetric homodimer. Moreover, since the double mutant E1005R/D1006K and

the triple mutant I966E/E1005R/D1006K were found experimentally to disrupt the

symmetric dimer formation, they were modelled and simulated only in the symmet-

ric dimer form. The missing atoms and residues were added so that all sequences

have the same length, namely residues S695-Q982 for the asymmetric homodimers

(in the numbering with the 24-aa tag) and residues N700-D1014 for the symmetric

homodimers.

Unbiased molecular dynamics simulations Prior to any simulation, the pro-

tonation states of the residues at pH 7 were determined by PROPKA3.0 [85], which

left all the residues in their usual charge states. Then, each system was enclosed

in a truncated dodecahedron box with periodic boundary conditions and solvated

with TIP4PD water molecules, while Na+ and Cl- ions were added to reach neu-

trality, and the final NaCl concentration of 0.15 M (the total number of atoms was

~230,000 per system). All molecular dynamics simulations were performed using

a99SB-disp [44] protein force field in the NPT ensemble, keeping the temperature

at 300 K with a velocity-rescale thermostat [89], and the pressure at 1 bar with a

Parinello-Rahman barostat [100]. The long-range electrostatics were calculated by

the particle mesh Ewald algorithm [90], with Fourier spacing of 0.16 nm, combined

with a switching function for the direct space between 0.8 and 1.0 nm for better

energy conservation. The systems were equilibrated for additional 10 ns in the NPT

ensemble prior to the production run applying position constraints to the protein

(with a restraint spring constant of 1 kJ mol-1 nm-2). An unconstrained 4000 ns

production run in the NPT ensemble was carried out for each of the systems (Table

2.2).
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Table 2.2: Summary of the unbiased simulations of the homodimeric EGFR. The
reported times correspond to the simulation time of each independent unbiased sim-
ulation.

System Starting conformation Total simulation time (ns)

WT
asymmetric dimer 4000
symmetric dimer 4000

L858R asymmetric dimer 4000

A763-Y764insFQEA asymmetric dimer 4000

D770-N771insNPG asymmetric dimer 4000

ΔELREA asymmetric dimer 4000

I966E
asymmetric dimer 4000
symmetric dimer 4000

E1005R/D1006K symmetric dimer 4000

I966E/E1005R/D1006K symmetric dimer 4000

2.4 Simulations setup - PI3Kα
Protein structures preparation The X-ray structure of the human WT PI3Kα was

retrieved from the Protein Data Bank (PDB ID: 4OVU) [34]. We selected this struc-

ture as, at the time of the set up of the presented simulations, it was the structure with

the highest resolution (2.96 Å) for the apo PI3Kα, where the functional domains

around the E545K mutation (nSH2, iSH2) were also resolved. The missing residues

in the catalytic, p110α, and regulatory, p85α, subunits were modelled and refined

through homology and loop modelling using the Prime software of the Schrödinger

suite [Prime, Schrödinger, LLC, New York, NY, 2019]. The sH3, GAD, and cSH2

domains regions in the PIK3R1 gene (Figure 1.5) were not modelled due to lack

of reliable structural information. In the absence of crystallographic data regard-

ing the structure of the E545K mutant, residue E545p110α
3 of the WT structure was

mutated in silico to K545p110α. After the introduction of the point mutation, the

position of the backbone nitrogen atom of K545 in the helical domain was optimal

for the formation of a hydrogen bond with the backbone oxygen of the neighbour-

3To avoid confusion associated with residues with the same number that belong to different subunits,
we give the subunit to which each residue belongs to as a subscript throughout this thesis.
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ing L380p85α of the nSH2 domain. It should be noted that no PIP2 or ATP was

included in any of the simulated systems. The protonation state of each residue was

determined using the PROPKA3.0 algorithm [85] at pH 7, which assigned the usual

charge states to all residues, except for D603p110α and D560p85α that were predicted

to be protonated.

Charged residues play an important role in defining key mechanistic features

in many biomolecules. Determining, however, the pKa values of the residues of

large proteins can be challenging with experimental methods. In principle, neutron

protein crystallography or solid-state NMR where the the chemical shifts of all the

amino acids with charged side-chains throughout the 13C-, 15N-labelled protein are

monitored over several samples varying in pH can be used to assign the protonation

state of each residue. However, no such study was available for the case of PI3Kα

and, therefore, we accepted the predicted by the PROPKA3.0 algorithm protonation

states of D603p110α and D560p85α on the basis of the optimisation of the hydrogen

bond network around those residues. In particular, protonation of D603p110α in-

troduced an additional hydrogen bond between D603p110α and N605p110α, while

protonation of D560p85α led to the formation of a hydrogen bond with Y343p85α

and N345p85α. Moreover, both D560p85α and D603p110α are far away from the mu-

tation site and, therefore, the effect of their protonation is expected to be minimal

to the dynamics of the regions around the E545K mutation.

Unbiased molecular dynamics simulations setup The GROMACS 2016.4

MD engine compiled with the plumed 2.4.14, plug-in was used for all the simula-

tions [86, 87]. All simulations used the CHARMM36m force field [45] to describe

the protein and a modified TIP3P water model referred to as CHARMM TIP3P [45],

which has been fine-tuned to optimise the dispersion part of the protein-water in-

teractions while minimising the perturbation of the repulsive part. CHARMM36m

was selected since it has been shown to be able to reproduce well the dynamics of

both folded and intrinsically disordered proteins and can qualitatively capture the

effects of pathogenic mutations [45, 46]. The WT and mutant systems were sol-

vated with 11,000 CHARMM TIP3P water molecules in a truncated dodecahedral



2.4. Simulations setup - PI3Kα 53

box with periodic boundary conditions, while Na+ and Cl- ions were added to reach

charge neutrality and the final concentration of 0.15 M (the total number of atoms

was ~350,000).

Prior to MD, the energy of all systems were minimised using the steepest de-

scent integrator and equilibrated after in the NPT ensemble for 5 ns, using a Berend-

sen barostat [88] at 1 bar with initial velocities sampled from the Boltzmann distri-

bution at 300 K. The temperature was kept constant at 300 K by a velocity-rescale

thermostat [89] and a time step of 2 fs. The long-range electrostatics were calcu-

lated by the particle mesh Ewald algorithm [90], with Fourier spacing of 0.16 nm,

combined with a switching function for the direct space between 0.8 and 1.0 nm

for better energy conservation. The systems were equilibrated for additional 10 ns

in the NPT ensemble applying position constraints on the protein (with a restraint

spring constant of 1 kJ mol-1 nm-2) and keeping the pressure constant at 1 bar by

coupling the system to a Parinello-Rahman barostat [100]. The temperature was

kept also constant at 300 K through the velocity-rescale thermostat [89]. A 1 µs

long and two independent 500 ns long, unconstrained production runs were carried

out for each of the systems in the NPT ensemble (Table 2.3).

Table 2.3: Summary of the unbiased simulations of the PI3Kα. The reported times
correspond to the simulation time of each independent unbiased simulation.

System Replica ID Total simulation time (ns)

WT
rep1 1000
rep2 500
rep3 500

E545K
rep1 1000
rep2 500
rep3 500

Metadynamics simulations Since 1 µs of unbiased MD was insufficient to

sample adequately any large conformational change that could explain the effect

of the introduction of the E545K mutation on the mutation-induced activation of

PI3Kα, we used MWmetaD simulations using a total of eight walkers to increase

the sampling. As described in section 2.1.2, the method is based on the concurrent



2.4. Simulations setup - PI3Kα 54

simulation of the system by different “walkers” while adding a history-dependent

potential on the most important degrees of freedom, which are expected to drive

the process of interest; in this case the detachment of the nHS2 domain from the

helical domain. The history-dependent potential on these CVs not only discourages

the system from revisiting the same regions of the conformational space, but also

favours the exploration of new, stable or metastable configurations until the system

explores the whole (or a large portion of) conformational space.

Given the size of the system (~1,600 amino acids) and the significant com-

putational resources needed to sample its conformations, we could not extend the

simulations much beyond 400 ns/system. To explore the conformational changes in

what, for a system of this size, is a relatively short time, the bias had to be deposited

quickly, and thus the resulting free energy surfaces are somewhat rough.

Each of the eight walkers was subjected to well-tempered metaD in which

energy in the form of Gaussians was deposited on the collective variable space

every 2 ps with height W = W0e
−V (s,t
( f−1)T , where W0 = 5 kJ mol-1 is the Gaussian

height, T is the temperature of each walker (310 K), f = 10 is the bias factor,

and V (s, t) is the bias potential at time t and CV value s. The following two CVs

were used: CV1, the distance between the centres of mass of the Cα carbon atoms

of the nSH2 and helical domains, and CV2, the distance in contact map space to

the open state. The centres of mass of the nSH2 (residues M322-K430, p85α) and

helical (residues R524-C695, p110α) domains were defined using every second Cα

carbon of the residues of each domain. The contact map distance was defined as

CV 2(R) = 1
N ∑γ∈Γ(Dγ(R)−Dγ(Ropen))

2 , where Dγ(R) is a sigmoidal function that

measures the degree of formation of the contact γ in the structure R and is defined

as Dγ(R) = wγ

(rγ/r0
γ )

n

(rγ/r0
γ )m , in which rγ is the contact distance in the structure R, r0

γ is

the contact distance in either the reference open or closed conformation depending

on which the contact γ is specific for, Wγ is the weight of the contact and is set to

one for regular contacts, N is a normalisation constant, n = 6, and m = 12. The

set of contacts Γ defining the contact map distance for CV2 was determined using

two structures that were considered representative of the closed and the open states,
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respectively. The representative conformation for the closed state was chosen to be

the resulting conformation obtained after the energy minimisation and equilibration

of the WT, while the representative conformation for the open state was selected

from our previous MD results in which the introduction of E545K resulted in a

spontaneous detachment of the nSH2 domain from the helical domain [101]. Con-

tacts selection was based on distance cutoff, i.e. a particular contact was selected

if the separation of representative atoms was <= 5 Å distance. For the representa-

tive atoms per residue see the definition adopted in TimeScapes Analytics Package

[102]. Then, among all of the pairs in the close or in the open conformation, only

those pairs that specifically discriminate between the two structures were kept, i.e.

only the pairs that appear either in the closed or open state, discarding those pairs

that were common to both. The final set, Γ , constituted of 65 regular contacts and 8

salt-bridge contacts involving contacts between residues of the nSH2 with residues

of the helical and kinase domains. The contacts that corresponded to side chain

salt-bridge interactions were weighed three times more than a regular contact. The

widths of the Gaussians for the two CVs was set to σ1 = 0.035 nm and σ2 = 0.5.

Similar to the case of EGFR, prior to production metaD simulations, we run SMD

simulations to ensure that the chosen CVs were able to describe the transition of

interest.

Given the size of the interacting surfaces during the reattachment of nSH2

and the underlying complexity that is associated with non-specific binding when it

comes to protein-protein interactions, we used a funnel-shaped potential [103] to

confine the movement of the nSH2 domain after its detachment from the helical

domain and to aid in the convergence of the free energy. This approach has been

applied successfully in the past to study the binding mechanism of peptide and non-

peptide ligands to pharmacologically relevant targets [103, 104]. The funnel-shaped

potential was placed so that the detachment vector defined by the two centres of

mass of the nSH2 and helical domain would align with the vector passing through

the middle of the funnel (Figure 2.5). Moreover, the size and the shape of the funnel

were such that they would allow the centre of mass the nSH2 domain to move
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Figure 2.5: (A) Graphical representation of the funnel-shaped potential (orange
balls) that was used to confine the movement of the centre of mass of the nSH2
domain (blue) with respect to the helical domain (yellow); the centres of mass of
the two domains (black spheres) were used to define the detachment vector. (B)
The PI3Kα complex was rotated in every step during the course of the simulation so
that the nSH2-helical domain detachment vector would align with the Z-axis. The
shape of the funnel was such to allow nSH2 to sample both the closed and detached
conformations.

both away from the centre of mass of the helical domain and to explore different

orientations around it.



CHAPTER3
Understanding the effect of oncogenic

mutations on the monomeric EGFR

According to the World Health Organisation, lung cancer is the second most com-

mon cancer type both for both males and females and refers to the growth of ab-

normal cells in the air passages of the lungs [105]. As abnormal cells grow, they

can form malignant tumours, which can then invade nearby tissues or spread to

other parts of the body. Recent statistics show that 20% of patients with lung cancer

correspond to cases with small-cell lung cancer1(SCLC), while the rest 80% cor-

responds to patients with non-small-cell lung cancer (NSCLC) [106]. Molecular

profiling of previously untreated lung adenocarcinoma (the most common histolog-

ical NSCLC subtype) patients has shown somatic acquired DNA alterations on the

gene that encodes the chromosomal region 7p11-p13, where EGFR is located in

62% of NSCLC cases and abnormal activation of EGFR due to somatic mutations

has been correlated with a poor prognosis [107, 108, 109].

Although clinically relevant mutations have been identified throughout the

gene that encodes EGFR, here we focus only on mutations that are found in the

kinase domain of the receptor. The most prevalent of EGFR kinase domain muta-

tions, accounting for 45% of EGFR mutations found in NSCLC, are in-frame dele-

tions on exon 19, nested around the ELREA stretch of amino-acids located on the

β3-αC loop the EGFR [110, 106]. Another recurrent mutation is the single amino

acid substitution L858R in exon 21 on the A-loop of the kinase domain, which com-
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prises approximately 40–45% of EGFR mutations. Nucleotide substitutions in exon

18 (for example, G719C or G719S) account for another 5% of EGFR mutations, and

so do in-frame insertions in exon 20 [106, 110].

The identification of EGFR as a NSCLC driver oncogene led to a body of liter-

ature that established the foundation for further investigations of the molecular basis

of the lung adenocarcinoma pathogenesis. Consistent with their purported role in

the aetiology of NSCLC, exon 19 deletions, which involve the ELREA motif, the

exon 21 L858R substitution, the exon 20 D770-N771insNPG insertion at the N-

terminal end of the αC-helix, and the exon 20 A763-Y764insFQEA insertion in the

middle of the αC-helix render EGFR oncogenic in both cell cultures and transgenic

mouse models [111, 112]. Specifically, these mutations, which are located on the

kinase domain of EGFR, have been found to increase the kinase activity of the re-

ceptor, leading to stimulation of downstream pro-survival and cell-growth pathways

and consequently confer oncogenic properties on mutated EGFR [81, 113, 114].

Several therapies based on small-molecule inhibitors have been developed to

target EGFR and they are in various stages of clinical testing. Early NSCLC clinical

trials with two tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib, were mod-

estly encouraging, with partial responses reported in approximately 10% of treated

patients with NSCLC [115]. However, we now know that the genetic background

of patients affects their response to different treatments. For example, patients that

harbour exon 19 deletion mutations or the exon 21 L858R point mutation seem to

have favourable clinical responses to gefinitib or erlotinib [81, 116, 115]. Although

common EGFR mutations have been well studied in preclinical models (in vitro

and in vivo) and their effects on response to TKIs have been observed in patients,

relatively little is known about rarer mutations. We now realise that not all mu-

tations are activating, and that some activating mutations may be associated with

resistance to TKIs [117]. In particular, insertion mutations in exon 20, like the

D770-N771insNPG insertion, are associated with a lack of response to TKIs, with

1SCLC is a tumour of neural crest origin and it initially responds well to chemotherapy, but it com-
monly recurs with resistant disease. NSCLC is thought to originate in lung epithelial cells, and can
be one of the three histological subtypes: squamous cell carcinoma, adenocarcinoma, or large-cell
carcinoma.
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exception to the A763-Y764insFQEA insertion in exon 20, which is unexpectedly

sensitive to TKIs [81, 118]. The molecular mechanism of these different responses

of EGFR mutants to TKIs is poorly understood.

In 2006, Carey et al. measured the enzyme kinetic parameters and inhibitor

affinities of the WT-EGFR and a number of mutant EGFR kinases, including the

L858R point mutant and the ΔELREA deletion mutant [94]. They found that both

of these mutants exhibit higher activity in vitro and significantly increased Michaelis

constants for ATP (Km[ATP]) compared to the WT. Strikingly, by measuring the in-

hibition constant, Ki, for erlotinib for these mutants, they also discovered an en-

hanced affinity of erlotinib for both mutants. Carey et al. speculated then that

mutant-specific changes in the structure are likely to be the dominant factor for the

alterations of Km[ATP] and Ki. A year later, Yun et al. solved the structure of the

WT and L858R-EGFR in complex with gefitinib (an anilinoquinazoline inhibitor

structurally similar to erlotinib) and AMP-PNP (an ATP analogue) and they also

characterised the mutants for their catalytic activity and inhibitors sensitivity [95].

Comparison of the structures of the L858R mutant reveals an overall binding mode

of gefitinib and AMP-PNP (PDB IDs: 2ITZ, 2ITV respectively) identical to the

ones seen in the WT kinase in the active state (PDB IDs: 2ITY, 2ITX respectively).

Despite the close structural correspondence of the WT and mutant proteins, Yun et

al. found marked differences in their affinity for gefitinib and ATP. In particular,

they observed similar behaviour to the one seen for erlotinib by Carey et al. with

gefitinib binding to the L858R-EGFR 20-fold more tightly than to the WT, while

at the same time the L858R exhibited lower affinity for ATP. The increased ATP

affinity of a mutant EGFR rather than a direct alteration of the binding mode has

also been shown to be the primary mechanism by which the T790M mutation (not

studied here) confers drug resistance [96].

As exon 20 insertion mutants became more relevant in the clinical practice due

to their observed patterns of resistance or response to EGFR TKIs, characterisation

of their enzyme kinetics became important. In this regard, the inhibitor-sensitive

mutant, A763-Y764insFQEA, was found to bind gefitinib 10-fold more tightly than
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the inhibitor-insensitive mutant, D770-N771insNPG, and to be almost as sensitive

to gefitinib as the L858R mutant [81]. Unlike, however, the high ATP-affinity seen

in other inhibitor-resistant mutants, the D770-N771insNPG shows a 2-fold lower

affinity for ATP than the A763-Y764insFQEA [81].

Today, it is believed that the mutant-specific changes in inhibitors affinity and

Km[ATP] are the underlying basis for the success of TKIs targeting the EGFR in

treating lung cancers driven by these mutations. Their enhanced intrinsic affinity

for these TKIs and their compromised affinity for substrate ATP, as reflected in an

increased Km[ATP], appears to be particularly important and can be considered the

common theme in mutants that respond to TKI therapy.

To better understand the root of the activating nature of the clinically-relevant

L858R, D770-N771insNPG, A763-Y764insFQEA, and ΔELREA mutations2on

EGFR, in this chapter, we focus on the effect of the introduction of these muta-

tions to the conformational landscape of the wild-type (WT) and mutant proteins

(Figure 3.1). Through a combination of unbiased and metaD simulations we aim

to shed light on the role of these mutations on EGFR’s conformational flexibility

and allosteric effects, which will help in the rationalisation of the different TKIs re-

sponses. Moreover, the exploration of the conformational landscape of the mutants

will allow us to sample conformations that may be sampled solely by the mutant

proteins and which could not only explain their different function with respect to

the WT, but also be exploited afterwards for structure-based design of more potent

and selective EGFR inhibitors that will exclusively target the abnormal, mutated

EGFR.

3.1 Results
WT The full activation of the WT-EGFR relies on the formation of active, asym-

metric dimers, in which the C-lobe of one monomer (activator) interacts with the

N-lobe of the second monomer (receiver), stabilising the catalytically active con-

2These mutations are also referred to as L834R, D746-N747insNPG, A739-Y740insFQEA, and
delE722-A726 in the literature, corresponding to an EGFR residue-numbering scheme which ex-
cludes the 24-residue-long membrane-targeting signalling peptide; the convention in the residue-
numbering used throughout this thesis includes the residues of this peptide.
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ΔELREA
(exon 19)

A763-Y764insFQEA
(exon 20)

D770-N771insNPG
(exon 20)

L858R
(exon 21)

αC-helix

A-loop

90o90o

Figure 3.1: Active conformation of the somatic mutations on EGFR kinase domain
presented in this chapter. The αC-helix is depicted in cyan, while the A-loop is in
orange. The point of deleted residues in the ΔELREA mutant is indicated with a
red dot. In the case of the point mutation L858R, and the two exon 20 insertions,
the residues associated with the mutation are depicted in red spheres.

formation of the latter (see Chapter 1, section 1.2.1). Shan et al. have shown that

a transition from the active to the inactive conformation where the DFG-flip takes

place can be captured in MD simulations of the monomeric form after ~32 µs and

only after protonation of the Asp residue of the DFG motif [84]. Since our ultimate

goal was to use metadynamics to probe the energetics behind the transition from

the active to the inactive conformation in a more computationally-efficient manner

than the long unbiased simulations that Shan et al. used, we only ran short unbi-

ased simulations of the WT and mutant monomeric forms. Specifically, we began

by performing two independent 1 µs long unbiased simulations of the monomeric

WT-EGFR starting from the active, unphosphorylated and unprotonated state and

two 1 µs long simulations starting from the Src-like inactive, unphosphorylated and

unprotonated state. We also ran a 1 µs long simulation starting from the two states
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for the mutants following an identical approach with the expectation that, in the ab-

sence of the ”activator” monomer, we would be able to observe differences in the

fast dynamics of the WT and mutant proteins.

In the simulations that we initiated from the active conformation of the apo, un-

phosphorylated EGFR monomer, the WT-EGFR repeatedly departed from its initial

αC-in conformation and transitioned within the first ~100 ns to an αC-out-like con-

formation that resembles the conformation seen in the DFG-out inactive state (PDB

ID: 2RF9) and differs from the Src-like inactive conformation, as can be seen from

the distance between K745, E762 and D855 (Figure 3.2). Our simulations consis-

tently show that in leaving the initial αC-in conformation, the N-terminal end of the

αC-helix region of the receiver interface became disordered, i.e. fluctuated between

folded and partially unfolded states. To verify and quantify this observation, we

used as a metric the αRMSD [119] of the αC-helix, which probes the alpha helical

content of a protein structure by calculating the root mean square deviation (RMSD)

of a predefined protein segment from an idealised alpha helical structure (Figure

3.3). In contrast, the activator interface at the C-lobe of EGFR kinase remained

stable. Although the K745-E762 salt-bridge broke quickly, the repositioning of the

αC-helix was not enough to trigger a conformational change of the A-loop and adopt

the characteristic two-turn helix that is found in the Src-like inactive conformation.

In fact, the A-loop remained extended throughout the simulations, which suggests

the presence of an energy barrier that needs to be crossed for the A-loop to break

the β9 strand and form the characteristic two-turn helix. This behaviour is in line

with the known activation mechanism of EGFR according to which dimerisation is

important for keeping the αC-helix in the αC-in conformation and suggests that the

presence of ATP and phosphorylation may also be critical for the stabilisation of the

active conformation.

On the other hand, the overall structure of the kinase domain remained very

stable during the course of the unbiased simulations that we initiated from the Src-

like inactive conformation. Specifically, as can be seen from the relative distance

of K745, E762, and D855, the K745-D855 salt-bridge was formed throughout the
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Figure 3.2: Time series of the distance between two salt-bridge-forming residue
pairs K745-E762 and D855-E762 over the course of the unbiased simulations start-
ing from the active or Src-like inactive conformation. The distance between the
representative atoms of each residue in the crystal structures of the active (PDB
ID: 2GS2, black), Src-like, DFG-in inactive (PDB ID: 2GS7, green), and inactive,
DFG-out (PDB ID: 2RF9, pink) conformation are highlighted with dashed lines.

simulation, while the K745-E762 was broken suggesting that the αC-helix remained

in its initial αC-out conformation (Figure 3.2). Moreover, the characteristic two-turn

helix of the A-loop was also maintained, mainly due to a network of hydrophobic
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Figure 3.3: Time series of the αRMSD of the αC-helix over the course of the un-
biased simulations. The same residues were used for the calculation in all systems
(residues 751-773). The higher αRMSD value seen in the simulations that were
initiated from the active conformation is the result of an additional turn at the N-
terminal end of the αC-helix that is seen in the active conformation.

residues (L747, I759, L858, L861) that pack against each other and stabilise the turn

(Figure 3.4). Although the simulations were only 1 µs long each, the stability that

we see in both replicas suggests that this conformation can be one of the dominant

conformations that the monomeric, apo, unphopshorylated kinase domain adopts.

45o

I759

L861

L747

L858
I759

L861

L747

Figure 3.4: Cluster of hydrophobic residues (blue spheres) whose side chains pack
together to stabilise the two-turn helix (yellow) of the A-loop and the Src-like inac-
tive conformation (PDB ID: 2GS7) overall.

As expected, 1 µs was not enough time to observe any transition from the ac-

tive to the Src-like inactive conformation or vice versa. Projection of the simulations

onto the RMSD space confirms that the systems sample distinct conformational en-

sembles with little to no overlap (Figure 3.5). In order to sample transitions of inter-
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est, we used PTmetaD (see sections 2.1.2 and 2.2) using three CVs. CV1 describes

the distance in the contact map space from the reference Src-like inactive confor-

mation (the closer the distance is to zero, the closer the structure is to the structure

that was used as a reference for the contact map definition), CV2 describes the dis-

tance in the contact map space reference active conformation, and CV3 describes

the difference between the distances of K745-E762 and K745-D855.

Figure 3.5: Contour plot of the sampled conformational space as projected to the
RMSD of each frame of the unbiased simulations with respect to the active and Src-
like inactive conformations. The label ”active” corresponds to a simulation(s) where
EGFR started from the active conformation, while the label ”inactive” corresponds
to a simulation(s) started from the Src-lie inactive conformation. The active and
Src-like inactive conformations that were used as references for the calculation of
the RMSD are the initial frames of each simulation.
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The reconstruction of the free energy landscape from the PTmetaD simulations

exhibits three main minima. Their shape and position are reassuringly equivalent

to those Sutto et al. had obtained for the same system with a different force field

[91]. As expected, in the absence of a ligand or phosphorylation, these minima for

the WT-EGFR correspond to inactive-like conformations (Figure 3.6). Specifically,

the ensemble of conformations that corresponds to the deepest free energy mini-

mum - (CV1, CV3) = (0.16, 0.6) – contains conformations in which the A-loop

has adopted a semi-closed conformation that precludes the ATP-binding, while the

αC-helix is mostly ordered and has adopted the αC-out conformation (Figure 3.6,

basin α1). This is in line with the instability of the αC-in conformation that we ob-

served in the unbiased simulations. Although the characteristic two-turn helix on

the A-loop is not formed in most of the conformations of this ensemble, the back-

bone arrangement of these conformations is consistent with crystal structures of the

Src-like inactive state (e.g. PDB ID: 2GS7) and so are some key interactions. In

particular, in this ensemble of conformations, the salt-bridge of E762 with K745 is

broken, and a new one is formed between K745 and D855.

In one of the two secondary free energy minima - (CV1, CV3) = (0.1, 1.4) –

the characteristic two-turn helix on the A-loop of the Src-like inactive conformation

is formed and the αC-helix has rotated away from the C-lobe and adopted the αC-

out conformation (Figure 3.6, basin α2). Notably, in the most populated state of

this basin, the N-terminal end of the αC-helix is unfolded, in agreement with the

predicted disordered nature of this region [84]. The fact that such conformations

show in higher energy basins suggests that the unfolding of the N-terminal end of

the αC-helix may be a prerequisite step for the formation of the two-turn helix on

the A-loop.

In the other secondary minimum of the free energy surface – (CV1, CV3) =

(0.2, 0.6) - the N-terminal end of the αC-helix is folded, and the helix has rotated

away from the core of the protein and has adopted a similar position to the one seen

in basin α1, while the A-loop is still relatively unstructured (Figure 3.6, basin α3).

Although the conformations in this basin resemble a lot the ones seen in the deepest
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Figure 3.6: Free energy surface of the WT EGFR as a function of CV1 (distance
from reference Src-like inactive structure) and CV3 (distances between K745:E762
and K745:D855). Representative structures for free energy minima are depicted in
cartoon representation. A yellow cross indicates the position of the active confor-
mation (PDB ID: 2GS2) in the explored CV space, while a black cross indicates the
position of the Src-like inactive conformation (PDB ID: 2GS7) as reference.

energy minimum, they differ in the fact that there is a slight increase in the interlobal

distance seen in the conformations of this basin. Together, these two secondary

minima, i.e. basins α2 and α3 (Figure 3.6), may represent metastable states that are

important during the transition from the active to the Src-like inactive conformation
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and reflect the necessary rearrangements for the deactivation to take place, namely

unfolding of the N-terminal end of the αC-helix, increase in the interlobal distance

and the formation of the two turn helix on the A-loop.

L858R It has been suggested that the mutation of L858 to arginine enhances

the kinase activity by shifting the equilibrium towards the active conformation

through disruption of the hydrophobic network that L858 forms with L747, I759,

and L861 (Figure 3.4), which is supposed to stabilise the Src-like inactive confor-

mation [81]. However, during the course of the simulation that we initiated from

the active conformation, the αC-helix transitioned gradually to the αC-out confor-

mation (Figure 4.6). On the other hand, the simulation of the L858R starting from

the Src-like inactive conformation, showed that transient, favourable salt-bridges

between the R858 and D855 of the DFG and HRD motifs, or D837, and π-cation

interactions with the F723 of the p-loop (Figure 4.6) stabilise the Src-like inactive

conformation.

The PTmetaD simulations of the L858R mutant confirm the results that we

obtained for the same mutant with an older force-field [91]. The fact that the two

surfaces obtained with different force fields are consistent and the underlying struc-

tural ensembles are equivalent is encouraging for the robustness and accuracy of the

methods that we used. The free energy landscape shows that the deepest minimum

corresponds to an ensemble of conformations that are very close to the active con-

formation (Figure 3.8). The positively charged R858 was surrounded by a cluster of

negatively charged residues (E758, E762, D837, and D855) and in this ensemble,

the side chain of R858 fluctuated between two states; one in which R858 interacts

with D837 and D855, and one where it interacts with E758 and E762 (Figure 3.8).

The interactions of R858 with D837 kept the A-loop in an extended, active-like

conformation. On the other hand, as a result of the favourable interactions of R858

with E758 and E762, the αC-helix exhibited high secondary structure stability as

opposed to the disorder seen in the αC-helix of the WT. Although the salt bridge of

E762 with K745 is never present in this ensemble as is in the fully active confor-

mation, the αC-helix is found solely in the αC-in conformation, probably due to the
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Figure 3.7: (A) Important interactions of L858R with neighbouring residues that
are maintained over the course of the unbiased simulations. The estimation of the
time fraction that the residues are considered to interact is based on distance criteria
(d < 0.75 nm for hydrophobic interactions, d < 0.35 nm for hydrogen bonds, and d
< 0.45 nm for salt-bridges). The representative side chain and backbone atoms of
the interacting residues that have been considered for every interaction are denoted
in subscript. (B) Graphical representation of the important interactions that L858R
participates in and described in (A). The depicted structures were selected from the
unbiased simulations.

interaction of R858 with E762 that keeps the helix in that conformation. Overall, the

presence of R858 favours the active conformation at the expense of the disordered

state that is highly populated in the WT. Stabilisation of the αC-helix through the

L858R mutation has been shown to promote EGFR dimerisation and downstream

signalling which, therefore, explains the activating nature of this mutation [20, 84].

Docking of erlotinib and gefinitib to the exemplar conformations, which cor-

respond to the deepest energy minimum led to atypical binding poses with high
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Figure 3.8: Free energy surface of the L858R mutant as a function of CV1 and
CV3. Representative structures for two main conformations found in the deepest
minimum are depicted in cartoon representation. The interaction of R858 with E758
and E762 is responsible for the secondary structure stability of the αC-helix, while
the interaction of R858 with D837 and D855 prevents the formation of the two-turn
helix on the A-loop. A yellow cross indicates the position of the active conformation
(PDB ID: 2ITV) in the explored CV space, while a black cross indicates the position
of the Src-like inactive conformation (homology model) as reference.

solvent accessibility. The main reason for that is the side-chain of K745, which in

the apo conformation points towards the binding site and blocks the available space

for ligand binding (Figure 3.9). In the conformations where the orientation of the

side-chain of K745 would allow ligand binding, the P-loop closes the binding site.

D770-N771insNPG Based on the crystal structure of the kinase domain of the

D770-N771insNPG EGFR in the active conformation (PDB ID: 4LRM), it has been

postulated that the NPG insertion at the C-terminal end of the αC-helix, locks the

helix in the αC-in conformation [81]. Proline is an amino acid that is commonly

found in turns and in the case of the D770-N771insNPG, the inserted P772 induces

a turn that leads to the formation of a hydrogen bond between the backbone of

D770 and the amide of the inserted G773 in the crystal structure (Figure 3.10A).

Throughout the unbiased simulation that we initiated from the active conformation,

this backbone hydrogen bond was responsible for orienting the side chain of D770

such that it formed a long-lived salt bridge with R779 (Figure 3.11A), while the

inserted N771 interacted with R837 of the αE-helix. Interestingly, this salt-bridge

interaction is lost after about 300 ns in both replicas of the WT simulations (Fig-
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Figure 3.9: Superposition of gefitinib (magenda, sticks representation) from the
crystal structure of the L858R-EGFR in complex with gefitinib (left) with the ex-
emplar conformation of the most populated cluster of the free energy surface of the
mutant (right).

ure 3.10A) and R776 forms a hydrogen bond with the backbone of A767 (Figure

3.10B). Although one would expect these interactions to stabilise the αC-in confor-

mation, the K745-E762 salt bridge broke almost immediately (Figure 3.2), suggest-

ing that the αC-in conformation in which the mutant is found in the crystal structure

is probably ligand-induced rather than mutation-induced.

In the absence of a crystal structure of the Src-like inactive conformation of

the D770-N771insNPG insertion, we modelled the insertion based on the WT and in

this model, the inserted triplet adopts an extended conformation where the backbone

D770-G773 hydrogen bond is lost (Figure 3.10B). The unbiased simulation, which

was initiated from that model, suggested that as soon as the inserted triplet adopts

this extended conformation, D770 interacts with R779 only sporadically (Figure

3.11A), as R779 forms a hydrogen bond with the carbonyl group of A767 (Fig-

ure 3.10B, 3.11B), similar to the stable interaction seen in the simulations of the

WT-EGFR in the Src-like inactive conformation. Interestingly, R779H has been
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Figure 3.10: Key interactions around the inserted residues in the D770-
N771insNPG mutant as seen in (A) the ligand-bound active conformation of the
mutant (PDB ID: 4LRM), and in (B) the homology model of the Src-like inactive
conformation that we built. The inserted residues are coloured orange.

found to increase the phosphorylation of monomeric EGFR [120], underlying the

role of R779 in the regulation of the αC-in and αC-out equilibrium. Our unbiased

simulations suggested that the orientation that D770 adopts because of the inserted

residues could prevent R779 from interacting with A767 and therefore disfavour

the αC-out conformation. This already shows the crucial role of the P771, G773,

D770, R779, A767 network of interactions in the stabilisation of different αC-helix

conformations.

Since Y869 was not phosphorylated and the simulations did not include a lig-

and, in the PTmetaD simulations the αC-helix adopts the αC-out conformation,

while the free energy surface exhibits a single, broad minimum in which the mu-

tant assumes a conformation where the K745-E762 salt-bridge is broken, but the

A-loop assumes an extended, active-like conformation (Figure 3.12). In the most

populated cluster of conformations within this basin, the side chain of the inserted

N771 has flipped 180° with respect to its orientation in the crystal structure and in-

teracts with the side chain of R779, which prevents it from interacting with A767.

The mutation does not seem to be able to quench fully the intrinsic disorder of the

αC-helix, like the L858R did, as can be seen from the unfolded N-terminal part of

the helix in the representative conformation of the minimum (Figure 3.12). In the



3.1. Results 73

R776/9 – A767R776/9 – D770

a
c
t
i
v
e

i
n
a
c
t
i
v
e

A B

Figure 3.11: Time series of the interactions of R776/9 with D770 (A) and A767 (B)
over the course of the unbiased simulations starting from the active (top row) and
Src-like inactive (bottom row) conformations. R776 corresponds to the WT num-
bering, while R779 corresponds to the D770-N771insNPG numbering. The atoms
that were used to assess the distance between the residues are given in the parenthe-
sis, while the distance of these atoms in the starting conformation is depicted with
a dashed line.

second most populated cluster in the same free energy basin, the D770-R779 salt

bridge is formed, similar to the crystal structure, and so is the backbone hydrogen

bond between D770 and G773, and the αC-helix is fully helical. However, unlike

the crystal structure, the αC-helix is in the αC-out conformation.

In all the conformations that correspond to the global minimum of the reported

free energy surface, the A-loop is predominately found in the extended, active-like

conformation regardless of the order or position of the αC-helix. Inspection of the

structures in this basin suggests that the A-loop is kept in the active conformation

through the interaction of E762 with K863 of the β9 sheet.

Interestingly, in the unbiased simulations of the mutant, as well as in a rel-

atively populated cluster within the basin seen in the PTmetaD simulations, the

insertion seems to amplify a motion that increases the N/C-lobe separation. The

role of this amplification, which is also seen in the A763-Y764insFQEA, as it will

be discussed later, is not yet clear, but it may be related to the Hsp90 recruitment

and/or the binding kinetics of the substrate/inhibitors.
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Figure 3.12: Free energy surface of the D770-N771insNPG mutant as a function of
CV1 and CV3. Representative structures of the two main conformations found in
the deepest minimum are depicted in cartoon representation. A yellow cross indi-
cates the position of the active conformation (PDB ID: 4LRM) in the explored CV
space, while a black cross indicates the position of the Src-like inactive conforma-
tion (homology model) as reference.

Docking of gefitinib and erlotinib to the conformations coming from the free

energy minimum shows that both ligands bind in an essentially identical manner in

the structures (Figure 3.13 A/B). The nitrogen of the quinazoline group forms a hy-

drogen bond with the backbone of M769, while in the case of gefitinib, the chlorine

of participates in a halogen bond with the side chain of T793. Docking of lapatinib

to the same structures did not yield reasonable docked poses as the A-loop in these

structures blocks the binding site and the fluorobenzene group cannot be accommo-

dated in the back pocket of the ATP binding site (Figure 3.13 C). Although docking

shows that gefitinib and erlotinib can in principle bind to the mutant’s binding site,

we think that the increase of the N/C-lobe separation due to the mutation will de-

crease the residence time of the ligands in the pocket and explain the poor response

of patients harbouring this mutation to erlotinib and gefitinib.

ΔELREA The ΔELREA deletion accounts for the most frequent mutation

seen in patients with NSCLC [106]. EGFR mutants harbouring theΔELREA dele-

tion show increased activity, comparable to the activity seen in L858R mutants and
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Figure 3.13: (A) Docked pose of gefitinib to a conformation coming from the sin-
gle energy minimum in Figure 3.12. (B) Docked pose of gefitinib to a conformation
coming from the single energy minimum in Figure 3.12. (C) Superposition of lap-
atinib to the docked posed of gefitinib. Docking of lapatinib to the conformations
of the fluorobenzene group cannot be accommodated in the back pocket of the ATP
binding site.

much higher than the one seen in the WT [99]. Foster et al. showed that the deletion

of five amino acids at the β3-αC loop is optimal for kinase activation compared to

three, four or six amino acid deletions, as this deletion is expected to refrain the αC-

helix from adopting an αC-out conformation [99]. Moreover, it has been recently

shown that ΔELREA EGFR is still oncogenic even in the absence of asymmetric

homodimerisation [121], unlike the WT- and L858R-EGFR, which acquire their

oncogenic properties following asymmetric dimerisation. However, we note that

heterodimerisation of theΔELREA with other members of the ERBB family might

play a role in its activating phenotype.

Since a crystal or cryoEM structure of the mutant is not available, we mod-

elled the deletion in both the active and Src-like inactive conformations using the

WT as a template. Modelling of the ΔELREA deletion in the active conformation
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suggests that the deletion does not perturb significantly the overall kinase domain.

Inspection of the region around the site of the mutation indicates that the dele-

tion can be accommodated in the active, αC-in conformation by repositioning of

residues 753PKAN756, which form the initial N-terminal turn of the αC-helix in the

EGFR WT after the β3-strand. On the other hand, modelling of the Src-like inac-

tive conformation suggests that unfolding of this turn at the N-terminal end of the

αC-helix is necessary for it to adopt the characteristic αC-out conformation. Long

unbiased molecular dynamics simulations by Shan et al. suggest that theΔELREA

mutation stabilises the αC-in active conformation relative to the Src-like inactive

conformation, but the mutation does not prevent αC-helix from sampling the αC-

out conformation [83]. In our unbiased simulations, we confirm that the αC-out is

a stable conformation for the duration of the simulation in terms of the structural

integrity of the two-turn helix on the A-loop, the secondary structure integrity of

the αC-helix and the overall folding of the receptor. It should be noted though that

the ΔELREA was the only mutant in which the K745-E762 salt-bridge remained

formed for more than 92% of the simulation (Figure 3.2), which indicates that the

deletion may indeed improve the overall stability of the active conformation even

in the absence of a ligand or a dimeric partner.

The reconstructed free energy landscape confirms that the ΔELREA-EGFR

can access inactive conformations. Specifically, the αC-helix is found in the αC-out

conformation in one of deepest free energy minima - (CV1, CV3) = (0.1, 1.4) – and

the characteristic two-turn helix on the A-loop of the Src-like inactive conformation

is formed (Figure 3.14, basin β1). The deleted L747, which on the WT contributes

to the stabilisation of the two-turn helix through a hydrophobic network between

I759, L861, and L858 (Figure 3.4), is replaced by P753 (Figure 3.14) and, therefore,

the stability of the Src-like inactive conformation is not compromised despite the

deletion.

In the second free energy minimum - (CV1, CV3) = (0.45, 1.6) – ΔELREA

sampled mainly active-like conformations in which the αC-helix was again in

the αC-out conformation, but the A-loop assumed extended conformations (Fig-
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Figure 3.14: Free energy surface of theΔELREA mutant as a function of CV1 and
CV3. Representative structures of the main conformations found in the free energy
minima are depicted in cartoon representation. A yellow cross indicates the position
of the active conformation (homology model) in the explored CV space, while a
black cross indicates the position of the Src-like inactive conformation (homology
model) as reference.

ure 3.14, basin β2) similar to those seen in the unbiased simulations of the active

WT-EGFR. Interestingly, the A-loop in this ensemble also visited conformations

in which the middle section of the A-loop formed a three-turn helix, reminiscent

of an extended helix in the A-loop of MPSK1 kinase (PDB ID: 2BUJ). This con-

formation is intriguing because the helix puts Y869, a well-known phosphoryla-

tion site of EGFR kinase, in an exposed position along with a group of glutamate

residues (E865, E866, E868, and E872), which interact with K754 of the unfolded

N-terminal end of the αC-helix (Figure 3.14, basin β1). This helical conformation

of the activation loop might be involved in the phosphorylation of Y869. A similar

conformation has been described in ref. [84] as an intermediate state of the active
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to Src-like inactive transition of the WT.

The third metastable minimum, slightly higher in energy than the other two, is

very broad and consists of a divergent ensemble in whichΔELREA samples a range

of conformations most of which are “substrate-competitive” like, i.e. neither the

two-turn helix nor the β9 strand on the A-loop is stable and the residues of the DFG

motif are in the DFG-in orientation (Figure 3.14, basin β3). In particular, in this

ensemble, the A-loop points to the opposite direction with respect to the one seen

in the active conformation, as seen in many kinases like the inactive conformation

of the Aurora-A kinase (PDB ID: 2WTV), for example.

lapatinib

Figure 3.15: Docked pose of lapatinib to a conformation from basin β1 of the free
energy landscape of the ΔELREA (Figure 3.14).

It is believed that theΔELREA deletion is responsible for keeping the αC-helix

in the αC-in conformation [99]. However, the free energy landscape of the mutant

(Figure 3.14) as well as the fact that lapatinib, a known αC-out binder, is able to
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bind to conformations associated with basin β1 (Figure 3.15) suggest that more ex-

periments are needed in which αC-out binders will be tested as such molecules may

be indeed valid options for treatment of carcinomas associated with this mutation.

A763-Y764insFQEA When studied in vitro, the EGFR Ex20Ins variant A763-

Y764insFQEA is the only EGFR exon-20-insertion-harbouring cell line inhibited

by erlotinib at concentrations less than 0.1 µΜ, while other EGFR Ex20Ins, such

as the D770-N771insNPG, had a reduced affinity and sensitivity to EGFR tyro-

sine kinase inhibitors (TKIs) [81, 122]. From the homology model of the A763-

Y764insFQEA mutant that we built, which was based on the active conformation

of the WT, it is not immediately clear how the mutation exerts its effect. Mutagen-

esis studies indicate that this insertion extends the αC-helix towards the N-terminal

direction, while the glutamic acid that is inserted through the mutation assumes the

role of E762 in the WT-EGFR [81]. The insertion leads to the replacement of I759

with alanine that has a shorter side chain. Again, the amino acid at position 759

is involved in hydrophobic interactions around L858 (Figure 3.4), which have been

speculated to be essential for stabilising the Src-like inactive state. Therefore, based

on the homology model, it is tempting to think that the mutation has an activating ef-

fect by disrupting this hydrophobic network and making the inactive conformation

less energetically favourable.

Regarding the unbiased simulations that we initiated from the Src-like inactive

conformation, the αC-helix remained in the αC-out conformation throughout the

simulation (Figure 3.2), and the overall fold of the kinase was maintained with a no-

ticeable increase in the interlobal distace. On the other hand, in the case of the sim-

ulations that we initiated from the active conformation, the A763-Y764insFQEA

was the only mutant in which the αC-helix transitioned back to the αC-in conforma-

tion several times after it visited the αC-out conformation (Figure 3.2). This unique

behaviour implies that the intrinsic tendency of the A750-N756 N-terminal region

on the αC-helix to fold that we see in the simulation may restrict the conformational

flexibility of the αC-helix and favour αC-in conformations.

The deepest minimum in the free energy landscape of A763-Y764insFQEA
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- (CV1, CV3) = (0.3, -0.7) – corresponds to an ensemble where the A-loop of

the mutant samples semi-closed conformations. However, the αC-helix in these

conformations is stabilised in an αC-in conformation where the K745-E762 salt

bridge is formed (Figure 3.16, basin γ1). Interestingly, this ensemble contains sev-

eral conformations in which the N-lobe has separated from the C-lobe, similar to

the behaviour that the D770-N771insNPG mutant exhibited. The activity of the

A763-Y764insFQEA mutant has been found to be sensitive to Hsp90 chaperone in-

hibitors suggesting that this mutant depends on Hsp90 for stability and downstream-

signalling [123]. As the function of this mutant has been shown to be chaperone-

dependent [123], the biological relevance of the observed elongated states with ad-

ditional space between the two lobes might facilitate the recruitment of the Hsp90

chaperone.

In the second main minimum - (CV1, CV3) = (0.1, 1.4) – A763-Y764insFQEA

samples inactive conformations where the two-turn helix on the A-loop is formed

and stabilised by interactions of K860 with the inserted glutamic acid, and the

shifted E762 and E758, as well as of an interaction of L858 with the inserted F764

(Figure 3.16, basin γ2).

Notably, in the A763-Y764insFQEA, similar to the L858R, the fully active

state is populated, albeit there is a small thermodynamic penalty of 1-2 kcal mol-1

with respect to the inactive state. In the representative structure of this basin - (CV1,

CV3) = (0.55, -0.45) – the K745-E762 (inserted Glu) salt bridge is formed, and the

αC-helix is in the αC-in conformation (Figure 3.16, basin γ3). At the same time,

the A-loop assumes an extended, active-like conformation.

In the apo, monomeric form, the insertion results in an extension of the β3-

αC loop, which was expected to make the αC-helix more flexible. Instead, both in

the unbiased and PTmetaD simulations that we performed, this extension seems to

provide structural stability to the αC-helix. Even though the αC-helix samples dis-

ordered states in all the basins, the αC-helix in the dominant conformations of these

basins is highly helical, suggesting that the mutation may also activate the receptor

by suppressing the disorder of the αC-helix that is important for the formation of
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Figure 3.16: Free energy surface of the A763-Y764insFQEA mutant as a function
of CV1 and CV3. Representative structures of the main conformations found in
the free energy minima are depicted in cartoon representation. A yellow cross indi-
cates the position of the active conformation (homology model) in the explored CV
space, while a black cross indicates the position of the Src-like inactive conforma-
tion (homology model) as reference.

the asymmetric homodimer and the downstream signalling.

Unexpectedly, in almost all the structures that correspond to the deepest energy

minimum in the FES of the A763-Y764insFQEA (Figure 3.16), the side chain of

L796 of the hinge region is rotated and points towards the binding site, which in

turn prevents all of the ligands that we tested to form the necessary hydrogen bond

between the quinazoline group and the backbone of M793. Given that this mutant

populates active like conformations (Figure 3.16, basin γ2), we expect the binding

affinity of the ligands to come from a conformational selection mechanism in which

the ligands bind to conformations from that basin.
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3.2 Discussion
In this chapter, we presented the effect of four mutations, namely the L858R, D770-

N771insNPG, ΔELREA, and A763-Y764insFQEA, on the structure and dynamics

of EGFR. All of these mutations have been shown to increase the catalytic activ-

ity of EGFR in vitro [20, 81, 99] and continuously activate the signalling path-

way, which stimulates cancer cell growth. In light of the clinical relevance of the

EGFR kinase domain mutations that we presented in this chapter in lung cancer,

understanding the structural and dynamical implications of these kinase mutations

is crucial to lung cancer biology and provides a good opportunity to better under-

stand the biophysical mechanisms regulating EGFR kinase activation. The design

of conformation-specific kinase inhibitors to target a diversity of cancer-causing

mutations is of paramount importance to achieve the optimal therapeutic outcome

for cancer patients and represents an unmet clinical need in precision oncology3.

A better understanding of how oncogenic mutations affect, on a molecular level,

the structure and dynamics of the receptor with respect to the WT may potentially

lead to personalised cancer treatment tailored to the genetic profile of each cancer

patient.

It has been well established that the activation of WT-EGFR is driven by

ligand-induced dimerisation or multimerisation [8, 17]. In agreement with previ-

ous studies [83, 84, 91], we observe that the active conformation of the WT-EGFR,

in the absence of phosphorylation and ATP, is energetically unfavourable and infre-

quently sampled. The absence of a low-energy αC-in active conformation, in which

the catalytically important KE salt bridge between K745 and E762 is maintained,

suggests that dimerisation and probably ATP binding and phosphorylation of Y869

in the activation loop are important to stabilise this conformation fully. In the global

minimum of the free energy landscape of the WT-EGFR, the A-loop has adopted

a semi-closed conformation that precludes the ATP binding and the αC-helix has

adopted the αC-out conformation. In conformations that correspond to local min-

3Precision oncology refers to any approach in cancer treatment that ensures patient’s treatment is de-
signed to directly target a causative mutation for a malignancy, ultimately achieving a personalised
and precise approach to cancer treatment.



3.2. Discussion 83

ima, the N-terminal end of the αC-helix is partially unfolded, which is in line with

its disordered nature [83].

Light scattering and native gel electrophoresis have suggested that, unlike the

WT-EGFR, which is found predominately in monomers in solution, the L858R

EGFR preferentially forms dimers and oligomers [84]. Earlier studies have shown

that the L858R mutation promotes dimerisation by suppressing the intrinsic disor-

der of the αC-helix [84, 91], which is an integral component of the dimerisation

interface, while it also promotes the active state. Our simulations corroborate this

combined mechanism of action. The deepest free energy minimum corresponds

to active conformations in which the interaction of R858 with D837 and D855

disfavours the formation of the characteristic two-turn helix on the A-loop of the

Src-like inactive conformation, while the interaction of R858 with E758 and E762

represses the disorder in the αC-helix region, favouring the formation of asymmetric

homodimers.

In-frame Ex20Ins are a subcategory of EGFR mutations, most of which are

found in the αC-β4 loop that connects the αC-helix to the β4 strand of the ki-

nase domain and are generally associated with insensitivity to available tyrosine

kinase inhibitors [81, 124]. Out of such mutations, the D770-N771insNPG at the

C-terminal end of the αC-helix has been shown to respond very poorly to TKIs,

even though the mutation does not seem to alter the binding site [81]. Moreover,

the response of cells and transgenic mice harbouring the D770-N771insNPG mu-

tant to cetuximab, a human-mouse chimeric monoclonal antibody that binds to

the extracellular domain of EGFR and blocks the required rearrangement for re-

ceptor dimerisation, suggests that this Ex20Ins activates and transforms cells in a

dimerisation-independent manner [121]. According to our simulations, we reason

that the amplification of the lobes’ separation that we observed in both the unbiased

and metaD simulations could explain the low sensitivity of D770-N771insNPG-

EGFR to TKIs, as this motion is expected to affect the residence time of the TKIs

in the binding site. Unlike previous suggestions, according to which the inserted

residues would prevent the receptor from adopting an αC-out conformation [81],
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we sample such conformations, in which though the A-loop is maintained in an

extended, active conformation. It is possible that the mutation decouples the N-

and C-lobe motions and subsequently the coupling between the αC-helix and the

A-loop; a coupling that is important for the transition from the active to the inactive

state [125].

Contrary to D770-N771insNPG, cells and patients harbouring the Ex20Ins

A763-Y764insFQEA have been shown to be highly sensitive to gefitinib and er-

lotinib [81]. Our simulations show that the most stable conformation of the apo

A763-Y764insFQEA corresponds to an αC-in conformation in which though the

A-loop is not fully extended as in the active conformation. Interestingly, the fully

active conformation, which is not favourable in the apo WT-EGFR, appears as a

relatively low-energy secondary minimum in the A763-Y764insFQEA. It is highly

likely that in a conformational-selection scenario4of ligand binding, the αC-in con-

formation in the deepest energy basin and the sampling of a fully active conforma-

tion in the secondary basing would favour the ligand binding, which could explain

the higher sensitivity of A763-Y764insFQEA-EGFR to gefitinib with respect to the

WT and D770-N771insNPG-EGFR.

Patients with NSCLC and EGFR exon 19 deletions have longer survival rates

following treatment with gefitinib or erlotinib compared to those with the L858R

mutation [126]. In vitro experiments have shown increased sensitivity ofΔELREA-

EGFR to erlotinib and gefitinib relative to WT-EGFR but also increased resistance

to lapatinib [99, 127]. It has been postulated that the β3/αC deletion forces the

αC-helix into the αC-in position promoting the kinase activation and conferring

resistance to αC-out inhibitors, like lapatinib [99]. The free energy landscape of

the ΔELREA mutation, however, suggests that this notion needs to be revisited.

The most stable conformations of the unphosphorylated monomeric form corre-

spond to minima in which the C-terminal end of the β3-strand unfolds, giving the

αC-helix the necessary flexibility to adopt αC-out conformations. However, both

4In conformational-selection binding, a conformational change occurs prior to the binding of a ligand
and in this mechanism, the ligand seems to ”select” and stabilise a higher-energy conformation for
binding.
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the unbiased simulations and the conformations within all the energy basins show

that the ΔELREA deletion suppresses almost completely the local disorder at the

N-terminal end of the αC-helix region, which in turn is expected to favour the for-

mation of dimers. Moreover, simulations of the lapatinib binding to the WT-EGFR

have suggested that the slow kinetics of the process are probably associated with

the transition to a conformation in which the αC-helix is partially unfolded [84]. It

is, thus, tempting to speculate that the absence of such intrinsically disordered con-

formations in the free energy landscape of ΔELREA could explain the decreased

sensitivity of ΔELREA-EGFR to lapatinib.



CHAPTER4
Understanding the effect of oncogenic

mutations on the homodimeric EGFR

Mutagenesis studies have demonstrated that phosphorylation of Y869 on the A-loop

is not an absolute requirement for EGFR activation [128]. As discussed in Chap-

ter 1 (section 1.2.1), the formation of dimers or higher-order oligomers, however,

is an essential step for the activation of EGFR family members [12, 17]. Simu-

lation and biochemical data suggest a mechanism in which the extracellular do-

mains of different EGFR monomers prevent the intrinsic ability of the transmem-

brane and cytoplasmic domains to dimerise/multimerise and become active in the

absence of a stimulus (e.g. growth-factor binding). However, growth-factor binding

releases this block and triggers a series of transmembrane and cytoplasmic con-

formational changes (reviewed in ref [12, 16]). Although growth-factor binding

promotes dimerisation, enhanced expression of the receptor can also drive dimeri-

sation through mass action, which is seen in certain cancers like head and neck,

ovary, cervix, bladder, oesophagus, stomach, brain, and breast (reviewed in ref.

[12, 16]). Heterodimerisation between EGFR family members is also an essential

aspect of their function, especially of Her2, which does not form homodimers under

normal conditions, but it will not be discussed here.

Upon dimerisation, the intracellular, C-terminal domains of the two monomers

are brought close together and cross at their transmembrane helices [23, 129]. Al-

though there is currently no structure of the EGFR transmembrane domain, cross-
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linking and molecular dynamics studies [130, 131] suggest that the dimerisation

of the transmembrane helices happens through their N-terminal GxxxG motifs that

pack together and leave the C-terminal ends separated. This arrangement agrees

with a model according to which this C-terminal ends separation of the transmem-

brane helices favours the formation of the active asymmetric dimer.

The transmembrane segment connects to the cytoplasmic juxtamembrane seg-

ment of the receptor. The juxtamembrane segment of EGFR is a crucial structural

element for the dimerisation of the kinase domain [23] and, unlike the typical re-

ceptor tyrosine kinases, it activates, rather than inhibits the kinase domain [132].

The EGFR juxtamembrane segment consists of two segments: the JM-A (residues

669–687) and the JM-B (residues 688–706). It has been shown that the two JM-A

segments of both the receiver and activator form a short α-helix each. These two

helices are likely to interact in an antiparallel manner and to stabilise in turn the

formation of the asymmetric kinase domain dimer, resulting in the activation of the

receptor [23]. On the other hand, the JM-B segment, protruding from the kinase

domain of the receiver, latches the receiver to the activator kinase by running along

the surface of the C-lobe of the activator kinase domain [23]. Mutations of C-lobe

residues that anchor the JM-B region (e.g. N996, R963, D974, R977 of the C-lobe)

have substantial inhibitory effects on EGFR autophosphorylation in cell-based as-

says [23].

When activated, the kinase domains of two EGFR monomers can interact in an

asymmetric fashion so that one monomer (the activator) switches on the other (the

receiver) [20]. The mechanism by which the kinase domain of EGFR is activated

resembles the activation of cyclin-dependent protein kinases (CDKs) by cyclin. The

C-lobe of the activator kinase domain interacts with the N-lobe of the receiver ki-

nase and plays a role analogous to that of a cyclin bound to a CDK, even though the

kinase domain of EGFR is not related structurally to cyclins. The principal interac-

tions in the asymmetric dimer are between the αH-helix of the activator kinase and

the αC-helix of the receiver, although the juxtamembrane segment (JM-B), which

reaches across from the N-lobe of the receiver kinase domain to engage the C-lobe
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of the activator kinase domain, also mediates several interactions between the two

monomers. Crystal structures of ligated EGFR in the asymmetric dimer shows that

this arrangement stabilises the αC-helix of in the receiver kinase in the αC-in con-

formation and the extended conformation of the A-loop [81, 95].

Several studies have shown that EGFR dimerises prior to EGF binding and

these ligand-independent dimers may play a role in preparing the receptor for

growth factor binding [133, 134, 135]. Although the exact arrangement of the kinase

domains in these dimers is still under debate, the discovery of inactive symmetrical

dimers of the kinase domain [23] was fundamental as these dimers have several fea-

tures which fit with an inhibitory role of the kinase activity. In symmetric dimers,

the C-lobe of the activator kinase domain interacts with the C-lobe of the receiver

kinase and the dimer formation is mediated predominately by an α helix (termed

the AP-2 helix) that each of the C-terminal tails of the two kinase domains forms.

The interactions made by the AP-2 helix are analogous to the ones seen in the SH2-

kinase linker in inactive Src family kinases and, at the same time, this arrangement

has been speculated to compete with the segment that constitutes the activating jux-

tamembrane latch seen in the asymmetric active dimer [23]. Both of these features

strengthen the hypothesis of the inhibitory role of these dimers.

The formation of symmetrical, inactive dimers in the presence of the V948R

mutation on the N-lobe [23], as well as the finding that activating mutations, like

the T790M, can form symmetric dimers [17] show that kinase domain mutations af-

fect the dimerisation properties of the receptor and, consequently, the activity level

of it. This highlights the importance of studying kinase mutations not only in a

monomeric but also in a dimeric context in order to elucidate their structural impli-

cations that affect the activity of EGFR. In this chapter, we present unbiased MD

simulations of the mutants discussed in Chapter 3 in the context of homodimers,

and we expand the list of studied systems to include mutations, which experimental

data suggest that affect the dimerisation ability of the mutant EGFR (Figure 4.1).
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WT
symmetric dimer

WT
asymmetric dimer

E1005R/D1006K
symmetric dimer

A763-Y764insFQEA
asymmetric dimer

E1005R/D1006K/I966E
symmetric dimer

L858R
asymmetric dimer

D770-N771insNPG
asymmetric dimer

I966E
asymmetric dimer

I966E
symmetric dimer

ΔELREA
asymmetric dimer

Figure 4.1: Dimeric conformation of the somatic mutations on EGFR presented in
this chapter. The αC-helix is coloured pink for reference, while the mutated residues
are shown as orange spheres.



4.1. Results 90

4.1 Results
WT As a reference, we ran two independent 4 µs long unbiased simulations of

two kinase domains in asymmetric and symmetric homodimers. In agreement with

previous proposals regarding the effect of the dimerisation on the position of the

αC-helix in the asymmetric dimer [84], we see that the αC-helix is kept in the “αC-

in” conformation predominately on the receiver monomer of both the WT and of

the mutants (Figure 4.2). On the contrary, the αC-helix of the receiver monomer

is flexible enough to adopt αC-out conformations, similar to the ones the αC-helix

adopts in the monomeric form of EGFR. Unlike the behaviour of the αC-helix that

we see in the asymmetric dimer, in the simulations of the symmetric dimer, in which

both monomers are found in the Src-like inactive conformation, the αC-helix of both

monomers remains in the αC-out conformations throughout the simulation (Figure

4.2). This behaviour further supports the notion that the active conformation is not

adopted spontaneously in solution but is promoted by the interactions between the

kinase domains in the asymmetric configuration.

Light scattering and native gel analysis have shown that apo WT-EGFR kinases

generally exist as monomers [84]. However, preformed symmetric and asymmetric

dimers are expected to be sufficiently stable to not detach in the short time of the un-

biased simulations. We observe that this is indeed the case as can be seen from the

centre of mass distance of the two monomers in either the symmetric or asymmet-

ric complex (Figure 4.3). A closer examination of the interactions at the interface

of the asymmetric and symmetric dimers reveals a series of stabilising interactions

that maintain the two monomers bound to each other. Specifically, in the case of

the asymmetric dimer, the interface comprises mainly of hydrophobic residues on

the activator (V980, I941, M945, V948, M952) and receiver (P699, L703, L704,

I706, L760, L782) kinase that pack against each other to stabilise the dimer. In-

terestingly, although the αC, αI, and αH helices have charged residues on them, the

inter-monomer salt bridges between K757-E967, K757-E963, and D761-K949, are

not particularly stable (Figure 4.4A). The exception to this are the salt-bridge inter-

action between K708 and D931 and the hydrogen bond between Y764 and D942
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Figure 4.2: Distribution of the distance between two salt-bridge-forming residue
pairs K745-E762 and D855-E762 in each monomer over the course of the unbi-
ased simulations. The representative atoms of each residue that were used for the
calculation of the distances are denoted in subscript.
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(Figure 4.4A).
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Figure 4.3: Distribution of the centres of mass (COM) distance of the receiver and
activator monomers. The trace of the WT profile is give as a dashed line.

In the case of the symmetric dimer, the acidic side chains of the residues, in

turn, after the AP-2 helix (D1003, E1004, E1005, D1006), which are referred to as

an ”electrostatic hook”, form ion pairs with residues near the hinge region of the

kinase domain and near the αC/β4 loop (H773, K846, H850, and K852) (Figure

4.4B). Specifically, D1003 engages in intra-monomer interactions with K846, and

H850, and so does E1005, which forms additionally an interaction with K852 (Fig-

ure 4.4B). On the other hand, E1004 engages in inter-monomer interactions with

Q791 and K846 (Figure 4.4B).

L858R Given the position of the mutation on the A-loop and far from the dimer

interface and since the L858R is an activating mutation, we prioritised and ran sim-

ulations of the mutant only in the asymmetric configuration, which is expected to be

the dimer that propagates the activating signals. The response of full-length EGFR

bearing the activating L858R mutation to MIG6-mediated dimerisation inhibition

underlies the importance of asymmetric dimer formation for robust autophospho-

rylation, even when the monomeric kinase domain is in an active conformation

[136]. Moreover, light scattering and native gel electrophoresis suggest that, un-

like the WT-EGFR, which is found predominately in monomers in solution, L858R

proteins preferentially form dimers and oligomers [84].

Earlier computational studies [84, 91], as well as the free energy landscape
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Figure 4.4: Important interactions on the interface of the (A) asymmetric, and (B)
symmetric WT homodimer.

that we presented in Chapter 3, have shown that L858R promotes the asymmetric

dimer formation by suppressing the disorder of the αC-helix, which is an integral

component of the dimerisation interface. Indeed, analysis of the αRMSD of the

αC-helix of the L858R variant in the monomeric and dimeric (asymmetric) forms,

which probes the α-helical content of this segment over time, confirms that dimeri-

sation suppresses the intrinsic disorder of the αC-helix in both the WT and L858R,

particularly the one of the receiver kinase, and suggests that the L858R stabilise this

kind of dimers (Figure 4.5).

Analysis of the hydrogen bonds on the interface of the asymmetric dimer sug-

gests that the mutation destabilises the hydrogen bond between the side chains of
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Figure 4.5: Distribution of the αRMSD of the αC-helix over the course of the un-
biased simulations. The same residues were used for the calculation in all systems
(residues 751-773). The higher the value of the αRMSD, the higher the helical
content of the underlying segment is.

N756 of the αC-helix and S957, as well as the one between the backbone of L704

of the JM-B region and the side chain of N935 (Figure 4.6). However, the L858R

mutation leads to more long-lived salt bridges on the dimerisation interface between

K708-E931, D761-K949, and K757-E963 with respect to the WT (Figure 4.6). Out

of them, R858 seems to affect directly the salt bridge between K757 and E963 as

the interaction of R858 with E758 stabilises the secondary structure, while the re-

pulsive interaction of R858 with K757 orients the side chain of K757 such that it

can interact with E963. Moreover, the interaction of R858R with E762 leads to the

transient interaction of the side chains of D761 and K949, which is absent in the

WT (Figure 4.6).

A763-Y764insFQEA To this day, there has not been a crystal or cryo-EM

structure of the A763-Y764insFQEA-EGFR in either the monomeric or dimeric

form. As discussed in Chapter 3, the Ex20Ins A763-Y764insFQEA is an activating

mutation, and patients harbouring this mutation have been reported to be respon-

sive to EGFR TKIs, unlike tumours driven by other Ex20Ins mutations [81, 122].

Similar to the L858R, we modelled the insertion on the αC-helix of each monomer

of the asymmetric dimer using the structure of the WT as a template and simulated

A763-Y764insFQEA-EGFR for 4 µs.
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WT L858R

receiver* activator* interaction occupancy %**

N700O I941N <5 12

A702O N935NE2 37 29

L704N N935OE1 75 53

E709N K929O 99 97

Y764OH D942OD2 72 71

N756ND2 S957OG 27 <5

dimerisation interface
hydrogen bonds

dimerisation interface
salt-bridges

A B

R858

* residues numbering is based on the numberingof
the WT sequence
** percentage of frames over the simulation in which
the interacting atoms are within 3.5 Å from each
other

R977E697

R858

K708 E931

activator

receiver

K949

E963

K757

D761

Figure 4.6: Interface interactions analysis. (A) Hydrogen-bond analysis on the
receiver-activator interface. The table contains only hydrogen bonds that are formed
for more than 5% of the simulations of either the WT or the L858R. (B) Salt bridges
on the receiver-activator interface whose percentage of formation over the course of
the simulation differs more than 10% between the WT and L858R EGFR.

Looking at the position of the αC-helix in the two monomers, we see that, un-

like the WT, the αC-helix is kept predominately in the αC-in conformation in both

monomers (Figure 4.2). Interestingly, although the αC-helix of both monomers

samples occasionally αC-out conformations, it transitions back to the αC-in con-

formation, even in the case of the donor kinase, where there is nothing to push the

αC-helix back. We were not able to associate this behaviour of the donor kinase

with the mutation on the acceptor kinase or find an allosteric communication be-

tween the dimerisation interface and the αC-helix. Nevertheless, since simulations

of the monomeric state of A763-Y764insFQEA-EGFR shows the αC-helix transi-

tions naturally from the αC-out to the αC-in (Figure 3.2), we reason that the more

frequent sampling of the αC-in conformation in the case of the donor kinase is most

likely mutation-driven rather than dimerisation-driven.

This mutation does not seem to impact the stability of the homodimer as this is
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D958

E967

D946

Y768

D761

D762

Q765

K757
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Figure 4.7: Interface interactions analysis. Salt bridges on the receiver-activator in-
terface whose percentage of formation over the course of the simulation differs more
than 10% between the WT and A763-Y764insFQEA EGFR. The residue numbering
corresponds to the A763-Y764insFQEA numbering.

reflected on the distance between the centres of mass of the two monomers (Figure

4.3). However, analysis of the interface interactions between the two monomers

points to an increase in the formation of such dimers, which would explain the

higher activity of A763-Y764insFQEA-EGFR compared to the WT-EGFR. Specif-

ically, the introduced F760 of A763-Y764insFQEA is accommodated in the hy-

drophobic cleft formed by V952, M949, and K953, while K757 in the WT is re-

placed by D761 in the A763-Y764insFQEA, which in the mutant form can interact

with K953 (Figure 4.7). Moreover, the introduction of the insertion and the conse-

quent extension of the αC-helix by one turn brings K757 and K754 in such a position

that can interact more efficiently with the side chains of E967 of the αI-helix, and of

D960 and D958, respectively (Figure 4.7). Interestingly, these interactions do not

occur in the WT.

D770-N771insNPG Based on the packing of D770-N771insNPG in the crys-

tallographic unit, Yasuda et al. suggested that the mutant confers an enhanced

propensity to form asymmetric dimers [81]. However, an extensive study by Cho

et al. in which cells and transgenic mice harbouring the D770-N771insNPG mu-

tant were treated with cetuximab, a human-mouse chimeric monoclonal antibody
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that binds to the extracellular domain and blocks the required rearrangement for

receptor dimerisation, suggests that this Ex20Ins activates and transforms cells in

a dimerisation-independent manner [121]. In particular, their in vivo data showed

that although cetuximab can block autophosphorylation of the D770-N771insNPG-

EGFR mutant, the size of tumours driven by this mutation did not show a de-

crease when treated with cetuximab because the receptor is still active despite

the dimerisation blockage. On the other hand, L858R-driven tumours in the same

study responded well to cetuximab treatment as L858R is fully active only in the

dimerisation-activated conformation.

Our unbiased MD simulations of the asymmetric dimer show that, unlike the

WT and L858R, the D770-N771insNPG-EGFR has a higher mean distance between

the centres of mass of the activator and the receiver (Figure 4.3), which results from

an equilibrium between the crystallographic arrangement and an ensemble of con-

formations in which the activator exhibits a high interlobal distance, as reflected on

its increased radius of gyration (Figure 4.8A). This is in line with the behaviour we

observed in the unbiased simulations of the D770-N771insNPG in the monomeric

form in which the N/C-lobe separation is amplified due to the mutation, and sug-

gests that the dimerisation suppresses this motion only for the receiver kinase (Fig-

ure 4.8B).

The core of the asymmetric dimer is dominated by hydrophobic interactions,

involving primarily residues L704, I706, L760 from the activator, and I941, M945,

V948, and M952 from the receiver. Mutation of these residues, except L760, to

hydrophilic ones almost completely abrogates the autophosphorylation ability of

the WT-EGFR, either before or after EGF stimulation [20], underlying the impor-

tance of these hydrophobic patches on the two monomers for the stabilisation of

the asymmetric dimer. For example, V948 engages mainly in hydrophobic inter-

actions with L782, I780, and L704, and the V948R mutation is commonly used to

generate dimerisation impaired constructs [20, 23]. Several residues that can form

hydrogen bonds and salt bridges are also present at the periphery of the interface.

Specifically, the backbone hydrogen bond between E709 and K929 seems to a stable
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B

A

Figure 4.8: (A) Radius of gyration (Rg) of the receiver and the activator kinases.
(B) Amplification of the N/C lobe separation on the activator monomer due to the
D770-N771insNPG insertion.

interaction that is maintained intact throughout the simulations of both the WT and

the D770-N771insNPG mutant, while the Ex20Ins seems to cause the disruption of

some hydrogen bonds with respect to the WT (A702-N935, D942-Y764), and the

formation of others (N697-I944, N700-I941, K708-E931) (Figure 4.9A). Moreover,

the insertion has a big impact on the stability of the E697-R980 salt bridge as well

as on the E934-K708 (Figure 4.9B).

Analysis of the interactions that the inserted residues engage in the context of

the dimer suggests that the inserted residues do not stabilise the asymmetric dimer

in a direct way. Specifically, the inserted N771, whose side chain points towards

JM-B region, does not seem to engage in stable interactions with either N700 or
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Figure 4.9: Interface interactions analysis. (A) Hydrogen bond analysis on the
receiver-activator interface. The table contains only hydrogen bonds that are formed
for more than 5% of the simulations of either the WT or the D770-N771insNPG.
(B) Salt bridges on the receiver-activator interface whose percentage of formation
over the course of the simulation differs more than 10% between the WT and D770-
N771insNPG EGFR. The numbering of the residues is based on the numbering of
the D770-N771insNPG sequence. (C) Hydrogen bond interactions of the inserted
N771 with proximal N700 and N701 of the JM-B region of the receiver. The per-
centage that the interaction is considered formed (distance < 0.35 nm) is given. The
numbering of the residues is based on the numbering of the D770-N771insNPG se-
quence.

N771 of the JM-B, which are possible points of interaction in the N771 proximity

(Figure 4.9 C). It should be noted though, that the JM-A and a portion of the JM-

B regions were not included in the simulations as they have not been resolved.

Therefore, in the absence of structural data of the full JM region on either the WT

or the mutant EGFR, we cannot exclude the possibility of direct participation of the

inserted residues to the dimerisation process.

Similar to the case of the WT and L858R, the αC-helix of the receiver kinase

of D770-N771insNPG is found predominately in the αC-in conformation, while

on the contrary, the αC-helix of the donor kinase is still flexible enough to samples

mainly αC-out conformations, albeit in lower frequency than in the monomeric form

(Figure 4.2).
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ΔELREA Although theΔELREA is one of the most frequent mutations found

in patients with NSCLC [106, 110], our understanding on the effect of this mutation

on the dimerisation ability of the ΔELREA-EGFR is still very limited. Measure-

ment of the phosphorylation levels of EGFR in NIH-3T3 cells expressing EGFR

with the ΔELREA and dimerisation-impairing mutations showed that these muta-

tions had little effect on their ability to induce colony formation in NIH-3T3 cells,

suggesting that the ΔELREA mutant can induce cellular transformation without

dimerisation [121]. This, however, is a single report of the effect of the ΔELREA

in a dimeric context and more experimental and computational data is required to

elucidate the effect of this mutation on the dimerisation ability of EGFR-ΔELREA.

Similar to the behaviour of the WT, L858R, and D770-N771insNPG, the αC-

helix of the receiver kinase is found predominately in the αC-in conformation, while

the αC-helix of the donor kinase is mainly found in αC-out conformations (Figure

4.2). Again, as we saw in the unbiased (Figure 3.2) and metaD simulations (Figure

3.14) of the monomeric ΔELREA, and unlike what has been reported for the ”αC-

in-locking” mechanism of this mutation [99], unfolding of the N-terminal end of

the αC-helix and the β3-strand allows the αC-helix of the donor kinase to sample

αC-out conformations over the course of the simulation (Figure 4.2).

K752

E958

E962

D756

Y759

D937

K944

Figure 4.10: ΔELREA interface interactions analysis. The residue numbering cor-
responds to the numbering of each system;ΔELREA numbering (black), WT num-
bering (organge).

Although the ΔELREA deletion does not introduce new residues or removes



4.1. Results 101

preexisting ones from the interface, analysis of the dynamics of the interface in-

teractions suggests that the deletion affects the orientation of certain residues and,

therefore, their ability to form inter-monomer interactions. Specifically, in the WT,

the side chain of K757 of the αC-helix interacts D761 of receiver kinase, which hin-

ders the inter-monomer interaction of D761 with K949 of the donor kinase (Figure

4.10). The loss of the N-terminal turn on the αC-helix due to the mutation improves

two inter-monomer interactions. First, it places K757 (K752 in theΔELREA num-

bering) such that it interacts with E963 (E958 in the ΔELREA numbering). This,

in turn, allows a more stable interaction of D761 (D756 in the ΔELREA number-

ing) with K949 (K944 in the ΔELREA numbering) (Figure 4.10). Overall, we see

that the network of interactions between D761-K949-E967, K757-E963, and Y764-

D942 on the ΔELREA is either reinforced or the same as in the WT, which hints

towards an enhanced ability of the ΔELREA to form asymmetric dimers.

I966E It has been shown that mutation of the residue I966 in the αI-helix of

the C-lobe to glutamate leads to increased phosphorylation of EGFR at any of the

three sites in the C-terminal tail of the full-length receptor (Y1069, Y1092, and

Y1197) [20]. By looking at the position of the mutation though in the symmetric

and asymmetric dimer, it is not clear how the mutation could exert its effect as it is

located far from the interface in both dimers (Figure 4.11).

With the exception of the inter-monomer interaction between K757-E963,

which is more stable in the I966E-EGFR than the WT-EGFR, the profile of the

interface interactions in the asymmetric dimer follows the exact same trends as the

WT-EGFR. Specifically, similar to the WT, the most stable interactions in the asym-

metric I966E-EGFR interface are between D761-K949-E967, and Y764-D942 (Fig-

ure 4.12A). Moreover, the I966E does not seem to affect the interactions around the

”electrostatic hook” of the symmetric dimer either. All interactions that D1003,

E1004, and E1005 form with their neighbouring residues are maintained in the

I966E-EGFR too (Figure 4.12B). The same also goes for the position of the αC-

helix, which behaves the same way as in the WT (Figure 4.2).

Our analysis of the interface interactions suggests that the mutation does not
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Figure 4.11: Position of the I966E in the asymmetric and symmetric homodimers.

seem to affect directly the ability of the mutant to form either symmetric or asym-

metric dimers, which was expected to an extent considering the position of the

mutation, which is away from the interface of either dimer kind. Given the exper-

imentally validated activating effect of the mutation [20], we hypothesise that the

I966E mutation activates the receptor by promoting the formation of higher-order

oligomers, which is a mechanism that has been shown to increase the activity of

EGFR [18].

Although the computational cost to run simulations of the WT and I966E in the

tetrameric form was prohibiting for us, modelling of the two in a homotetrameric

configuration already gives us structural insight as to how the I966E could favour

the formation of higher-order oligomers. Specifically, modelling of the WT and

mutant based on the organisation of the monomers in the crystal lattice of the

WT in the symmetric complex (PDB ID: 5CNO) suggests that the monomers of

the homotetramer can orient in pairs such that the αI-helix of the one monomer,

where the I966E mutation lies, is in close proximity to the αD-helix (Figure 4.13).

The charged residues of the αI-helix (R962, E963, E966, E967), αD-helix (D800,

R803), and the αG-αF loop (K913) can form a series of salt bridges (R962-D800,

E963-R803/K913, E966-R803/K913, E967-K913) that are expected to stabilise this
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Figure 4.12: Important interactions on the interface of the (A) asymmetric (I966E,
black distribution, WT, orange distribution), and (B) symmetric WT homodimer.

homotetrameric configuration (Figure 4.13). Together, the cooperative, stabilis-

ing effect that these additional salt bridges (E966-R803/K913) at two out of the

four interfaces between the monomers have upon mutation could explain the higher

propensity of I966E to form tetramers and/or octamers.

E1005R/D1006K and I966E/E1005R/D1006K Although the double E1005R/D1006K

and triple E1005R/D1006K/I966E mutants have not been reported in patients, these

mutations are interesting to be studied since, given their position on the interface

of the symmetric dimer, they could be used as tools to decrease the formation of

symmetric dimers and thus reduce the population of symmetric homodimers in



4.1. Results 104

W T I 9 6 6 E

E966
E967

R962

E963

K913
R803

E800

I966
E967

R962

E963

K913
R803

E800

Figure 4.13: Structural model of the kinase domains of WT and I966E in a homote-
trameric configuration. A closeup around the point of the I966E mutation is given
in the circles below.

experiments where this is desired.

Similar to the WT, the monomers of both the double and triple mutants remain

in the αC-out conformation, from which the simulations are initiated, throughout the

simulations (Figure 4.2). Since the mutations involve residues of the ”electrostatic

hook” (D1003-D1006), we focused our analysis on the effect of the charge reversal

mutations on this segment.

Regarding D1003, which on the WT interacts predominately with the side

chains of K846, R999, and H850, and sporadically with K852 (Figure 4.14A), we

see that the E1005R/D1006K mutation destabilises these interactions and especially
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Figure 4.14: Important interactions on the interface of the (A) E1005R/D1006K
and (B) E1005R/D1006K/I966E symmetric homodimers, and particularly around
the ”electrostatic hook” of each monomer.

the intra-monomer interactions between D1003-H850 and D1003-R999. One of the

most important residues of the ”electrostatic hook” is E1004, as it is the only residue

of this segment that forms multiple inter-monomer interactions. In particular, E1004

in the WT forms a salt bridge with K846, and hydrogen bonds with N791, while in

the E1005R/D1006K, E1004 engages instead with K846, K852, N791, and for the

first half of the simulation, with R1005 as well. Despite the formation of the intra-

monomer salt bridge between E1005R and D770 the positive charge of the mutated
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E1006K near E1005R, interferes occasionally with E1005R and breaks this salt

bridge, as can be seen from the broad distribution of this interaction (Figure 4.14A).

Although E1005R-D770 does not exist in the WT, the intra-monomer interaction of

E1005 with K846 and K852 (Figure 4.14A) provides stability in the region around

E1005.

In the triple mutant, the I966E does not seem to have a cooperative effect

when combined with the double E1005R/D1006K mutation, as it does not seem

to change drastically the profile of the interactions on the interface of the dimers

(Figure 4.14B). This, however, is not surprising given the position of the I966E

mutation on the αI-helix, which is solvent-exposed and far from the dimerisation

interface of the symmetric dimer (Figure 4.11).

4.2 Discussion
In agreement with previous proposals regarding the effect of the dimerisation on the

position of the αC-helix [83, 84, 91], we see that the αC-helix is kept in the αC-in

conformation predominately on the receiver monomer both of the WT and of the

mutants (Figure 4.2). Dimerisation seems to suppress the intrinsic disorder at the

receiver interface stabilising the active conformation of the receiver kinase, as this

is reflected on the increased stability of the KE salt bridge in the receiver kinase, but

not in the activator. However, the αC-helix of the receiver is still flexible enough to

sample occasionally αC-out conformations in most of the asymmetric dimers, albeit

in lower frequency than when the kinase is a monomer or when it acts as a donor,

which suggests that the binding of ATP might still be essential for the αC-helix to

be locked fully in the αC-in conformation.

In the case of the L858R mutation, although we see some differences in inter-

actions on the interface with respect to the WT, none of them seems to point to a

direct effect of the mutation on the dimerisation interface. It should be noted though

that we simulated the L858R asymmetric dimer starting from a preformed dimer.

Given the position of the mutation, which is far away from the dimerisation inter-

face, we think that the most biologically relevant effect of this mutation can be seen
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during the formation of the dimer, where the stabilisation of the secondary structure

of the αC-helix due to the mutation would decrease the energy barrier for the dimer

formation.

As we discussed in Chapter 3, Ex20Ins mutations are relatively rare in NSCLC.

However, the fact that these mutations contribute to EGFR TKI primary resistance

in metastatic NSCLC makes them worth studying. The two Ex20Ins that we pre-

sented here seem to behave differently in the asymmetric dimers they form. The

A763-Y764insFQEA, which occurs in the middle of the αC-helix and, therefore, at

the core of the asymmetric dimer interface, is expected to increase the dimerisation

propensity of EGFR due to the presence of more stabilising interactions on the inter-

face, like the D761-K953, K757-D960, and K757-S961. On the other hand, and un-

like what has been proposed for the increased propensity of the D770-N771insNPG

mutant to form asymmetric dimers [81], we do not observe any direct participa-

tion of the inserted residues to any interactions that could stabilise the asymmetric

dimers.

Although the ΔELREA is one of the most frequent mutations in NSCLC, the

effect of ΔELREA on the dimerisation ability of the ΔELREA-EGFR is poorly

understood. Our simulations of the ΔELREA-EGFR in the asymmetric dimer do

not show any significant alteration on the interface of the mutant dimer with respect

to the WT, apart from the stabilisation of the inter-monomeric salt bridges K944-

E962, and K752-E958. We anticipate, however, that suppression of the intrinsic

disorder of the αC-helix of the monomeric mutant (discussed in Chapter 3) will

promote the formation of active asymmetric dimers.

Our simulations of the I966E-EGFR in the asymmetric and symmetric homod-

imers suggest that the mutation does not affect either of them as they both behave

in a very similar way to the WT in the timescale of our simulations. This was to an

extent expected as I966E is solvent-exposed and does not seem to participate in any

inter- or intra-monomeric interaction. The structural model of the homotetramer

that we built indicates that the mutation lies on the interface of two monomers, and

in particular on the interface between helices αI and αD. Favourable electrostatic
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interactions with the positively charged residues of the αD-helix and the αG-αF

loop are expected to enhance the ability of the I966E-EGFR to form tetramers and

higher-order oligomers, which in turn can explain the increased activity of the mu-

tant that has been reported experimentally [20].

The repulsive potential between the mutated E1005R and D1006K and

their surrounding positively charged residues seems to destabilise the interaction

of the monomers around the ”electrostatic hook” of the E1005R/D1006K and

E1005R/D1006K/I966E symmetric dimers. Although the results are not conclu-

sive, we see a gradual destabilising effect at the interface due to the introduction

of the positively charged residues in positions 1005 and 1006. We are, therefore,

currently extending the simulations in the hope that the effect will get clearer at

longer timescales.

Although isolated kinase domains of WT-EGFR are predominantly monomeric

in solution [20], they dimerise and activate each other when the extracellular do-

mains and the transmembrane and juxtamembrane segments are included to the

studied constructs [11, 23]. This is important to keep in mind when assessing the

results of the presented simulations, as this suggests that the results may differ when

these systems are simulated in the presence of a membrane and the transmembrane

and juxtamembrane segments during the simulations.



CHAPTER5
Understanding the effect of the E545K

mutation on the PI3Kα kinase

As discussed in Chapter 1 (section 1.2.2), PI3Ks is a family a lipid kinases that are

responsible for the regulation of the availability of the secondary messenger phos-

phatidylinositol (PtdIns). Out of many PI3Ks, the class IA PI3Kα controls several

cellular processes and many distinct PI3Kα-activating mutations have been identi-

fied in human tumours [29, 137]. The two most common, ”hotspot”, mutations are

H1047R and E542K/E545K found in the helical and kinase domains of the p110α

subunit, respectively. Several studies suggest that the E545K mutation is implicated

in many cancer types [138, 139] and although a crystal structure bearing any of these

PI3Kαmutations is not yet available, it has been suggested that E545K increases the

PI3Kα lipid kinase activity by an entirely different mechanism to H1047R [29, 140].

The E545K mutation is located in the helical domain and far from the catalytic

site where phosphorylation of PtdIns(4,5)P2 takes place. Specifically, E545K is

found on the interface of the helical domain with the nSH2 domain, and its mode

of action is only partially understood [137, 141]. The SH2 domains of p85α pos-

sess high-affinity binding sites to the phosphorylated tyrosine motif (pYxxM) in

the C-terminal of RTKs and adapter proteins [142]. It has been postulated that

the E545K point mutation leads to PI3Kα activation by mimicking the effect that

regulating pYxxM motifs have when they bind physiologically to the nSH2-helical

interface and disrupt the nSH2 auto-inhibitory function [137]. Specifically, hydro-
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gen/deuterium exchange mass spectrometry (HDX-MS1) experiments by Burke et

al. have revealed that the E545K point mutation disrupts the interaction of the nSH2

with the helical domain as seen from the increased solvent exposure of the residues

of nSH2 that constitute the interaction surface [137]. Moreover, Burke et al. found

that the kinase activity of the mutant PI3Kα is not further increased upon soluble

pY-RTK addition, which suggests that the mechanism of activation of this mutation

may be pY-RTK independent. However, the authors suggest that this may not be the

case in a cellular environment where the phosphorylated proteins are either directly

or indirectly tethered to membranes [137].

In this chapter, we present unbiased simulations complemented by metaD sim-

ulations to reveal a mechanism of action for the E545K mutation, which is more

complex than previously thought.

5.1 Results

5.1.1 Unbiased simulations

We began our analysis by focusing on the interactions that E545p110α and K545p110α

participate in over the course of the unbiased MD simulations, and in particular on

those interactions that were maintained for more than 40% of the simulation time.

The estimation of the % time fraction that the residues are considered to interact

with each other is based on distance criteria (d < 0.7 nm for hydrophobic inter-

actions, d < 0.35 nm for hydrogen bonds, and d < 0.4 nm for salt bridges). In

the WT PI3Kα, the negatively charged E545p110α forms salt bridges with the posi-

tively charged K379p85α and K548p110α, a backbone hydrogen bond with L380p85α,

E547p110α, and K548p110α, and it participates in hydrophobic interactions with the

side chain of I381p85α through the aliphatic part of its side chain (Figure 5.1).

K379p85α is part of a highly conserved phosphopeptide binding surface on nSH2

1HDX-MS is based on the measurement of deuterium uptake along a protein’s backbone amide
groups [143]. The rate of uptake of deuterated solvent of an amide hydrogen is primarily depen-
dent on its involvement in hydrogen bonds present in secondary structure elements. Therefore,
this technique can be used to study conformational changes of disordered regions of proteins, as
disorder-order transitions will cause extremely large changes in the exchange rates of amide hy-
drogens, as well as to study changes in protein conformation/solvent accessibility associated with
large conformational changes.
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Figure 5.1: (A) Interactions of E/K545p110α with neighbouring residues that are
maintained over the course of the unbiased simulations for a fraction of time higher
than 40% for at least one of the systems. The reported % fractions of interaction
time refer to the longest replica 1 (Table 2.3), but the values are almost identical for
all three replicas and have not been reported here for clarity. The representative side
chain and backbone atoms of the interacting residues that have been considered for
every interaction are denoted in subscript. Interactions between E/K545p110α and
residues of the p110α subunit are coloured black, while interactions with residues
of the p110α subunit are coloured orange. The estimation of the % fractions of
interaction time with the Amber99SB-ILDN force field refers to the detachment
simulation described in ref. [101]. This dataset can be accessed in Vi-SEEM plat-
form. (B) Graphical representation of the plotted interactions that E545p110α and
K545p110α form.
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and a charge reversal mutation of K379p85α (K379E) has been reported to in-

duce increased lipid kinase activity and to drive tumourigenesis in vitro, highlight-

ing the regulatory role of the interactions it participates in [144]. When these inter-

actions are compared to the most persistent ones in simulations of the exact same

system using the Amber99SB-ILDN force field that we ran in our previous work

[101], we see that the E545p110α-K379p85α, E545p110α-L380p85α and E545p110α-

I381p85α interactions are maintained for a longer period of time in the simula-

tions where CHARMM36m is used, while interactions like E545p110α-N417p85α and

E545p110α-L420p85α persist only when Amber99SB-ILDN is used. Such differences

suggest a force-field dependency of the results, however, since CHARMM36m has

been found to reproduce better experimental observables related to protein-protein

interactions [45], we are confident that the results with CHARMM36m are valid.

In the simulations of the WT, the A-loop of the kinase domain is held in the

inactive conformation through regulatory contacts with helix A (residues 339–347,

p85α) of the nSH2 domain and the iα3 helix (p85α residues 587-598) of the iSH2

domain (Figure 5.2). A salt bridge formed between K948 of the A-loop and E342 or

E345 in the helix A of the nSH2 domain, suggests a mechanism through which the

nSH2 domain inhibits the catalytic activity by stabilising the inactive conformation

of the A-loop. On the other hand, the iα3 helix at C-terminal end of the iSH2

domain forms an interface with the activation loop in the WT that is characterised

by hydrophobic interactions between L598p85α and F945p110α, and a hydrogen bond

between Q591p85α and Y947p110α (Figure 5.2). These interactions are expected

to lock the activation loop in the inactive conformation and the regulatory role of

this region is highlighted by the oncogenic effect of the deletion (Δ583-602), or

truncation (p85-572STOP) of this section of the iSH2 domain [145].

Upon the E545K mutation, the intra-domain salt bridge of E545p110α with

K548p110α is replaced by the salt bridge of K545p110α with D549p110α, while the

inter-domain salt bridge with K379p85α is replaced by D421p85α (Figure 5.1). The

repulsive potential between the positively charged side chains of K545p110α and

K379p85α in the E545K PI3Kα is expected to eliminate the interaction between the
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Figure 5.2: Regulation of the conformational flexibility of the A-loop (raspberry)
of the kinase domain (pink) by helix A (cyan) of the nSH2 domain (blue) and the
iα3 helix (brown) of the iSH2 domain (red).

nSH2 and helical domains, as well as to disrupt the backbone hydrogen bond of

K545p110α with L380p85α that was shown to be the last point of contact between the

two domains in our previous work [101] and lead to the detachment of the nSH2

from the helical domain. Indeed, in our previous work, we observed a spontaneous

rotation of the nSH2 domain away from the helical domain driven by the E545K

mutation [101], which, however, did not have an immediate effect on the conforma-

tion of the kinase domain.

Interestingly, in the set of simulations we ran with the CHARMM36m force

field, in two out of the three independent unbiased mutant simulations, we observe

nSH2 moving away from the kinase domain (Figure 5.3, replica 1/ replica 3) rather

than towards it, which is what we observed during the spontaneous detachment of

the nSH2 upon mutation with the Amber99SB-ILDN force field (data not shown).

The dislocation of the nSH2 domain from the kinase domain drives the release of

the iSH2 regulatory contacts from the activation loop, without actually detaching

from the helical domain. In fact, the interaction of K545p110α with D421p85α com-

pensates for the loss of the nSH2-helical interaction that the E545p110α-K349p85α

provides in the WT, and prevents nSH2 from detaching. D421p85α is located on the

loop that links the nSH2 with the iSH2 domain. The interaction of K545p110α with

D421p85α leads to the gradual detachment of the C-terminal region of the iSH2 and
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its iα3 helix from the activation loop of the kinase domain which, as we saw in the

WT, is one of the two main components that maintain the A-loop in the inactive

conformation.
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Figure 5.3: Distribution of the distance between the centres of mass of the nSH2
and C2 domains, the nSH2 and helical domains, and the nSH2 and kinase domains
over the course of the unbiased simulations. The median value of each distribution
is displaced next to the kernel density estimation of each distribution.

By focusing our analysis of the unbiased MD simulations away from the 545

position and on the salt bridges that the charged residues on the surface of nSH2

form with their neighbouring domains (Figure 5.4), we see that the introduction of

K545p110α disrupts additionally the helical-nSH2 interaction E542p110α-K358p85α,

as well as the nSH2-kinase interaction E342p85α-K948p110α (Figure 5.4). The lat-

ter, presumably, is one of the key interactions that keep the activation loop in the

inactive conformation. The activation loop of the kinase domain participates in the

phosphorylation of PtdIns(4,5)P2 by PI3Kα and a catalytic scenario has been re-

cently proposed, in which the 941KKKK944 polybasic stretch on the activation loop

recognises the PtdIns(4,5)P2 substrate while H936p110α facilitates the phosphory-

lation [141]. Through analysis of the root mean square fluctuation (RMSF) of the
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Figure 5.4: (A) Salt-bridge interactions on the interface of the nSH2 domain with
the surrounding domains. To avoid highlighting interactions that occur only spo-
radically in the unbiased simulations, only those salt-bridge interactions that are
maintained for more than 30% of the simulation, in either the WT or the E545K,
have been included in the table. The interacting atoms based on which distance the
salt bridge formation time was evaluated are included in the parentheses. The inter-
actions in which the E545 and K545 are involved in have been highlighted (orange).
(B) Graphical representation of the residues that are involved in the salt-bridge in-
teractions between the nSH2 (blue) and the helical (yellow) or C2 (green) domains
mapped on the structure of the WT. (C) Graphical representation of the residues that
are involved in the salt-bridge interactions between the nSH2 and the kinase (pink)
or iSH2 (red) domains mapped on the structure of the WT.

activation loop over the course of our unbiased simulations, we see that the release

of the nSH2/iSH2-activation loop contacts that we observe in two of the three in-

dependent simulations of the E545K results in increased flexibility of the activation

loop. Although a structure of PI3Kα in the active conformation has not been re-

solved yet and, therefore, we do not really know the exact conformation that the

A-loop is supposed to adopt in that state, we expect that this increased flexibility
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that we observe would allow the polybasic stretch to approach the γ-phosphate of

ATP in the activated PI3Kα (Figure 5.5, replica 1/ replica 3).
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Figure 5.5: Root mean square fluctuation (RMSF) of the A-loop residues in the WT
and E545K PI3Kα of the kinase domain as seen in the unbiased simulations. The
RMSF calculation was performed in overlapping time windows. The average value
is depicted with a solid line, while the shading represents the standard deviation of
the fluctuation per residue. Replicas 1 and 3 correspond to simulations where the
loop that connects the helix B of nSH2 with the iSH2 domain pulls the iα3 helix of
iSH2 away from the A-loop.

5.1.2 Metadynamics simulations

The results of the unbiased MD simulations already point towards a mutant-driven

activation of the enzyme, where the mutation allosterically disrupts the iSH2 regu-

lation of the conformational flexibility of the A-loop of the kinase domain. In order

to assess whether the conformations we saw in the unbiased simulations correspond

to metastable states and to further explore the conformational landscape of the WT

and E545K PI3Kα in search of more biologically relevant conformations, we used

MW-metaD simulations to enhance the sampling. Given the size of the simulated

systems and due to computational resources limitations of this project, we did not

manage to converge fully the free energy in these sets of simulations. However,

the main free energy minima have been fully explored, i.e. we observed multiple

transitions between the explored states, and can therefore draw a clear qualitative

picture of the E545K mechanism of action.

The free energy surface of the WT exhibits two minima that are equally popu-

lated. The basin α1 (Figure 5.6) corresponds to an ensemble of conformations that

are very close to the structure that has been resolved crystallographically. Specifi-

cally, in this ensemble, the nSH2 is in contact with the helical domain even though
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the backbone hydrogen bond between E545p110α and L380p85α is not present in all

conformations of the ensemble. This suggests that disruption of a single interaction

is not enough to alter the positioning of the nSH2 domain, as the interactions of

E545p110α with K548p110α and K379p85α, and occasionally with K573p110α, keep

nSH2 in place. Interestingly, we see that in the ensemble of this basin, when-

ever the E545p110α-K379p85α salt bridge is broken, the adjacent D549p110α inter-

acts with K419p85α in the loop that connects the nSH2 with the iSH2 domain and

keeps the nSH2 bound to the helical domain. We see, thus, an interplay of differ-

ent salt bridges around E545 that play a role in maintaining the nSH2 in contact

with the helical domain. Regarding the conformation of the kinase domain in this

basin, the A-loop is maintained in the inactive conformation as a result of the salt

bridges formed between the side chains of K948p110α with E342p85α or E345p85α,

and through a network of hydrogen bonds between Q591p85α, and R949p110α or

Y947p110α, similar to what we saw in the unbiased simulations.

Surprisingly, the second basin in the free energy of the WT (basin α2, Fig-

ure 5.6) corresponds to a previously unreported ensemble of conformations, where

nSH2 has rotated around the helical domain, as can be seen from the exposure of

helix A to the solvent. Although such rotation has not been reported before, we

believe that this conformation can have a functional role as the rotation exposes the

cluster of residues (R340p85α, R358p85α, S361p85α, T369p85α) that are responsible

for the binding of phosphorylated peptides or other phosphorylated tyrosine sig-

nalling proteins of the downstream cascade, rendering these residues accessible for

binding. It should be noted that the rotation of the nSH2 domain does not affect

the conformation of the A-loop in the kinase domain, which remains in the inactive

conformation through its interaction with the iSH2.

In the case of the E545K, we see again two basins in the free energy surface of

the mutant, but this time the position of the minima and their representative confor-

mations differ a lot from the WT. The main minimum on the free energy surface of

the E545K mutant corresponds to a very broad energy basin in the defined contact

map space (basin β1, Figure 5.6). The most populated cluster of the ensemble in this
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Figure 5.6: Free energy surfaces of the WT (A) and E545K (B) PI3Kα as a function
of the chosen CVs. The contour lines are drawn every 2 kcal mol-1. (A) Helix A
(cyan) of the nSH2 domain (blue) is depicted to showcase the rotation of the nSH2
domain relative to the helical domain (yellow) seen in basin α2. (B) Series of events
associated with the release of the nSH2 and iα3-A-loop contacts. Figure adapted
from ref. [146].

basin corresponds to a conformation in which K545p110α interacts with D421p85α of

the loop that connects the nSH2 to the iSH2 domain, while K419p85α of the same

loop points towards E579p110α of the helical domain, similar to the conformation

found in the unbiased MD simulations of the mutant. The loss of the E545p110α-

K379p85α interaction in combination with the formation of the K545p110α-D421p85α

seems to be the trigger of a conformational change in which the loop that connects

helix B (residues 400–411, p85α) of nSH2 with the iSH2 domain pulls the iSH2

away from the A-loop. In particular, the pulling effect bends the N-terminal part of

the iSH2, and the subsequent disruption of the inhibitory interactions between the

iα3 helix and the activation loop weakens the niSH2 domains-mediated regulation

of the kinase activity. Although, as we saw from the free energy of the WT, the
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backbone hydrogen bond between K545p110α of the helical domain and L380p85α

of the nSH2 domain cannot be used as the sole proxy of the relative position of the

two domains, this hydrogen bond is present in this ensemble and further corrobo-

rates that PI3Kα Ε545Κ can be activated without the nSH2 domain detaching from

the helical domain.

This newly reported conformation that we see in the free energy landscape

of the E545K mutant is in contrast with our current understanding of the effect of

this mutation according to which the E545K mutation leads to the release of the

nSH2 and iSH2 regulation by causing the full detachment of the nSH2 from the

catalytic domain and the activation of the kinase. This conformation though does

not necessarily contradict existing experimental data since the release of the iα3 -

activation-loop contacts due to the sliding of the nSH2 domain around the helical

one, the bending of the N-terminal part of the iSH2, and the higher flexibility of the

A-loop, make helix A more exposed to the solvent, in agreement with what has been

seen in HDX-MS experiments [137]. At the same time, this sliding of the nSH2

domain increases the interaction surface between the two domains and we expect the

stronger nSH2-helical interaction in this particular predicted conformation (basin

β1, Figure 5.6) to hinder the binding of pY-RTK. This behaviour could explain the

reported insensitivity of E545K PI3Kα to pY-RTK-mimetic peptides addition [137].

WT E545K - rep 1 E545K - rep 2 E545K - rep 3
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nSH2 domain of the WT (cyan) and E545K (purple) PI3Kα over the course of the
unbiased simulations.
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The second minimum in the free energy surface of the E545K (basin β2, Fig-

ure 5.6) corresponds to an ensemble of conformations, where the nSH2 domain

has detached from the helical domain and has also moved away from the activa-

tion loop, in agreement with previous proposals about the effect of this mutation

[101, 137]. The nSH2 domain moves as a rigid body maintaining its overall fold

and secondary structure elements when it detaches from the surface of the helical

domain. It should be noted that in the absence of a pY peptide or a phosphorylated

signalling protein in the simulated system, the nSH2 is stabilised in this detached

state only by non-specific interactions with the iSH2 domain, and, therefore, this

basin is not highly populated. Although the activation loop in this basin is held in

the inactive conformation predominately by the iα3 helix, the nSH2-A-loop inter-

actions are lost, which can also decrease the energy barrier that needs to be crossed

for it to adopt more active-like conformations in the presence of the substrate.

5.2 Discussion
SH2 domains are well-characterised regulatory protein domains which allow pro-

teins that contain those domains to interact and dock to other proteins with phos-

phorylated segments. In the case of the class IA PI3Ks, the two SH2 domains of

the p85α subunit (nSH2, cSH2) are known to interact with adaptor proteins that

contain tyrosine-phosphorylated YxxM motifs [144]. Crystallographic studies have

shown that these domains interact in distinct ways with the catalytic p110α subunit

of PI3Kα. However, both domains are forced to disengage their inhibitory grip on

the catalytic subunit in the presence of YxxM-containing peptides, which leads to

the activation of PI3Kα [34, 147]. The nSH2 domain of p85α forms contacts with

the helical domain at the site of the E545, where the E545K oncogenic hotspot mu-

tation of the p110α catalytic subunit is found [147]. It has been postulated that the

E545 mutation in the helical domain that is in contact with the nSH2 is activating

due to the loss of the regulation that nSH2 provides [137, 147].

Unbiased simulations of the WT PI3Kα showed that the crystallographic pose

in which the complex has been resolved is a stable conformation, and this was
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further supported by the metaD simulations according to which this conformation

was found to correspond to one of the two main minima in the free energy landscape

of the WT. Interestingly, by enhancing the sampling of the conformational space

through metaD, we see a state that has not been previously reported in which the

nSH2 domain rotates around the helical domain and makes the pY-RTK binding site

more accessible. Although more simulations and experimental data are needed to

shed light on the exact mechanism by which pY-RTKs bind to PI3Kα, the presence

of this state suggests that a conformational selection mechanism of recognition and

binding may also be plausible apart from the current opinion according to which the

pY-RTK induces the detachment of the nSH2 domain while it binds to it.

Our unbiased and metaD simulations show two different displacement paths

resulting from the E545K mutation (Figure 5.8). One is the detachment of the

nSH2 domain from the helical domain and the other is the sliding around the he-

lical domain. The first pathway was also observed in our previous MD simula-

tions with Amber99SB-ILD force field [101] and, as discussed above, might be the

main event in the presence of pY-peptide or pY-RTKs that are expected to stabilise

the detached nSH2 domain. As our simulations were conducted in the absence of

such phosphorylated effectors, the pathway where the nSH2 floats in the solvent,

although observed, was not highly populated as the breaking of the nSH2-helical

contacts is enthalpically disfavoured. Interestingly, when the nSH2 domain is de-

tached from the helical domain, the interactions of the A-loop with the iSH2 domain

and especially with the iα3 helix of it, maintain the A-loop in its original, inactive

conformation.

Over the past years, it has become increasingly evident that “connector re-

gions” have evolved not only to link functional domains with each other, but also

as important components of the dynamic behaviour of proteins (reviewed in ref.

[148]). Loops that connect the more regularly folded domains can modulate the

propagation of a perturbation to distal sites within a protein and trigger an allosteric

response. The conformational flexibility of loops allows them to form transient non-

native interactions, such as hydrogen bonds and salt bridges, which partially com-
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nSH2
iSH2

nSH2 slides nSH2 detaches

?

Figure 5.8: Observed displacement paths upon the E545K mutation. Credit to
Thomas Splettstoesser, www.scistyle.com, for his help with this figure.

pensate for the loss of native contacts, and can lead to the decrease of the energetic

barrier for conformational changes induced by a perturbation (e.g. mutation, ligand

binding, etc.). Our results for the effect of the E545K mutation suggest that the

loop connecting the nSH2 to the iSH2 domain falls into this category of connector

regions that establish distal communication between different functional domains

in a multidomain protein.

The other effect of E545K is surprising and directly affects the catalytic sub-

unit. The newly formed contacts of the K545p110α with residues of the linker, which

connects the nSH2 with the iSH2 domain, trigger a conformational change in the

iSH2 domain that results in the release of the iSH2-activation loop regulatory con-

tacts and affect the activity allosterically. The introduction of the positively charged

K545p110α in an environment of positively charged residues (K379p85α, K548p110α,

K573p110α) probably affects the vibrational degrees of freedom around the point of

the mutation and leads to the gradual interaction of K545p110α with D421p85α of the

nSH2-iSH2 connecting loop. The perturbation around E545K is propagated to the

iSH2 domain through the loop that connects the two domains, which pulls the iSH2
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domain away from the A-loop. The breaking of the inhibitory contacts between

iSH2 and the A-loop “unlocks” the A-loop, which is expected to be free to adopt

active-like conformations in closer proximity to the lipid substrate, especially in the

presence of PtdIns(4,5)P2. Such mode of action is in line with recent observations

in several multidomain proteins, in which loops can propagate mechanical signals

allosterically between domains and facilitate correlated movement [148].

Both events, i.e. the sliding of nSH2 around the helical domain and nSH2

detachment from the helical domain, result from the E545K mutation (Figure 5.8).

However, the first event is probably the most relevant in terms of the deregulation of

the catalytic activity of PI3Kα as it leads to the loss of the nSH2 and iSH2 regulation

and has an allosteric effect on the catalytic subunit. This does not, however, exclude

the possibility of both events happening sequentially; first, the release of the iSH2-

activation loop regulatory contacts and then the detachment of nSH2, although more

experimental data is needed to validate this hypothesis. For example, given the im-

portance of the K545p110α-D421p85α salt bridge for the stabilisation of the confor-

mation where the nSH2 pulls the iSH2 away, mutagenesis experiments in which

the catalytic activity of the non-naturally occurring double mutant E545K/D421A

PI3Kα is tested, could validate or disprove indirectly our computationally-derived

results. The proposed mechanism and the new conformation reported here also

provide a different and more complete interpretation of existing experimental data.



CHAPTER6
Overview and general conclusions

For many years proteins were seen as a collection of rigid bodies with limited flex-

ibility once folded, in part because this was the view provided by X-ray crystal-

lography. More recently, however, time-resolved crystallographic methods, NMR

spectroscopy, a range of other biophysical techniques, and computational methods

have provided a finer-grained view of the multiple conformations involved in pro-

tein function, as well as the interconversion between these states that may occur

on a broad range of time scales. Most importantly, what is now known is that dif-

ferent states are associated with different protein functions and transition among

structurally distinct states dictates how proteins exert their function [149].

These states correspond to energy basins separated by barriers on an energy

landscape [150] and different events can affect the height of these energy barri-

ers and, subsequently, the ability of a protein to populate different conformations.

The relative population of these different pre-existing conformers can change af-

ter a binding event, through post-translational modifications, like phosphorylation,

acetylation etc., or by the presence of mutations that can stabilise different con-

formations. Therefore, characterising how such events alter these conformational

basins and the ways that proteins move within and among them is of paramount im-

portance when it comes to understanding the effect of these events on the structure

and function of proteins.

Despite the great progress that has been made in using experimental techniques

to probe the structure and dynamics of proteins, the field of molecular modelling and
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simulations has become integral to the investigation of the structure-function rela-

tionship of biomolecules as simulations offer the ability to examine molecular sys-

tems at atomistic resolution in ways that most experimental techniques cannot. For

example, simulations allow the characterisation of rare transitions or rate-limiting

transition states that may be too short-lived to be captured by experimental tech-

niques. In general, MD simulations are designed to provide a high-resolution view

of the motions of biological macromolecules [41] and, more specifically for this

thesis, of proteins, producing continuous trajectories that are able to connect static

structural snapshots generated from experimental data.

However, more often than not, the computational cost to simulate transitions

that occur in biologically relevant timescales (µs to ms) with conventional, unbi-

ased MD simulations is prohibiting and, thus, more sophisticated techniques should

be applied to enhance the exploration of the conformational space and capture the

transition(s) of interest. When conventional MD simulations prove ineffective in

sampling the event of interest, enhanced sampling techniques can be used. Out of

the many enhanced sampling techniques that have been developed over the past few

years to alleviate this timescale problem, in this thesis we have used two ”flavours”

of metaD simulations - PTmetaD and MWmetaD. This history-dependent technique

relies on the identification of important fluctuations along a set of CVs that one must

enhance to facilitate movement from one metastable state to another. Unfortunately,

choosing suitable CVs can be far from straightforward, which is why this choice is

often guided by experimental data and/or exploratory simulations ran prior to the

metaD simulations. It can be hard to identify CVs that correspond to all the slowly

varying degrees of freedom that are associated with the process of interest, or if they

can all be identified, the CV set becomes unreasonably large if one is to include

them all. As is common for CV-based methods, metaD is limited in the number of

CVs it can handle as the computational cost scales exponentially with the number

of CVs [49]. This generally limits metaD simulations to three to four CVs. More-

over, in practice, with a suboptimal choice of CVs, the computational time needed

to converge the free energy can be prohibitively large.
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In this thesis, through a combination of experimental information, unbiased

and biased simulations, we identified sets of CVs that were able to capture transi-

tions of interest. However, we acknowledge that, even though the presented simula-

tions are more computationally efficient than long unbiased simulations would have

been, their complexity and the necessary effort for a rational choice of CVs may

limit the applicability of the presented methodology in settings where the time re-

strictions of a project may be too tight. It should be noted though that recent applica-

tions of machine learning and dimensionality reduction algorithms [151, 152, 153]

able to identifying suitable CVs have reduced the need for extensive prior knowl-

edge about the system and can potentially speed up this otherwise lengthy process.

These methods, however, have not been proven successful yet in cases of big sys-

tems or very complex conformational changes and that was the reason that we did

not apply them in the final metaD simulations of the systems described in this thesis.

Given the previous success of unbiased and metaD simulations in reproduc-

ing experimental observables and providing structural insight on conformational

changes associated with the function of kinases [41, 46, 83, 84, 91], in this thesis

we have used unbiased MD simulations accompanied by metaD simulations to un-

ravel the effect of clinically relevant mutations on the structure and dynamics of

the kinase domain of EGFR and of PI3Kα. MetaD simulations were used as they

allowed us to capture longer-timescale events, particularly since certain reaction

coordinates of interest could be specified in advance, but no single technique is a

panacea for capturing all the details of the process of interest; different techniques

are useful in different situations.

EGFR, like most tyrosine kinases, has an on–off equilibrium that dictates its

ability to transition into inactive and active states. The active kinase state allows the

transfer of a phosphate from ATP to a peptide substrate, which controls downstream

signalling effectors. Mutations found on the kinase domain of EGFR are expected

to affect this equilibrium leading to aberrant signalling, conferring oncogenic prop-

erties to EGFR. In Chapter 3, we discussed the effect of the exon 19 ΔELREA

deletion and the exon 21 L858R point mutation, which are the most frequent EGFR
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mutations found in patients with NSCLC, as well as the lower frequency D770-

N771insNPG and A763-Y764insFQEA exon 20 insertions, which are associated

with diverse activation profiles are responses to inhibitors. These EGFR kinase do-

main mutations activate the kinase and confer a dependence on the mutated kinase

for the survival of the NSCLC tumour cells [110]. Our results on the monomeric

form of the kinase domain reveal intricate differences between those EGFR mu-

tations, even between mutations that occur within the same exon. In light of the

present results, we can rationalise the activating effect of these mutations in an

atomic level resolution and create a framework for structure-based mutant-specific

drug design. Inhibiting the activity of abnormal EGFR proteins, as well as other

proteins in the pathway, can interrupt this signalling pathway that causes cells to

grow due to EGFR signalling.

Dimerisation-driven activation of the intracellular kinase domains of EGFR

upon extracellular ligand binding or mutations is crucial to the regulation of its

function. However, several kinase domain mutations have been reported to af-

fect the dimerisation properties of the receptor and, consequently, its activity levels

[17, 23]. In Chapter 4, we discussed the effect of the ΔELREA, L858R, A763-

Y764insFQEA, and D770-N771insNPG in the context of asymmetric homodimers,

the double E1005R/D1006K and triple I966E/E1005R/D1006 mutants in the con-

text of symmetric homodimers, as well as the I966E in the symmetric and asym-

metric homodimer. The simulations that we ran were on already formed dimers,

and, thus, we were not able to capture the effect of the mutations on the dimerisa-

tion process itself. However, through analysis of the interactions on the interface of

the dimers, we proposed different mechanisms by which the different mutations af-

fect the dimerisation ability of the mutant EGFR by either strengthening/weakening

certain interactions on the dimerisation interface, and/or by suppressing the disor-

dered nature of regions that comprise the dimerisation interface. With the exception

of L858R, the dimerisation properties of these mutants have not been studied ex-

perimentally, and, therefore, we believe that the predictive ability of our models

can be assessed easily. In fact, through established collaborations of our group, we
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are anticipating the experimental results on several of the mutants presented in this

thesis.

Electrostatic interactions of EGFR’s intracelular module with the membrane

are critical in maintaining the coupling between the monomers [24]. Therefore,

we believe that simulations where the membrane and, ideally, the transmembrane

segment are present could be the next step of this part of the study. Moreover,

as the computing power that we have access to increases and as coarse-grained

modelling becomes more accurate, simulations of the entire dimerisation process

itself of the whole receptor, which do not exist to this date, would also improve our

understanding of EGFR’s biology.

EGFR is a cell surface receptor and as such it comprises an extracellular, a

transmembrane, and a cytoplasmic domain. Already studying the aforementioned

mutations by isolating the kinase domain from the rest of the receptor blurs the big-

ger picture of the structural implications of these mutations on several steps that

are important for the activation of EGFR and propagation of the signal, such as the

dimerisation process and the phosphorylation of the substrate. A great example of

the importance of having the full receptor when studying the effect of mutations

on the activity of EGFR is the observation that the JM region of EGFR plays an

activating role, contrasting with the autoinhibitory function described for JM re-

gions of other RTKs, and the activating effect of mutations on the kinase domain

(e.g. L858R) can be blocked by mutations on the JM region [154]. However, until

we have enough computing power to be able to study the entire receptor, we can

use the information coming from these simplified models to infer the effect on the

more complicated systems and guide the design of experiments to prove or disprove

hypotheses arising from these models. For example, in the case of the ΔELREA

mutant, unlike previous studies, we see that the αC-helix is able to adopt αC-out

conformations, but at the same time the αC-helix of this mutants exhibits higher

secondary structure stability with respect to the WT, which is expected to favour the

formation of active asymmetric dimers and explain the activating phenotype of this

mutation. Although this is just a hypothesis at this point, experiments, such as light
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scattering, size-exclusion chromatography, or native gel electrophoresis, that would

probe the dimerisation propensity of the mutant could be used to validate it.

An additional limitation of the presented framework comes from the assump-

tions associated with the techniques that we have used. For example, artefacts asso-

ciated with the use of force fields and the classical mechanics description of the in-

teratomic interactions have been discussed extensively in the literature [44, 46, 155].

Our results are not immune to such artefacts. However, since there is not yet any

force field that is able to reproduce every aspect of the behaviour of a biomolecu-

lar system, and since the force fields that we chose to use in this work have been

benchmarked and shown to be able to reproduce the dynamical properties that are

important for the processes that we were interested in, we are confident that our re-

sults are still reliable. Having said that, we should not take blindly whatever comes

from the simulations. We anticipate that experiments informed by our results (such

as HDX-MS on the WT and mutant EGFR) will allow a direct comparison of ex-

perimental observables with simulated ones and help us validate or disprove the

behaviour we report here.

The PI3Kα/mTOR pathway is a central oncogenic pathway, which is deregu-

lated in cancer by somatic missense mutations on the PIK3CA gene that encodes

the PI3Kα. Although PIK3CA mutations can be detected across the entire coding

sequence of the gene, the E545K mutation in the helical domain of the enzyme is

one of the most frequently occurring mutations and leads to gain-of-function acti-

vation of PI3Kα manifested by increased lipid kinase activity, and the generation

of tumours in a diverse array of preclinical models [147, 156, 157]. In Chapter 5,

through a combination of unbiased and metaD simulations, we have explored the

mechanism of action of the E545K mutation, which turned out to be more com-

plicated than previously thought. Unlike previous reports according to which the

E545K mutation activates PI3Kα through a spontaneous detachment of the nSH2

domain [29, 101, 137], our results suggest the presence of an additional displace-

ment pathway of the nSH2 domain that has not been reported before. In this path-

way, the nSH2 domain slides around the helical domain releasing the nSH2-A-loop
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regulatory contacts, while at the same time, through mechanical strain, the nSH2

pulls the iSH2 domain away from the A-loop of the kinase domain. Given the

importance of the K545p110α-D421p85α interaction in this pathway, we expect that

experimental quantification of the lipid kinase activity of the E545K/D421A double

mutant could indirectly assess the validity of this mechanism of action. Moreover,

since PI3Kα is recruited to the plasma membrane, we believe that simulations sim-

ilar to the ones we presented here, but in the presence of a membrane containing

PtdIns that is the natural substrate of PI3Kα, would complete the picture of the ac-

tion of the mutation on the enzyme, and likely unveil new avenues for targeting the

orthosteric ATP site.

Although the discussion in this thesis is limited to the results of this frame-

work on the kinase domain of EGFR and PI3Kα and the CVs devised to study

these systems need to be adapted accordingly to be transferable to other kinases,

the methodology presented here is not kinase specific and can be applied to other

systems, like GPCRS, ion channels, etc, where mutations affect the structure and

dynamics of the protein of interest.

Since current research is directed at optimising the accuracy and sensitivity of

mutational testing so that it is introduced into routine clinical practice soon, we

believe that a better understanding of the structural and dynamical implications

of different mutations on clinically relevant targets, like EGFR and PI3Kα, is of

paramount importance. Overall, this thesis provides a computational framework to

explore the conformational space of such targets and to extract mechanistic details

of the effect of relevant mutations on these targets in atomic level of detail. Un-

ravelling the conformational landscape of the wild-type and mutant proteins is ex-

pected to provide a basis for approaching different disease in such way that subsets

of patients with specific mutations can be treated effectively with mutant-specific

targeted therapies.
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Figure A.1: Time evolution of the free energy surfaces of the 1000 ns PTmetaD
run of D770-N771insNPG projected along CV1 (x axis, distance from reference
Src-like inactive structure) and CV3 (y axis, distances between K745:E762 and
K745:D855) for the 300 K replica.
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D770-N771insNPG
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Figure A.2: Free energy convergence of the D770-N771insNPG. (A) Time series
of the progression of CV1, CV2, CV3 over the course of the PTmetaD simulation
for each of the replicas. (B) Estimate of the free energy as a function of simulation
time for the three CVs. (C) Two-dimensional projection of the free energy in with
respect to the different CVs at the end of the simulation for the lowest temperature
replica (T = 300 K).



133

WT

A763-Y764insFQEA
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Figure A.3: Projection of the free energy surface of WT EGFR and the mutants
as a function CV1 (distance from reference Src-like inactive structure), CV2 (dis-
tance from reference active structure), and CV3 (distances between K745:E762 and
K745:D855).
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[55] R. Martoňák, A. Laio, and M. Parrinello. Predicting Crystal Structures: The

Parrinello-Rahman Method Revisited. Phys. Rev. Lett., 90(7):4, 2003.
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