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Abstract
COMPUTATIONAL STUDIES OF THE FUNCTIONAL STATES ASSOCIATED WITH EPIDERMAL
GROWTH FACTOR RECEPTOR ACTIVATION
by

Marco Cavalli

Adviser: Professor Marco Ceruso

Epidermal growth factor receptors (EGFR) belong to the ErbB family of receptor tyro-
sine kinases. ErbB signaling is involved in a wide range of biological processes including cell
motility, migration and adhesion as well as gene transcription, differentiation, proliferation
and apoptosis. ErbB receptors are known to dimerize upon ligand binding. This event is
thought to promote intracellular transactivation of the receptors and consequently trigger a
number of signaling cascades.

Mutation and over expression of ErbB receptors have been associated with the onset of many

human malignancies, making ErbB receptors central targets in cancer therapy research. Most

v



of these mutations are localized in the intracellular tyrosine kinase domain but recently mu-
tations have also been identified in the extracellular region of the receptors.

EGFRs are present on the cell surface in a tethered conformation (believed to correspond
to an auto inhibited state). In this tethered conformation the so called “dimerization arm”
(a beta hairpin protruding from the extracellular D2 domain) is masked by intra molecular
contacts. Upon ligand binding a dramatic conformational change reorients the extracellular
domains exposing the dimerization arm, promoting the dimerization and eventually triggering
the signaling cascades.

The main objective of this thesis is to investigate computationally the conformational events
that lead to the extension of the extracellular region of EGFR and to analyze the energetics
of the process.

Most biological processes in the cell occur at time-scales and involve macromolecular assembly
sizes that are often beyond the current limits of classical all-atom computational simulation
approaches. One possible solution to overcome these time- and size-scale limitations is to
move from all-atom to coarse-grained representations of molecules. We have undertaken the
development of structural representations that can enable an accurate description of the con-
formational dynamics and known structural transitions of protein macromolecules. The long-
term objective is to be able to elucidate in a realistic environment (including both lipids
and whole transmembrane protein receptors) the molecular mechanisms underlying EGFR-

mediated transmembrane signaling events.
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Introduction

The family of protein tyrosine kinases [4] comprises both receptor tyrosine kinases and non
receptor tyrosine kinases [5]. Receptor tyrosine kinases (RTKs) are transmembrane glyco-
proteins. They share a common architecture consisting of an extracellular region, a single
transmembrane (TM) a-helix and an intracellular region that can further be decomposed

into a juxtamembrane region (JX), a tyrosine kinase domain (TK) and a C-terminal region
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FI1GURE 1.1: Cartoon representation of several RTK proteins: the extracellular regions present a
variety of globular domains. The highly conserved TK domain is always present on the intracellular
side of the membrane. This figure was adapted from Hubbard et al. [1]

RTKs are generally present on the surface of cells in a monomeric state. Upon ligand
binding RTKs dimerize. The dimerization represents the initial stage of receptor activation.
Dimerization brings into close proximity the intracellular kinase domains which activate one
another via autophosphorylation in trans of tyrosine residues [1]. Once phosphorylated, the
tyrosine residues serve as docking sites for adaptor molecules (e.g. non receptor tyrosine
kinase) that propagate the original signal to the cytoplasm. RTKs utilize a number of intra-
cellular pathways such as the MAP kinase' cascade, or the IP3/DAG? pathways. RTKs are

typically “turned off” via receptor mediated endocytosis [8], ubiquitin-directed proteolysis [9]

'Mitogen-activated protein (MAP) kinases
2Inositol 1,4,5-trisphosphate/diacyl glycerol
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or by protein tyrosine phosphatases [10].

1.1 Structure and Function of the Extracellular Region

of ErbBs Receptors

The ErbB family of receptor tyrosine kinases (named after the v-erbB oncogene isolated
from the avian erytroblastosis retrovirus) comprises four members: ErbB1 (HER1 or EGFR),
ErbB2 (HER2 or neu), ErbB3 (HER3), ErbB4 (HER4). ErbB receptors bind two main classes
of ligands: EGFR-agonists and neuregulins [11]. EGF-agonists, such as epidermal growth
factor (EGF), Transforming growth factor alpha , amphiregulin , betacellulin , epiregulin
and heparin binding EGF-like growth factor bind only ErbB1. Other ligands are bispecific
and can bind either ErbB1 or ErbB4 [12] e.g. betacellulin , epiregulin and heparin binding
EGF-like growth factor (Figure 1.2). There are no known ligands for ErbB2. Neuregulins
(NRG1, NRG2, NRG3 and NRG4) bind ErbB3 and ErbB4 («a and § isoforms of NRG1 and
NRG2 are obtained from alternative splicing of the NRG1 and NRG2 genes [11]).

The extracellular region of ErbB receptors is composed of four domains: D1, D2, D3
and D4 (also known as L1, CR1, L2 and CR2). The D1 and D3 domains form the ligand
binding site of the receptor; they share a common fold which consists of a six-turn right
handed (-helix that is capped by a a-helix at one end (Figure 1.3A). The fS-helix is further
stabilized by two disulfide bridges at either end. The D2 and D4 domains are cysteine rich

domains that contain small laminin-like modules with either one (C1) or two (C2) disulfide
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F1GURE 1.2: Class-specific ligands of ErbB receptors. Some ligands are bispecific recognizing
more than one class of receptor. (EGF) Epidermal growth factor, (TGFa) Transforming growth
factor alpha, (APR) Amphiregulin , (BTC) Betacellulin, (EPR) Epiregulin , (HB-EGF) Heparin
binding EGF-like growth factor, (NRGs) Neuregulins.
bonds [13]. The D2 domain contains 8 laminin-like modules arranged as: C2-C2-C2-C1-C1-
C1-C1-C1 (Figure 1.3B). D4 contains 7 laminin-like modules: C2-C1-C1-C2-C1-C1-C2 and
connects the extracellular region of the receptor to the transmembrane region. The second
C1 module (C1IIb) of the D2 domain contains the so called “dimerization arm” (Figure 1.3B)
that interacts with the fourth C1 module (C4IVd) in the D4 domain in the inactive state.

Once the receptor is activated, the dimerization arm interacts with the C11Ib module of

another receptor creating the principal interface in the dimer formation. C2IIb modules in

the D2 domain also interact at the dimer interface in the active state [14].

1.1.1 The Inactive State

In the inactive state of the receptor, the dimerization arm is sequestered in a tethered con-
formation. This tethered conformation is thought to correspond to an autoinhibited state of

the receptor and it has been observed in the crystal structure of EGFR [15], ErbB3 [16] and
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FIGURE 1.3: Structure of ErbB extracellular domains (A). lateral and top view of the D1 domain
of EGFR (PDB ID: 1IVO). (B) Structure of the D2 domain of EGFR (from PDB ID: 1IVO) the
disulfide bonds are represented in red.

ErbB4 [12] but not in ErbB2 [17, 18], a receptor for which no ligand has been identified and
believed to exist in an already active conformation (the crystal structure of the extracellular
region of ErbB2 shows an extended conformation structurally analogous to the ligand-bound
structure of the other erbB receptors).

The definition of the interactions that stabilize the tethered conformation of the extracel-
lular region have been subject of several biochemical studies. Mutational studies combined
with SAXS spectroscopic measurements involving single point mutations of EGFR aimed at
disrupting the interaction between the D2 and D4 domains and even complete truncation of

the D4 domain did not relieve the extracellular region from its tethered conformation [3].
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1.1.2 The Active State

Ligand binding induces a conformational change that exposes the C1IIb module of the D2
domain so that it is poised to form a dimer (Figure 1.4). The dimer state is thought to

correspond to the active state of the receptor [14].

Cimerization

T T T P i T e

, T
- Uil
pa N B H B A L A
11 68

Signaling Cascades

FIGURE 1.4: Schematic representation of the EGFR activation process. The binding of the ligand
at the ligand binding site between the D1 and D3 domains promotes the conformational transition
from tethered to extended conformation. The extended receptor can then dimerize bringing in close
proximity the intracellular tyrosine kinase domains promoting the autophosphorylation process and
eventually triggering the signaling cascades.

The activation mechanism of EGF receptors is the first evidence of a receptor-mediated
dimerization mechanism. In other growth factor receptors (e.g. hGHr?, Ftl-1?, TrkA®) the

dimerization is usually ligand-mediated [19, 20].

3Human Growth Hormone Receptor
4Vascular endothelial growth factor receptor 1
Sneurotrophic tyrosine kinase receptor type 1
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1.1.3 Ligand Structure and Ligand-Receptor Interactions

Human EGF contains 53 amino acids and three disulphide bonds (Cys6-Cys20, Cys14-Cys31
and Cys33-Cys42) that define three distinct loops termed: A-, B- and C-loop [20] (Figure
1.5). EGF binds in a cleft between D1 and D3. The A- and C-loops of EGF interact with
residues in the D3 domain located in two distinct sites termed sites 2 and 3. The B-loop
interacts with residue in the D1 domain located in a site termed Site 1 (Figure 1.5). The
interaction of the B-loop with Site I of the D1 domain consists mostly in hydrogen bonds
and van der Waals interactions. The interactions at Site 2 and 3 involve histidine residues
and are pH sensitive [14]. Indeed, crystal structures of the complex obtained at pH 5 have
shown that there is no interaction between the EGF ligand and the D3 domain [14] under

those conditions.

FiGureg 1.5: EGF in complex with EGFR. The three sites of interaction of the ligand with the
receptor are highlighted.
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1.1.4 Receptor-Receptor Interactions

Ligand binding affinity studies with systematic mutagenesis of residues found in the crystal
contacts at the dimer interface pointed out that the D2 domain contributes for more than
90% to the energy for dimerization of extracellular regions [21]. The C1IIb module of the D2

domain represents the principal contact between the receptors (zone B in Figure 1.6).

FIGURE 1.6: Representations of the EGFR extracellular ligand bound dimer. The whole sEGFR
extended structure was created adding the D4 domain from PDB ID: 1YY9 (tethered EGFR) to PDB
ID: 1IVO (extended EGFR missing D4 domain). The four relevant contact regions that stabilize
the dimer interface are highlighted (see text).
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Mutational studies [21] have shown that intramolecular interactions between residues in
the ClIIc and C1IId modules of the D2 domain and residues in the D3 domain are also key
for stabilizing the D2 domain in the extended conformation in the dimer interface (zone C in
Figure 1.6).

Another contact point between the D2 and D2’ domains is represented by zone A in
Figure 1.6 and involved a glutamine residue (GIn194) that makes a hydrogen bond at the
dimer interface[21].

Finally, it has been suggested that contacts between the D4 and D4’ domains (these
domains are not observed in the crystal structures of the ligand-bound extracellular regions)
could stabilize the dimer interface (zone D in Figure 1.6)[14]. Mutational studies have shown

that these putative contacts contribute ~ 9% to the free energy of dimerization [21].

1.2 Structure and Function of Transmembrane Region

of ErbBs Receptors

The transmembrane (TM) region consists of 23 residues. The sequence is mostly hydrophobic
and is thought to form an a-helix structure that spans the cell membrane. The TM region
presents two conserved GxxxG motifs at the N- and C-term of a-helix. These motifs are
known to stabilize association of glycophorin A helices [22, 23].

Circular dichroism studies in sodium dodecyl sulfate (SDS) and dodecylphosphocholine
(DPC) micelles and NMR analyses of the peptide corresponding to the complete transmem-

brane region of ErbB2 [24, 25] confirmed that the TM region was helical (a-helical content
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EGFR PKIPSIATGMVGALLLLLVVALGIGLEFMRRR
ErbB2 SPLTSTIISAVVG-ILLVVVLGVVFGILIKRR
ErbB3 THLTMALTVIAGLVVIFMMLGGTFLYWRGRR
ErbB4 ARTPLIARGVIGGLFILVIVGLTFAVYVRRK

FicUre 1.7: Cartoon representation of the transmembrane region of EGFR. The two conserved
GxxxG motifs are shown in yellow.

> 80%) but also pointed out a flexibility of the helices in the lipid environment with the
presence of a m-bulge close to the C-terminal region of the transmembrane domain [26].

The GxxxG motif is known to promote helix-helix association, specifically it is thought to
favor the formation of right-handed coiled-coils [27, 28]. Two of these dimerization motifs are
present in the TM region of ErbB receptors. One located at the N-terminus of the a-helix
the second one located at the C-terminus. The presence of these motifs led to the suggestion
that dimerization of the TM helices could play a role in receptor activation.

Notably, a model termed the “switch model” was proposed based on computational ex-
ploration of the conformational space in homodimers of the TM helices in ErbB2 [28]. In the
switch model, the receptors can dimerize via one or the other of the GxxxG motifs and give

rise to two interchangeable dimer structures, one favoring the inactive state of the receptor,
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the other stabilizing the active state of the receptor [28].

N-term N-term

SWITCH

C-term C-term C-term

INACTIVE ACTIVE

FIGURE 1.8: Cartoon representation of the “switch model”. TM helix dimer mediated by the
C-term GxxxG motifs are in the inactive state. The active state dimer is mediated by the N-term
GxxxG motifs.

The switch model was extended to other members of the ErbB family and other RTKs.
Computational exploration of the conformational space showed that dimers mediated by the
C-terminal GxxxG motif are more stable and are thought to represent an inactive conforma-
tion of ErbB2 in preformed dimeric state. The C-terminal GxxxG motif is seen as a “safety”
mechanism that blocks activation due to casual dimerization of receptor monomers (ErbB3
that presents an inactive TK domain lacks the safe-lock C-terminal GxxxG motif).

Experiments using the TOXCAT approach [29] showed that TM domains of ErbB receptor
family all form homodimers with different hierarchy: ErbB4-TM > ErbB1-TM =~ ErbB2-TM

> ErbB3-TM coiling in right-handed way [30]. The recent structure of ErbB2-TM obtained
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via NMR of TM peptides embedded in bicelles (PDB ID: 2JWA) showed a right-handed coiled-
coil (2 = -42°) and an intricate hydrogen bonding network present at the dimer interface that
could be related with the switch model hypothesis [31].

Other biochemical studies suggested that the TM region may play a more passive role in
the receptor signaling: mutagenesis and deletions introduced in the sequence of the EGFR

TM region did not affect the stimulation of the intracellular kinase activity [32-34].

1.3 Structure and Function of the Intracellular Regions

of ErbBs Receptors

1.3.1 The Juxtamembrane Region

The juxtamembrane (JX) region encompasses a ~ 50 residue sequence that joins the TM
helix to the N-lobe of the TK domain. The JX region contains several sorting motifs and
protein binding sites that are target for regulators of the trafficking of the receptor (Figure
1.9). These motifs include basolateral sorting motifs [35], lysosomal localization signals [36],
nuclear localization signals [37], calmodulin binding site [38], Gas protein binding site [39],
phosphatidylinositol (4,5)-bisphosphate binding motifs [40, 41], and phosphoinositide kinase
binding site [42].

The structure of the JX region is not completely known. NMR experiments in DPC mi-
celles have suggested the presence of three a-helical segments with amphipatic characteristics

(PDB ID:17Z91): Lys652-Arg662, Asn676-Glu685, Phe688-Leu694 (Figure 1.10A) [43, 44]. It
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-RRRHIVRKRTLRRLLOERELVEPLTPSGEAPNQALLRIL
ErbB2 KRRQQKIRKYTMRRLLOETELVEPLTPSCAMPNQAQMRIL
ErbB3 -RGRRIQNKRAMRRYLERGESIEPLDPS-EKANKVLARIF
ErbB4 —RRESIKKKRALRRFL-ETELVEPLTPSGTAFNQAQLRIL

JM-A . JM-B

FIGURE 1.9: Cartoon representation of the juxtamembrane (JX) region of EGFR. The lysosomal
localization signal is shown in green and the basolateral sorting motifs in orange. The sites of post-
translational modifications are marked with a star. In the sequence alignment the two parts of the
JX region are marked.

was hypothesized that the third a-helical segment could represent an experimental artifact
since its sequence overlaps with the conserved first S-strand of the TK-N-lobe domain [44].
NMR, polarized FTIR and fluorescence studies of a peptide encompassing the TM-JX region
of EGFR revealed that the TM helix does not extend into the first a-helix of the JX region
[38] in contrast to previous NMR results that showed the first part of the JX region as a con-
tinuation of the TM helix [44]. Two recent crystal structures [45, 46] confirmed the presence
of an a-helical segment (LRRLL motif) in the N-terminal part of the JX region (JM-A)[46]
while the C-termimal part of the JX region (JM-B) does not present elements of secondary
structure (Figure 1.10B).

The proximity of the JX to the plasma membrane allows the interaction of the amphipatic

elements of the JX region with the membrane phospholipids masking many of the JX motifs; it
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FIGURE 1.10: Structural variability of the JX region. (A) Representation of the first NMR model
(PDB ID:1Z91) of the JX region of EGFR. The three a-helical regions are colored differently. (B)
Structure of the JX region in the crystal structure (PDB ID:3GOP) of a construct encompassing
the JX region and the TK domain of EGFR. The first a-helical segment is colored in blue.

has been hypothesized that upon ligand binding and dimerization the JX domains are brought

in close proximity and some of these motifs (e.g. the lysosomal sorting motif involved in the

termination of the signal transduction) can be exposed [44].

1.3.2 The Tyrosine Kinase Domain

The tyrosine kinase (TK) domain has a bilobate-fold (well conserved in the family of protein
kinases) composed of an N- and C-lobe (Figure 1.11)[47]. The two lobes are connected by a
flexible hinge region which modulates the opening of the ATP binding cleft [47, 48].

The N-lobe consists mostly of beta-strands and one a-helix (the aC helix). It contains

the P-loop, a glycine rich nucleotide phosphate-binding loop that coordinates the phosphate
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N-lobe

INACTIVE ACTIVE

FIGURE 1.11: Structure of EGFR tyrosine kinase (TK) domain in the inactive (PDB ID: 2GS7)
and active (PDB ID: 2GS2) conformations. The aC helix is colored in cyan, the activation loop
(A-loop) in red, the P-loop in green and the C-loop in purple. The intracellular dimerization motif
(LVI motif) at the C-term is colored in dark green. The flexible hinge region connecting the N- and
C-lobe is highlighted in red.

moieties of ATP via the conserved GXGXXG motif.

The C-lobe is mostly a-helical and contains several motifs and catalytic residues: (1)
a catalytic loop (Arg812-Asn818) and the catalytic general base (Asp813), (2) the A-loop
(Asp831-Val852), activation loop that is auto-phosphorylated in the activation event , (3)
a DFG motif (Asp831-Gly833) involved in ATP coordination, (4) a LVI motif (955-957) an
intracellular dimerization motif for the ligand-independent dimerization [49], (5) a disordered
region with endocytic signal between LVI and C-terminal. The C-terminal region (977-...)
presents no clear secondary structure but only some isolated i-i+4 a-helical-hydrogen bonds

[48].
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Comparison of the structural similarities between apo- and inhibitor-bound structures sug-
gest that most of the elements of the catalytic machine do not undergo major conformational
changes upon ligand binding[48].

The crystal structure of the active form of the kinase domain showed an asymmetric
crystallographic dimer where two active TK monomers were engaged in structural fashion
that resembled the cyclin/cyclin dependent kinase-like interaction in the cell cycle regulation.
In the cell cycle, the increase in cyclin concentration activates the CDKs and allows the cell to
progress in the cycle. Here the kinase domains serve as their own “cyclins” and the increase
in the local concentration of the TK domains, upon dimerization of the receptors, is the key
regulatory event that leads to the activation [50].

The crystal structure of the inactive conformation showed residues in the activation loop
interacting with the aC helix, structurally resembling the Src/CDK-like inactive conforma-
tion. These interactions, proximal to the ATP-binding cleft, maintain the tyrosine kinase
domain in an autoinhibitory conformation. Several biochemical and crystallographic stud-
ies identified mutations that disrupt these autoinhibitory interactions and lead to an active
conformation (L858R in the A loop in C-lobe and G719L in the P loop in N-lobe)[51].

Another activation mechanism observed in the ErbB2/ErbB3 and ErbB2/ErbB4 trans-
activation process is mediated by the LVI motif. This motif, conserved in EGFR, ErbB3
and ErbB4 but not in ErbB2, is thought to mediate ErbB2 receptor transactivation either
directly interacting with a neighboring unknown motif on ErbB2 or by the participation of
an adaptor protein that could bridge the two motifs leading to the activation. Peptides that
directly interact with the LVI motif are today being studied as potential anti-ErbB2-targeted

drugs in cancer therapy.
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1.4 Functionally Relevant Structure of ErbB

Biochemical studies [52] on EGF binding suggested very early on that there are two pop-
ulations of receptors on the cell surface. A low-affinity population (Kd = 2-5 nM) which
represents 95-98% of the total population and a high-affinity population (Kd = 10- 100 pM)
that represents only 2-5% of the total population.

Once the crystal structures of several EGF receptors were obtained, and appeared to define
an autoinhibited tethered inactive conformation and an extended active conformation, the
simplest hypothesis was to attribute the tethered conformation seen in the crystal structures
of EGFR, ErbB3 and ErbB4 to the low-affinity population, and the extended conformation
to the high affinity population [13, 14, 16, 18, 20].

However, a number of biochemical studies suggest that the situation is not so simple.
For example, mutational studies aimed at disrupting the molecular interactions that hold the
extracellular domain of the receptor in a tethered conformation showed that these mutant
constructs did not produce a greater population of high-affinity receptors on the cell surface
[53-55].

Mathematical modeling of ligand binding and dimerization of EGF receptors [53] has led
to the hypothesis that interactions with an as yet-to-be identified external site could be central
to determining the affinity state of the receptor. Receptor clustering, sequestration in coated
pits and internalization have all been suggested as possible mechanisms for tuning the affinity
of ErbB receptors [54, 55].

Several experimental evidences have supported the hypothesis of the existence of pre-

formed inactive dimers to explain the difference in affinity of the ErbB receptors [56]. The
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presence of preformed dimers was not associated with an increase in the intracellular phospho-
rylation rate as observed in several experimental studies involving FRET and single-molecule
imaging [57], density gradient centrifugation and cross-linking experiments [56]. However,
these inactive preformed dimers which are supposed to provide a faster response to EGF
stimulation bypassing the partner-searching process, could represent the high-affinity popu-
lation of the receptors[56, 58].

Experiments with chimeric EGFR fused with the erythropoietin intracellular region demon-
strated that the intracellular region is necessary for the formation of preformed dimers. No-
tably, cysteine scanning mutagenesis pointed to the JX region and a region of TK domain as

regulators of the preformed dimer formation [59].

1.5 Physiological and pathological role of ErbB recep-

tors

ErbB signaling is involved in a wide range of biological processes including cell motility, mi-
gration and adhesion as well as gene transcription, differentiation, proliferation and apoptosis
[60]. ErbB receptors are implicated in a number of pathologies such as chronic renal dis-
ease [61], hypertension [62] and schizophrenia [63]. ErbB receptors can also serve as virus or
bacterial receptors (e.g.cytomegalovirus [64]).

Structural study of ErbB receptors is driven by the observation that overexpression and
mutation are associated with the onset and development of many human cancers [65-67].

Oncogenic mutations in the extracellular portion of EGFR are mainly represented by deletions
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or amplifications in several exons. In particular very common are deletions that lead to trun-
cated receptor forms unable to bind the EGF but constitutively active (e.g. EGFRvVIII) [68].
Less frequent are oncogenic missense mutations (usually gain of function point mutations) that
were observed, along with deletions and amplifications, in many forms of glioblastoma and
led to a general increase of EGFR dosage [69-71]. Much more common are point mutations
in the intracellular region, in particular in the TK domain, resulting in TK inhibitor-resistant
forms of EGFR.

ErbB2 and EGFR are primary targets for developing new anti-cancer drugs. Today it is
possible to define different classes of anti-ErbB cancer agents such as monoclonal antibodies

(mAbs), antibody-like (Ab-like) molecules and tyrosine kinase inhibitors (TKIs) [67].

1.5.1 Monoclonal antibodies (mAbs)

Despite some limitations like the poor ability to penetrate solid tumors and the high cost
of production, monoclonal antibodies are today widely used in combination therapies with
chemotherapeutic agents and represent the first choice approach for the treatment of several
tumors.

Trastuzumab (or HERCEPTIN®, first line treatment with chemotherapic agents in breast
cancer) is a recombinant humanized ErbB2 specific mAb that consists of two antigen-specific
sites that bind the juxtamembrane portion of the extracellular domain of ErbB2 and could
block the receptor in several ways: preventing the dimerization, increasing the endocytic de-
struction of the receptor or promoting immune activation (antibody-dependent cell-mediated
cytotoxicity or ADCC) [72]. Pertuzumab (or 2C4, formerly known as OmnitargTM) is a recom-

binant humanized ErbB2 specific mAb. It represents the first of a line of agents called "HER
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dimerization inhibitors”; in addition to cytotoxic effects, pertuzumab inhibits the ErbB2
dimerization by blocking the signaling at its source (interaction with D2 dimerization arm).
In contrast with trastuzumab, pertuzumab, works as a coreceptor in ligand-mediated ErbB
signaling and is effective in cancers that do not overexpress ErbB2 [73].

EGFR is another major target for cancer therapy. Most of the mAbs targeting EGFR
recognize epitopes on the extracellular D3. Cetuximab (or ERBITUX®, with global approval
for treatment of advanced metastatic colorectal cancer in co-therapy with chemotherapic
agents) is a chimeric mAb specific for the D3 of EGFR. Another approved fully humanized
mAD generated via transgenic mice is panitumumab (or VECT IBIX®) which has high affinity
for EGFR, and is active a single therapeutic agent [67]. Among the mAbs targeting D3 and
currently in clinical trials are: zalutumumab (from transgenic mice) showing promising results
for head and neck cancer therapy; the humanized antibody matuzumab (or EMD 72000) which
is in phase II clinical trials for colorectal cancer, non-small cell lung carcinoma (NSCLC) and

esophageal cancer; and nimotuzumab (h-R3) which is currently in phase II clinical trial [74].

1.5.2 Antibody-like molecules (Ab-like) molecules

Peptide mimetics, able to mimic the complementarity determining regions (CDR) regions of
antibodies functional loops of receptors (e.g. AHNP derived from trastuzumab) or cytokine
traps [75] represent the new frontier of biotechnologies in the pursuit of the “magic bullet” for
a selective treatment of cancer. The main disadvantages of these biotech products are a
general reduced affinity to the receptor, shorter half-life and lack of elements required for the

triggering of the antibody-dependent cell-mediated cytotoxicity [67].
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1.5.3 Tyrosine kinase inhibitors (TKIs)

Two classes of specific inhibitors target the TK domain of ErbB receptors: the reversible and
the irreversible inhibitors. The reversible inhibitors compete with ATP for the binding to
the TK, they can be specific for a ErbB receptor: Gefitinib (or TRESSA® for EGFR) and
Erlotinib (or TARCEVA® for EGFR) or inhibit with comparable activity different receptors:
Lapatinib (or TYKERB® for EGFR and ErbB2) [67]. The irreversible inhibitors alkylate
a single cysteine residue (C773 in EGFR). They are useful against reversible TK-inhibitor
resistant cells although their utilization is still limited (HKI-272 phase II, BIBW phase II)

[67].



Methods

2.1 Molecular Dynamics

The central principle of molecular dynamics (MD) simulation is to calculate the evolution of
a molecular system as a function of time. Let’s consider a system of N particles, at time t0

each particle is characterized by a position x and a velocity v that will vary at time t, + At

22
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according to Newton’s law:

ET_p U(EY)

M o7, (21)

where m; is the atom mass and F’Z is the force the atom senses due to the interaction
with other atoms. This force can be calculated from the derivative of the potential energy
U with respect to the atomic position. At the core of an MD simulation is an integration
algorithm that integrates the equation of motion of the interacting particles generating a time
trajectory. Several integration algorithms have been developed [76-78], the most commonly
used is a variation of the Verlet algorithm called the leap-frog algorithm [79]. The leap-frog
algorithm uses positions = at time ¢ and velocities v at time ¢ + %. The positions and the
velocities are updated using the forces F'(t) determined by the derivative of the potential

energy with respect to the position at time t:

v(t%—%) :v(t—i—%) —i—%At (2.2)
o(t + At) = 2(t) + v(t + %)At (2.3)

The potential energy of the system, U, is described by a force-field: a set of functions that

describe different contributions to the potential energy of the system:

U= Ubond + Uang + Utor + ULJ + Ucoul (24>
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Equations such as 2.5-2.9 fully define a forcefield and today, there is a number of commonly
used parameterizations available for simulations of biological macromolecules: the AMBER
force field [80, 81], the CHARMM forcefield [82, 83] and the GROMOS force field [84] were
among the first to be developed. More recently the OPLS ! force field [85] was developed
focusing on non-bonded potentials. All these forcefields were designed with a united atom
description (a single particle is used to treat nonpolar CH2/CH3 groups). Today most of
them (except GROMOS) have moved to an all-atom (AA) description.

The bonding interactions are described by the bond strain Upe,q , the angle strain Ug,,

, and the torsional potential U,.. Other bonded potentials often found in the description

Loptimized potentials for liquid simulations
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of force fields are the improper dihedrals (used to fix the planarity or the tetrahedral con-
formation) or “cross-terms” (e.g between bonds and valence angles or valence angles and
dihedral) that can improve the accuracy of the forcefield in treating conformational energies
at geometries far from the equilibrium values [86].

The harmonic potentials in equations 2.5 and 2.6 are likely to create oscillations. These
bond vibrations can be substituted by applying constraints using algorithms such as SHAKE
for large molecules [87], SETTLE used to constrain the bond length and angle vibrations
in water molecules [88] and LINCS [89]. The most widely used is the LINCS algorithm
developed specifically for application to a leap-frog or Verlet-type algorithm for molecular
dynamics. LINCS is 3 to 4 times faster than SHAKE [89]. The time step in MD simulations
is strongly related to the high frequency and low amplitude oscillation of the bonds; after
constraints, the highest frequency mode in the system is the H-C-H angle vibration, 1500
cm™! [78]. The integration time step should be about one tenth of the period of the highest
mode?, hence a reasonable time step is about At = 2 fs.

The non-bonded terms, U;; and U,,, describe the interactions between all non bonded
pairs of atoms in the system. The LJ-potential describes in an average way the attractive
London dispersion forces (r%), together with the hard-core repulsion at short distances (r1%),
while U,y describes the Coulomb interactions between all charged atom pairs.

The calculation of the non-bonded interactions account for the most CPU time of an MD
simulation. Two concepts are used to optimize this costly calculation: the neighbor list and

the cut-off radius.

The cut-off radius is based on the consideration that the total force sensed by a particle

2Considering a wavenumber (v)of 1500 cm™?, the oscillation period is equal to ﬁ or ~ 22 fs
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is defined mainly by the result of the interaction with its neighboring particles. It defines
the region where the non-bonded interactions are calculated. However at each step of the
simulation the distances between all the particle pairs have to be evaluated to see if their
separation is less than the cut-off radius; this process, called neighbor searching, defines a
neighbor list of particle pairs whose non-bonded interactions are evaluated. The update of

the neighbor list is usually done every 5-10 time steps.
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FIGURE 2.1: Representation of the PBC: when a particle leaves the box, an identical particle
from an adjacent box enters the box at the opposite side.

To reduce anomalies from the finite system effect, periodic boundary conditions (PBC)
[90] are frequently used in simulations to mimic an infinite bulk system. When PBC are
applied, the simulation takes place in a computational box, which is virtually surrounded by
an infinite number of identical replica boxes all with exactly the same contents (Figure 2.1).

All the boxes behave in the same way during the simulation, however only the behavior of
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one box, the “central box”, is monitored; particles may freely cross box boundaries since for
each particle leaving the box, an identical particle from an adjacent box enters the box at the
opposite side. In an MD simulation with PBC, particles are influenced by particles in their

own box and particles in the surrounding boxes.

2.1.1 MD limitations

One limitation of MD simulations is that most of the biological processes in the cells (e.g.
protein-protein interactions, conformational changes that happen upon ligand binding, protein
folding) occur at time-scales on the order of micro- or millisecond, well beyond the current
computational power. Despite the continuous increase in computing power all-atom MD
simulations are limited by the high cost associated with the calculation of the non bonded
interactions [91].

Another major limitation is related to the size of the protein systems that can be simulated.
Today, MD simulations can be performed on systems of thousands of atoms for times ranging
from hundreds of picoseconds to tens of nanoseconds, but the size of many protein systems is
on the order of millions of atoms.

In order to overcome the time-scale and size limitations, several approaches have been
developed. These approaches rely on a simplified representation of the system, thus allowing
longer simulation times. A simplified representation can be achieved by merging several
atoms into a single bead. [92-94]. The price to pay for this coarser representation is a loss in
accuracy of the coarse grain force fields [91]. Several CG models have been developed with

one- [95], two- [96], four- [97], six-beads [98] to describe a single residue.
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Elastic Network models

Another form of coarse-graining is represented by elastic networks (EN) models. EN models
are created by joining with springs point masses whose distance is within a predefined cut-
off distance (Figure 2.2). The cut-off distance and the spring force constant are the two

parameters that define the network.

FIGURE 2.2: Schematic representation of an elastic network.

EN models were first proposed in 1996 by Tirion [99] to eliminate the computationally
costly minimization procedure in classical atomistic normal mode analysis using the initial ex-
perimental structure as the minimum of the free energy. This approximation, which introduces
a bias toward the native structure, is hence called biased or structure-based parametrization.
Despite the lack of chemical details, EN models provide a way to assess the collective motions

of large structures and obtain insights into longer-scale functional behaviors of macromolecules
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that are usually out of reach of classical all atom MD simulations [100-102].

2.1.2 The MARTINI Force Field

In 2004 Marrink et.al, developed a coarse grained model for lipid and surfactant systems [92]
optimizing the CG beads against oil/water partitioning coefficients. The resulting CG force
field was based on a 4 to 1 structural mapping where four heavy atoms are represented by
a single bead. Four different types of CG beads have been defined: polar (P) nonpolar (N),
apolar (C) and charged (Q). N and Q beads were further subdivided based on the ability to
form hydrogen bonds in “0” (no formation), “d” (hydrogen bond donor), “a” (hydrogen bond
acceptor) and “da” (hydrogen bond donor and acceptor).

The bonded interactions were described by the following potentials:

Uy = *2(dy — ) (2.10)
ko )
U, = E(cos(qbijk) — cos(dg)) (2.11)
Ud = kd(l + COS(n?ﬁi]’kl — ¢d)) (212)

between bonded sites ¢, 7, k, [ with equilibrium distance d,, , angle ¢, and dihedral angles
Ya.
Lennard-Jones (LJ) potentials were used to compute non-bonded interactions in the po-

tential energy function using a shift function to smooth the interactions continuously to zero
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at at the cut-off radius defined for the neighbor list (see Appendix B.1 for the non-bonded

interaction matrix):

\6

- (ﬁ> } (2.13)
’rij

The charged beads (Q) were also interacting with a Coulomb potential with the same shift

function of LJ.

4iq;
U = —— 2.14
: 47T50€relTij ( )

MD simulations of different lipid type showed good reproducibility of experimentally ob-
served structural and elastic properties (e.g area compressibility, lateral diffusion coefficient,
water permeation rate etc.) either in bilayer or nonbilayer phase [92, 94]. In 2007, the MAR-
TINT 2.0, an optimized version of the lipid CG force field, was proposed maintaining the 4 to
1 parametrization and the four main type of CG beads but increasing the subtypes number:
five level of polarity (1, low polarity to 5, high polarity) were introduced to differentiate polar
(P) and apolar (C) beads [94]. A new CG bead type, “S” was introduced (mass of 45 a.m.u.)
in order to model ring structure with a 2 or 3 to 1 parametrization and an improper dihedral

angle potential was added to preserve the ring planarity (see equation 2.15)[94].

Uid = kia(Yijra — tia)? (2.15)

Other modifications from the previous model concerned the ions representation that shifted

from a reduced charge model to a full charge representation (Q beads representing the ion
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and the first hydration shell) and the introduction of a big-P4 particle (BP4) to represent
“antifreeze” water beads. The substitution of al least 10% of the waters (P4) in the system
with BP4 beads is necessary to prevent freezing.

The partition free energies from water and different organic solvents, the interfacial tension
and other thermodynamic properties calculated via MD simulations were evaluated against
the experimental data showing an improvement in the reproducibility compared to the pre-

vious model [94].

FIGURE 2.3: Schematic representation of four different class of amino acids consisting of one, two,
three or four side chain (S) beads. The backbone bead is marked as B. Intra- and inter-amino acid
bonded potentials are indicated. [2]

The last version of the MARTINT force field (MARTINI 2.1) was released in 2008 [2] and
represents the extension of the CG approach to polypeptides and proteins (Figure 2.3). Fol-
lowing the original philosophy of transferable parameterization adopted for the CG lipid force
field, the 20 amino acids were parameterized in order to reproduce experimental thermody-
namical data and not the specific characteristic of a specific state of a system (see Appendix

B.2 for the amino acids mapping scheme).



METHODS 32

2.2 Essential Dynamic Analysis

2.2.1 Principal Component Analysis

Principal Component Analysis (PCA) is a technique that allows the identification of the

directions along which a data set has as high a variance as possible (Figure 2.4).

YA p1

xY

FIGURE 2.4: Schematic representation of the PCA method. A series of data of possibly correlated
variables is transformed into a set of orthogonal variables called principal components. The first two
principal component (pl and p2) are show in the figure. The first principal component describe the
direction along which the data are more sparse.

In MD, PCA is used to analyze the positional fluctuations of the system during the MD
simulation [103-106]. This is done by diagonalizing the covariance matrix [Cy;]; jeq1,. sny2 of

positional fluctuations [103, 105-108]:

Cy = ((a = (@)a = {0)) (2.16)
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Where ¢; represents one of the three Cartesian coordinates of one of the Ca atoms in
the molecule, and (g;) is the average value of this coordinate in the set of configurations
analyzed. The eigenvalues and eigenvectors obtained from this technique describe respectively
the amplitude and the directions of the atomic motions in the molecule as observed in the
simulation. Usually the first eigenvectors, the ones with higher eigenvalues, describe the 85-
90% of the observed fluctuations of the protein. The first eigenvectors describing the low
frequency, large concerted molecular displacements were related to the biological function of

the proteins [109, 110].

2.2.2 Essential Dynamic Sampling

The essential space defined by the first few eigenvector from PCA can be further analyzed
either geometrically [107, 111], defining ensembles of structures along the eigenvectors char-
acterized by structural properties, or physically, moving the systems along the eigenvectors
utilizing different type of constraints to keep the systems in the essential subspace [112].
Essential dynamic sampling (EDSAMP) belongs to a series of methods that were developed
in order to increase the conformational sampling efficiency [113-116]. There are two principal
ways to perform EDSAMP. The first is to explore a defined direction that is described by a
particular eigenvector and constrain the systems to follow that direction during the simulation.
Several algorithms were developed to move the system using fixed stepsized (linfix algorithm)
or letting the system free to move in the given direction and applying a constraint only if it
is moving in the opposite direction (linacc algorithm). Another way to explore the essential
subspace is to define a set of directions (eigenvectors) along which the system will move using

a fixed radius increment for each MD step (radfix algorithm) or a radius acceptance method
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(radacc algorithm).

SPONTANEOUS SPONTANEOUS
RADIUS CONTRACTION RADIUS EXPANSION
egv2 egv2
Unchanged Radius
New Radius
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Target egv1 egvi

Start Radius Start Radius
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FIGURE 2.5: Schematic representation of EDSAMP with the radcon algorithm in the 2D space
defined by the first two eigenvectors. (A) Spontaneous radius contraction. (B) Spontaneous radius
expansion; x’ represents the new structure at step x+1 after the constraining force correction (see
text).

Using EDSAMP, it is also possible to direct the system to reach a predefined target
moving along a defined direction(s) in the essential subspace. The system is directed toward
a target structure using the radius contraction algorithm (radcon algorithm). Figure 2.5
represents the EDSAMP process in the targeting mode in a 2D space in two distinct cases:

in the spontaneous radius contraction, the distance from the target is diminished and a new
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(smaller) radius defines the starting point of the next simulation step. In the spontaneous
radius expansion the unconstrained simulation led to an increase of the distance from the
target so a correction is applied and the structure is projected radially onto the hypersphere
centered on the target conformation with a radius given by the distance from the target in

the initial step.

2.3 Steered Molecular Dynamics

Steered molecular dynamics (SMD) is a computational method that mimics the atomic force
microscopy (AFM). The basic idea behind SMD is to pull the molecular system applying an
external force as if the system was attached to a spring that was pulled at its free end [117].

The equation of the pulling force applied is of the form:

Foy=klvt — (7 —70)- 7 (2.17)

where k£ is the force constant, v the pulling rate, 7 the pulling direction normal, 7 and
7o the position of the pulled group at time t and initial time. The distance between the
reference group and the pulled group (7 — 70) determines the magnitude of the force, since
an increase in the distance leads to the decrease of F'(t). But if the distance does not increase
because the pull force is too weak, the force will increase (since ¢ will increase).

SMD was applied in simulation of binding/unbinding events usually pulling the ligand
from its binding site and obtaining information about the dissociation energy and binding

pathways [117-119].
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FIGURE 2.6: Schematic representation of the SMD method. A harmonic potential (spring) is used
to induce motion along a reaction coordinate. The free end of the spring is moved at constant velocity,
while the protein atoms attached to the other end of the spring are subject to the steering force.
The force applied is determined by the extension of the spring and can be monitored throughout
the entire simulation.

2.4 Potential of Mean Force

The potential of mean force (PMF) of a reaction is the free energy with respect to one or
more defined reaction coordinate. The choice of the reaction coordinate is crucial since it
is related to the process of interest. For example, if we are studying the free energy cost of
moving ions through the cell membrane, one suitable choice for ¢ would be the axis normal
to the membrane plane along which the ions move.

MD is not the best choice to calculate the PMF of a reaction since the sampling of the
conformational space during equilibrium simulations can be dramatically restricted by the
presence of energetic barriers. One way to overcome this problem is to use the so-called

umbrella sampling technique to accumulate force values at different point along a defined
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reaction coordinate and eventually build a free energy profile from them [120]. Umbrella
sampling is based on the sampling of the space defining a series of windows (ranges of the
reaction coordinate chosen) where the system is restrained to a particular region of the space

by a harmonic potential that is added to the potential energy function (Figure 2.7):

U(IO = U(C) + W(g) (2.18)

1
Wio = Fhw(¢ = )’ (2.19)

The results are histograms that contain the non-Boltzmann distributions along the reaction
coordinate. The force constant, ky, of the restraining potential is usually chosen by trial and
error in order to have overlapping histograms along the reaction coordinate. Overlap of the
distributions is necessary for proper reconstruction of the PMF curve.

Finally the distribution histograms that are biased by the restraining potential are de-
convoluted via the weighted histograms analysis method (WHAM) [121, 122] to generate the
PMF along the coordinate.

Using the GROMACS code it is possible to perform umbrella sampling simulations along a
single reaction coordinate obtaining 1D PMFs. In our analyses we used an in-house modified
modified version of the GROMACS code that allowed us to apply the biasing potential to two
coordinates at the same time [123]. The deconvolution was performed using an implemented
version of the WHAM algorithm (Grossfield, Alan, ”WHAM: the weighted histogram analysis

method”, version 2.0.2).
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FIGURE 2.7: Schematic representation of the PMF calculation via umbrella sampling. A series of
windows are created along one reaction coordinate ¢ and a harmonic potential (red lines) is added
to the potential energy function to allow the sampling of the free energy surface without drifting
too much from the initial position. The distribution probability of the reaction coordinate values
for each window are shown in the top right corner; notice the overlap between the curves necessary
to reconstitute the PMF curve (see text).



The ELNEDIN Approach

Most biological processes in the cell occur at time-scales and involve macromolecular assembly
sizes that are often beyond the current limits of classical all-atom computational simulation
approaches. Omne possible solution to overcome these time- and size-scale limitations is to
move from all-atom to a coarse-grained (CG) representations of molecules. These simplified

representations utilize one to six interaction centers to represent a single residue, making

39
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the systems easier to handle but resulting in a general loss of resolution with respect to
the all-atom representations. Another way to approach the simulation of large biological
macromolecules is to use elastic networks (ENs) that are constituted by a series of point masses
attached via springs with a given force constant when their distance is within a predefined
cut-off distance.

EN models were first introduced to eliminate the costly minimization procedure in classical
atomistic normal mode analysis considering the native structure as the minimum of the free
energy [99]. This approximation introduces a bias toward the native structure. The EN
models are based on simplified pairwise harmonic potential functions described by a force
constant that, in the simplest case, can be set the same for all the pairs and affect the
amplitude but not the direction of the molecular motions [101, 102].

We have developed a modeling approach, called ELNEDIN, that can enable an accurate
description of the conformational dynamics and known structural transitions of protein macro-
molecules, using an elastic network as a scaffold to maintain the structure of the molecule
and a physics-based CG force field, the MARTINI force field, to model its intermolecular

interactions [124].

3.1 Model representation in ELNEDIN

3.1.1 The scaffold

Elastic network coarse-grained structural representations are usually based on a network of

interacting backbone beads (Ca) linked by harmonic potentials. The energy between two
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beads ¢ and j is expressed by:

1 2

Ei; = §kSPRING(Tij ) (3.1)

where kspring is the force constant of the spring, r;; is the distance between the beads
and r?j the distance in the experimental model of the protein. Beads are considered bound if
their distance is less than a cut-off distance, Ro. Values of kspring and R can be varied
obtaining more or less stiff network representations of the same structure. In ELNEDIN,
the EN scaffold was created considering only backbone beads at least two residues apart
and connecting them if their distance was within a pre-defined arbitrary cut-off value with a
harmonic spring with an arbitrary force constant.

The position of the backbone beads was put on the Ca residue and not at the center of
mass of the atoms of the backbone (N,Ca,C,0) of each residue as in the MARTINT force field
parametrization. This modification was made to make the backbone-backbone distance in

the EN definition independent from the secondary structure of the protein system.

3.1.2 The intramolecular interactions

The current version of ELNEDIN is based on the MARTINI 2.1 force field. The treatment
of the non bonded interactions was not modified with respect to the MARTINI forcefield
however, the bonded parameters between backbone beads, backbone and side chain beads

and within the side chains were re-parameterized based on the new position of the backbone

bead (see Appendix C).
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Another modification introduced with respect to the MARTINI forcefield was the struc-
tural mapping from all atom to coarse grained of the side chains containing a ring to better
model the aromatic rings of Phe, Tyr, and the asymmetry in rings of His and Trp (Figure

3.1).

Phe Tyr
BAS [ BAS .\ -’
\ S|2 “R Si2
sit £ 22 S QLN
O s WAL S
His
BAS‘i.\‘
s sSI2
Sl QG
7‘—‘:‘. ""
oy
siz @

FiGURE 3.1: Structural mapping and bond connectivity of residues Phe, Tyr, His and Trp. The
atomistic models are shown in ball and stick while the thicker sticks represent bonds present in the
CG model and the transparent spheres the CG beads.

Sequential backbone beads were bonded via a harmonic potential with a force constant of
150000 kJ.mol~!.nm~2 and the equilibrium distance was chosen to be equal to the experimen-
tally observed Ca-Ca distance. An harmonic angular potential was also introduced to main-
tain angles between three consecutive backbone beads (force constant of 200 kJ.mol~!.rad >

and equilibrium distance of 120°).
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3.2 Comparison of coarse-grained (CG) and atomistic

(AT) simulations

As benchmark molecular systems to compare the structural and dynamical behavior between
simulations of atomistic and ELNEDIN models, we selected three small proteins characterized
by their different secondary structure elements: the Bl domain of protein G (a/ (), the src-SH3
domain (all #) and the villin head piece subdomain (all ). The small size of these prototypical
systems was not considered a limitation to the validity of the comparison since our idea was to
treat large protein systems (such as EGFR) as a combination of several independent domains
each described by an appropriate EN rather than an unique EN encompassing the whole
system. We simulated the three systems performing molecular dynamics (MD) simulations in
the NPT ensemble at constant temperature (300 K) and constant pressure (1 bar) using the
GROMACS software package and the typical parameters suggested for the MARTINI force
field (CG simulations) and the GROMOS force field (AT simulations). As a result of the
smoothing of the energy surface in CG simulations the time scale are generally considered 4
time faster than in the AT simulations. The effective CG simulation times (4 x simulation
time) are marked with and asterisk (*), unless otherwise stated. (see Appendix A for details
on the CG simulations parameters). We first focused on protein G to evaluate the influence
of the EN parameters (Rc and kspring) on the structure of the protein system. Several
different EN scaffolds were created for protein G and each ELNEDIN model was simulated
for 20 ns. From the analysis of the root mean-square deviation (RMSD) as a function of time

(Figure 3.2A), we observed how combinations of low cut-off and force constant values resulted
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FIGURE 3.2: Effect of kspring and Rgo parameters on the structure and dynamic of the Bl
domain of protein G. (A) Root-mean square deviation from the experimental structure as a function
of time. (B) Root-mean square fluctuations (RMSF) of backbone beads as a function of residue
number (black curves). The RMSF curve calculated from an all-atom MD simulation is shown in
red to highlight similarities and differences.
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in extremely flexible scaffold with high RMSD values while high force constants and cut-off
values gave more stiff structures. Similar behavior was observed considering the root mean
square fluctuations per residue (Figure 3.2B) although the pattern of the fluctuations was
similar to the fluctuations observed in AT simulations only with two specific EN parameter
sets: Ro = 0.9 and 1.0 nm and ksprinvg = 500 kJ.mol~'.nm~=2. Altogether, this behavior
indicates that R and kgprrng compensate each other to maintain the overall structure of
the protein.

To determine whether it was possible to identify a universal set of EN parameters able
to reproduce accurately the structural and dynamic behavior observed in AT simulations, we
performed MD simulations using AT representations of the three protein systems for 100 ns
as well as ELNEDIN simulations using different EN parameters for 20 ns (80 ns* of effective
times). The EN parameters were systematically varied with Rc (nm) € 0.6, 0.8, 0.9, 1.0,
1.2 and ksprrng (kJ.mol~l.nm~2) € 10, 50, 100, 200, 500, 1000, 2000, 5000, 10000 for a
total of 45 MD simulations for each protein system. In order to compare the quality of the
ELNEDIN simulation to the AT simulations we computed four physical quantities from each
MD trajectory:

(1) the time-average root-mean-square deviation (RMSD) of the backbone beads (Ca
atoms), which quantifies the global deformation of the protein with respect to the experimental

model.

ARMSD = |[{RMSD);\ o — (RMSD)ELNEDIN (3.2)

last60ns*

(2) the root-mean-square deviation of the backbone beads per residue (RMSD,.s) which



TuE ELNEDIN APPROACH 46

quantifies the structural deformation (deviation from the initial structure) of each amino acid.

ARMSD,..s =

N
1
~ > (RMSD, 1 — RMSD,, rinenix)? (3.3)
=1

(3) the root-mean-square fluctuation of the backbone beads per residue (RM SF,.s) which

measures the fluctuation (deviation with respect to the mean position) of each residue.

N
1
ARMSF,ee = \| 5 > (RMSF, ar — RMSF, piveniv)? (3.4)

res; res;
=1

(4) the large-amplitude collective motions of each protein system which were computed

by principal component analysis.

10 10
RMSIP = %;;(mfw . UJELNEDIN)Q (3.5)

Figure 3.3 summarizes the results of these comparisons. The 2D maps highlight once again
the compensatory effect between R¢ and ksprrvg with the best results distributed diagonally
for all the systems, suggesting an independence of this behavior from the structural class of
the protein. The last comparison index, RM SIP, on the other hand, is more protein specific,
as it is more sensitive to positional fluctuations. The pursuit of a universal consensus set
of ELNEDIN parameters comparing the various indexes and protein systems revealed that
values within 0.8 and 1.0 nm for R¢ and ranging from 500 to 1000 kJ.mol~!.nm~2 for kspring
could provide adequate quantitative agreement with atomistic simulations. The values are

within the range used in typical EN applications, which range from 0.7 to 1.6 nm for R and

from 200 to 4000 kJ.mol™'.nm~2 for ksprrne [99, 125-130].
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F1GURE 3.3: Comparison of ELNEDIN and AT representations. For each model protein the values
of ARMSD, ARMSD,;es, ARMSF,cs and RMSIP are reported with a color code scale ranging
from red (low similarity) to blue (high similarity). Note that low values for ARMSD, ARMSD,.s
and ARM SF,.; indicate high similarity while for RM STP indicate low similarity.
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3.3 Overcoming the time limit

One of the advantages of a coarse grained representation of protein systems is the possibility
to drastically extend the time-limit of the MD simulation given the simplified description of
the system. To test the stability of the ELNEDIN models during long MD simulations we
simulated the three test-proteins for 8 us using two different EN set of parameters: Rc = 0.9
nm and ksprrinvg = 1000 kJ.mol~'.nm~2 (0.9/1000) and Rc = 0.8 nm and ksprrng = 500

kJ.mol~'.nm~2 (0.8/500).

0.9/1000 0.8/500
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FI1GURE 3.4: Long time-scale simulations using two different EN scaffolds. The RMSD time series
of the three test proteins are shown. (A) The villin headpiece subdomain. (B) The B1 domain of
protein G. (C) The src SH3 domain. The left panels report the values for simulations using Rc =
0.9 nm and kspring = 1000 kJ.mol~!.nm=2 (0.9/1000) while the right panels refers to simulations
using Rc = 0.8 nm and ksprrnvg = 500 kJ.mol~!.nm~2 (0.8/500)
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Figure 3.4, represents the time series of the RMSD for all three proteins. The structural
stability was well conserved during the long MD simulations however some transient fluctua-
tions were observed in simulations with the more flexible scaffold and especially in villin (that
given the same EN parameters is the system with the lower spring density per residue) and
protein G. In order to evaluate the nature of the transient structural transitions observed
in the long simulations of villin and protein G we selected representative structures of the

different transitions and compared them to the crystal structures.

0.5
0
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~ 03
2 02
= 0.
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I ! I ! I ! I ' I
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Time* (ns)

FI1GURE 3.5: Snapshots of the transient transitions observed in the RMSD time series of the villin
protein system. The transient structure is colored in red while the crystal structure is represented
in green.

Figure 3.5 shows the structure of the villin in the different transient structural fluctuations,
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the three alpha helical segments were reoriented with respect to the crystal structure, however
the transition was very conserved with an RMSD value within the structures representing the
different transient states of 1.2 & 0.01 A . The highest RMSD peak observed in the RMSD
time series was representing a more distorted structure with RMSD with respect to the other

different transient states of 5.3 & 0.02 A .
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FIGURE 3.6: Snapshot of the transient transition observed in the RMSD time series of the protG
protein system. The transient structure is colored in red while the crystal structure is represented
in green.

Figure 3.6 shows the structure of protein G in the transient transitions, as observed for
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villin the structural transitions seem conserved with a different orientation of the alpha helix
with respect to the beta sheet and an overall RMSD value within the the structures repre-
senting the different transient transitions of 1.4 + 0.02 A .

The observation of these transient structural transitions revealed how the flexibility of the
EN could be a double-edged weapon. The fact that the utilization of an EN leave the protein
a certain degree of freedom without freezing it in the original conformation is a promising
finding however these transient transitions (that sometimes have a life-span up to 100 ns)
suggest that too flexible networks could not be able to maintain the overall structure of the

system.

3.4 Overcoming the size limit

Switching from an atomistic to a CG representation of a protein system allows the handling
of huge macromolecular systems otherwise unaccessible to classical atomistic MD. We tested
the behavior of ELNEDIN in the simulations of a large test macromolecular assembly: the
viral capsid of the Cowpea Mosaic Virus (PDB entry IN7Y), an almost spherical capsid
made of 60 pairs of proteins of 190 and 369 residues. The final solvated system contained
268,883 CG beads, the advantage of a coarse-grained representation of the system is fairly
appreciable in the present case since 2,852,940 atoms would have been necessary to describe
the solvated system in an atomistic representation. The capsid was simulated treating each
protein domain as an independent EN scaffold instead of a unique EN for the whole capsid
that could affect the dynamics of the system. Each EN scaffold was built using the same

ELNEDIN parameters: Ro of 0.9 nm and ksprrvg of 500 kJ.mol~!.nm~2 and the system was
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solvated with CG waters and simulated for 400 ns at 1 atm and 300K.
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FIGURE 3.7: ELNEDIN representation of the Cowpea Mosaic virus (CPMV). (A) Axial slice of
the viral capsid of CPMV. The red dots represent the solvent molecules, the S viral protein in shown
in orange and the L viral protein in gray and blue for clarity purposes only. (B) RMSD and radius
of gyration (Rg) of the capsid as a function of time.

The values of RMSD and radius of gyration (Rg) reported in Figure 3.7 were monitored
during the simulation and revealed how the system was structurally stable. The use of a single
EN encompassing the whole virus capsid could have interfered with the relative motions

of the different domains. Maintaining the structure of each single subunit, in turn, could

have contributed to the overall stability of the capsid. This result supports the idea that
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large macromolecules (such as the EGFR) could be simulated as assembly of independent

ELNEDIN models.

3.5 Modeling protein-protein interactions

Finally we tested the ability of ELNEDIN to model protein-protein interactions. We utilized
a mutant of the repressor of primer (ROP) that is a well studied four-helix bundle (PDB ID:
1RPO). The two monomers composing the bundle (two antiparallel a-helices) were simulated
as in the crystal structure (NOTX) and after separating them via translation in the direction
normal to the dimer interface by 0.5 (TX5), 1.0 (TX10) and 1.5 nm (TX15).

The goal of this experiment was to evaluate the occurrence of reassembly of the translated
dimers (RX5, TX10 and TX15) as a test of the ability of ELNEDIN to model protein-protein
interactions.

Each monomer was modeled with an independent EN scaffold using two Re/ksprine
parameter sets: 0.9/500 and 1.0/1000 so that they were free to move independently during
the MD simulations. For each system (NOTX, TX5, TX10, TX15) five independent 400 ns
simulations were carried out using different sets of initial velocities.

The simulations of the native dimer (NOTX) revealed two different configurations with
the dimers differing in the degree of tilting of the two monomers with respect to each other
(Figure 3.8) both of these conformations (named native 1 and native 2) were considered as
successful results of reassembly event.

The results of the different experiments of reassembly of the dimer from different distances

are summarized in Table 3.1: as expected the smaller the separation of the two monomers
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FicURE 3.8: Modeling association of ROP monomers. Two stable conformations were observed
from the RMSD as a function of time of simulations of the native dimer.

the higher was the possibility to observe the reassembly event, moreover, the quality of the

EN scaffold seemed to affect the ability of the monomers to reassemble into a dimer, with the

more flexible set of parameters (0.9/500) showing more reassembly events.

TABLE 3.1: Reassembly events results

Initial Intermonomer RC/kSPRING RC/kSPRING

distance (nm) 1.0/1000 0.9/500
0.5 5/5 5/5
1.0 2/5 5/5
1.5 1/5 2/5
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The importance of the flexibility in the molecular recognition [131-133] pointed out how
in the EN definition, a careful balance has to be found between the need to maintain the
structural integrity and at the same time allow a sufficient degree of flexibility to describe the
internal dynamics of the protein system.

One example of reassembly event is illustrated in Figure 3.9 where the RMSD of a TX15

system with respect to the native dimer is monitored as a function of time.
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FIGURE 3.9: Reassembly event from an initial inter-monomer distance of 1.5 nm. The RMSD
trace is reported and snapshots of structural intermediates (in blue) are shown with respect of the
experimental structure of the native dimer (in red). The solvent was omitted for clarity.
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A very quick encounter was observed after ~ 20 ns when the two monomers started to
interact laterally in an “out-of-register” fashion with respect to the native interface.

During the next ~ 100 ns the two monomers slithered onto each other to reform the native
interface (native 2). For the following ~ 250 ns of simulation the complex remained stable
with an RMSD value of ~ 0.3 nm.

Several reassembly paths were observed for the successful reassembly events, following
unique conformational rearrangements to reach the native interface suggesting that the monomer
association could happen on a funnel-shaped free energy surface [134].

Taken together the above results, although based on a very limited set of docking experi-
ments, showed that ELNEDIN could be used to model and predict protein-protein interfaces

and association processes.



ELNEDIN simulations of biological

conformational transitions

Proteins commonly undergo structural transitions when performing their function and compu-
tational methods can offer valuable insight into the mechanisms of these transitions. Normal

mode analysis (NMA) technique has been used successfully to study conformational changes

57
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that happen in the proximity of a stationary point of the potential energy surface and is based
on the calculation of low frequency normal modes of vibration of the protein system that are
likely to describe the biological conformational changes. It was observed that few collective
motions predicted by NMA carry the information for relevant structural transitions suggest-
ing that protein structures evolved in a way so that their intrinsic flexibility (captured by the
normal modes) is poised to facilitate functionally important conformational variations [101].
NMA is a 3-step process where the structure is first subjected to an energy minimization, fol-
lowed by the building of the Hessian matrix of the second derivative of the potential energy.
Finally, the diagonalization of the Hessian yields the normal modes whose linear combination
describes the direction of the motion of the protein system. NMA has several limitations: (1)
the NMA use an harmonic approximation of the molecular vibrations, treated as harmonic os-
cillators in vacuum making the an-harmonic characteristic of the biological transitions poorly
described; (2) the directions identified in vacuum might not be related to the real biologi-
cal motion, and (3) NMA requires a computational costly initial energy minimization of the
system [101, 135]. To overcome the computational cost (especially the minimization of the
system), NMA were successfully performed on elastic network (EN) models of the protein
[96, 99, 100, 136] where atoms (usually Ca) within a cut-off are interacting with a hookean
potential; this simplified representation removed the need of the minimization since the initial
conformation was taken as the one at the energy minimum. Even coarser representations of
the protein in the EN (e.g. ELNémo method [137]) were obtained with the introduction of
the rotation translation block (RTB) representation of the molecular systems, where up to
six residues were replaced by a single block making the calculations less expensive [138].

A different approach to study relevant structural transitions is represented by molecular
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dynamics (MD) whose output is a trajectory that describes the motion of a molecule on the
potential energy surface. The principal directions of fluctuation of a protein during a MD
simulation can be calculated via principal component analysis (see Methods). The first few
principal components describe the low frequency, large concerted molecular displacements
that are related to the biological function of the proteins [109, 110].

We investigated the ability of ELNEDIN models to identify the directions of biological
transition. The directions identified from principal component analysis of MD simulations of
a series of 15 benchmark protein systems were compared to directions described using the

well established NMA of ELNémo and anisotropic network (ANM) models.
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4.1 Benchmark systems

A total of 15 protein systems for which both and "open” and ”closed” conformation have
been characterized experimentally were selected from the Macromolecular Motions Database

[139] (Table 4.1).

TABLE 4.1: List of model systems

System® Residues pdbID OPEN pdbID CLOSED Motion type® RMSD (nm)¢  CI¢

PYP 125 2PHY 3PYP @) 0.049 0.058
UbiCE 139 1J74 1J7D 0] 0.193 0.063
MTA 280 1DQZ 1DQY O 0.253 0.12
CHEY 126 3CHY 1CHN @) 0.139 0.14
HDPPK 158 1HKA 1QON H 0.187 0.18
HIVI1PR 198¢ 1HHP 1HVR O 0.186 0.33
CS 437 4CTS 1CTS S 0.237 0.37
ADH 374 8ADH 6ADH S 0.136 0.48
ADK 214 4AKE 1ANK H 0.712 0.49
AAT 389 9AAT 1AMA S 0.156 0.54
MoBP 141 1H9K 1H9M S 0.087 0.65
CALM 142 1CLL 1CDL H 1.482 0.70
T4LYZ 162 1L97 1196 H 0.263 0.70
LAOBP 238 2LAO 1LAF H 0.468 0.72
GLNBP 220 1GGG 1WDN H 0.534 0.75

“PYP: Photoactive Yellow Protein; UbiCE: Ubiquitin Conjugate Enzyme; MTA: M.Tubercolosis Antigen
85-C; CHEY: CheY Protein; HDPPK: 6-Hydroxymethyl-7,8-Dihydropterin Pyrophospho-Kinase; HIV1PR:
HIV-1 Protease; CS: Citrate Synthase; ADH: Alcohol Dehydrogenase; ADK: Adenylate Kinase; AAT: As-
partate Amino Transferase; MoBP: Molybdate Binding Protein; T4LYZ: T4 Lysozyme (double mutant I3P
and M6I); LAOBP: Lysine/Arginine/Ornithine Binding Protein; GLNBP: Glutamine Binding Protein

0:Small localized movements, H: Domain hinge motions, S:Domain shear motions.

“Root Mean Square Deviation between the open and closed structures

dCollectivity Index

“Two monomers of 99 residues
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The choice of the systems was made so that the main categories of functional motions were
represented: hinge (H) and shear (S) motions were defined as in the Macromolecular Mo-
tions Database while motions representing small localized transitions and/or non-H or non-S
motions were classified as "other” (O).

The conformational change between the open and the closed states of each protein system

was described by a linear activation vector (ﬁ)

ﬁ — [ﬁz] _ [ﬁglosed _ ﬁqpen

ie{1,N} ~ 7 % ]ie{l,N}

(4.1)

ﬁ is a 3N vector containing the Cartesian coordinates of the N Ca atoms of the ex-
perimental structures; the amplitude (||ﬁ\|) of the structural change was measured by the
root mean-square deviation (RMSD) between the open and closed conformations and the

cooperativeness of the structural transitions were measured by the collectivity index (CI)

[140).

(4.2)

1 N AR? A‘éZ)
Cl = —ex — ' o !
N p( TR

where N is the number of Ca atoms. The value of CI tends toward 1/N if few Ca atoms
are involved in the transition (low collectivity) and it tends toward 1 if all Ca atoms are
involved to the same extent.

The analyses of the interplay between the types of motion, the RMSD values and the CI
values for the systems revealed that O and S transitions had low (< 0.3 nm) RMSD values
while H transitions were characterized by the higher values of RMSD between the open and

the closed conformations. In terms of the collectivity index, we observed that generally H >
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S > O, and comparing RMSD and CI was found that for values of RMSD greater than ~
0.3 nm all transitions have high CI while for RMSD values below ~ 0.3 nm no correlation is

present (Figure 4.1).
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FIGURE 4.1: Correlation between the collectivity index (CI) and the RMSD between the open
and closed conformations in the 15 test systems.

4.2 MD simulations of the ELNEDIN models

ELNEDIN models were created for each protein system using ksprryvg and Re parameters
of 0.8 nm and 500 kJ.mol~'.nm~2, respectively. The choice of this set of parameters was

based on the results of the comparison of the structural and dynamic behaviors observed in
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MD simulations of atomistic and ELNEDIN models. This pair of EN parameters was able to
reproduce dynamics comparable to the ones observed using a fully atomistic model. As a con-
trol, all calculations were performed also with another set of EN parameters (kspring of 200
kJ.mol~'.nm~? and R¢ of 0.9 nm) that was known to reproduce the dynamics of the system to
a less extent with respect to the fully atomistic model. The solvated ELNEDIN models were
first subjected to energy minimization with position restraints (k = 1000 kJ.mol~!.nm~2) ap-
plied to the entire protein followed by 50 ps of MD using a time-step of 1 fs also with position
restraints on the protein. To further relax the system 1 ns of MD with 20 fs time-step was
performed with position restraints on the protein backbone beads only. Each protein system
was then simulated starting from both the open and closed conformation for 10 independent

runs of 100 ns each without position restraints varying the sets of initial velocities.

4.3 Comparison of experimental directions of confor-

mational change with the eigenvectors obtained from

MD simulations of ELNEDIN models

The comparison between the experimental direction of the functional transition (ﬁ) and the
eigenvectors (7;) from MD simulations of ELNEDIN models was quantified by the overlap
between the two sets of vectors. The similarity between the biological transition described by

E and the transition described in the @ eigenvector [141-143] is given by:

7 - AR
0; = (4.3)
|AE|
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The cumulative square overlap (CSO) is a value that describes how well the first k eigen-

vectors reproduce the direction of the biological motion:

k
CSOy=> 07 (4.4)

i=1

where k is the integer number between 1 and 3N representing the number of eigenvectors.
The theoretical value of C'SOy ranges from 0 (no overlap between the two vectors) to 1
(complete overlap). Comparing the C'SOy, vs k for all the protein systems in our benchmark
set we observed that £ = 10 was the minimum value for which a meaningful overlap ( > 0.5)
could be obtained and at the same time was not too high, considering that eventually an
overlap value of 1 is achievable for each simulation since C'SO3y = 1 by definition. In all
the following analyses we compared the linear activation vector (ﬁ) to the conformational
subspace described by the first 10 eigenvectors (C'SOyg).

We first compared the average values of C'SOqy from MD simulations started from the
open conformation and those started from the closed conformation of the 15 systems. From
Figure 4.2A it is possible to see how the first ten eigenvectors calculated from MD trajectories
started from the open conformations had higher C'SO;q values than the ones calculated from
simulations of the closed structures. This observation is in agreement with the results of NMA
studies on EN models of several open/closed protein systems [141, 143] where it was proposed
that the modes calculated from open conformations with more separated and defined domains
should overlap better with m, linking the ability of the low-frequency modes to describe the
conformational transition to the shape of the protein.

The average C'SOjq values were also compared to the motion type (Figure 4.2B) observing
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FIGURE 4.2: Cumulative square overlap between the first ten eigenvectors (C'SO1) and AR (A)
CSOqp as a function of the starting conformation of the MD simulation. (B) C'SOj¢ as a function
of the type of functional motion.
that the C'SOy¢ was higher in the hinge and shear motions following the order H > S > O.

We tested whether a correlation was present between the motion type and the amplitude
of the structural transition or to its degree of collectivity plotting the C'SOyy values for each
open and closed systems against the RMSD and CI index.

Figure 4.3 summarizes the data relative to the open simulations. The relationship between
the €SOy values and the RMSD between the open and closed conformations is shown in
Figure 4.3B and revealed two regimes: when RMSD is lower that ~ 0.3 nm no correlation
between C'SO;y and RMSD is visible and only for values of RMSD greater than ~ 0.3 nm
the C'SOy values were consistently higher than 0.6. These observations (shown also for the
closed simulations in Figure 4.4B) suggest that the RMSD between the two conformations
is not a good predictor of how well ELNEDIN will be able to identify the direction of the
conformational transition. Plotting the C'SO¢ values vs the CI index, on the other hand,
revealed a clear correlation (R? ~ 0.78) suggesting that high collective motions are likely to

be well described by MD simulations of ELNEDIN models (Figure 4.3A); this correlation was
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FIGURE 4.3: CSOqg vs collectivity and structural change in the simulations of open conformations.
(A) Correlation between C'SO1g and CI, the red line is the least-square fitted line for the data set.
(B) Correlation between C'SO19 and RMSD, the vertical red line helps to delimit the two regimes
of behavior.

observed also for the simulations of the closed structures where, in spite of a lower correlation

coefficient (R? ~ 0.41), the trend was conserved (Figure 4.4A).

4.4 Influence of the EN parameters

To test the effect of the EN parameters on the results, we repeated all the analyses and
comparison with another set of EN parameters ksprrne of 200 kJ.mol~'.nm=2 and R¢ of 0.9
nm. Based on our previous study, this set of parameters is not as good as the 0.8/500 set
but still allows dynamics comparable to all-atom models. The analyses of the C'SO;q values
obtained with this new set of parameters confirmed the ability of ELNEDIN to better describe
the conformational transition of highly collective hinge motions when starting from the open

structures. If the overall results were unchanged upon the modification of EN scaffold, the
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FIGURE 4.4: C'SOqq vs collectivity and structural change in the simulations of closed conforma-
tions. (A) Correlation between C'SO;p and CI, the red line is the least-square fitted line for the
data set. (B) Correlation between C'SOjy and RMSD, the vertical red line helps to delimit the two
regimes of behavior.

C'SOqg values obtained with the 0.9/200 set were generally lower than the ones observed with
the 0.8/500 suggesting that varying the EN parameters could alter (and maybe improve) the
ability to identify the direction of a functional transition. To test this hypothesis the values

2 and

of kspring and Re were varied systematically in a range of 50 to 10000 kJ.mol~!.nm™
0.6 to 1.2 nm, respectively. One MD simulation of 100 ns was performed with every set of
parameters for each protein system starting from both the open and the closed conformations
and from each simulation a set of eigenvectors was calculated yielding a C'SOyy value EN-
specific.

The results are showed in Figure 4.5. A significant overlap (= 0.5) can be obtained using

different scaffolds excluding the possibility to identify universal ksprinvg and Re values that

guarantee high overlap values. For most systems, in fact, more than one set of parameters
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FIGURE 4.5: Effects of the EN parameters on the C'SOqg value: for each set of EN parameters
(kspring and R¢) the average C'SO1o was computed over the 15 protein system (for both open and
closed MD simulations). The color and the size of the boxes is proportional to the C'SO1¢ value.
yielded C'SOjy values higher than the ones obtained with 0.8/500. Finally, comparing the
results for the systems with higher collectivity index (Figure 4.6), we observed that parameters

with Re between 1.0-1.2 nm and kgprrne between 500-1000 kJ.mol™'.nm~2 resulted in the

best combinations to describe high collective functional transitions (CI > 0.6).
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FIGURE 4.6: Relationship between C'SO1g and specific EN scaffold parameters. Only systems
with CI > 0.3 are shown.

4.5 Comparison of ELNEDIN, ANM and ELNémo mod-

els

To confirm the ability of ELNEDIN in identify the directions of low-frequency structural
changes, we tested its performance against two other well established coarse-grained ap-
proaches: ANM and ELNémo. Normal mode analyses performed using these coarse-graining
approaches have demonstrated their ability to describe the directions of many functional tran-
sitions in protein systems (e.g GroEL [144], lysozyme [145, 146], myoglobin [147, 148]). We
compared the ability of each method to identify with confidence (C'SOy > 0.75) the direction
of the functional transitions for the 15 protein systems. The same cut-off values utilized in
the ELNEDIN models (0.8 and 0.9 nm) were used for the ANM and ELNémo normal mode

analyses together with the recommended cut-offs specific for ANM (1.5 nm) and ELNémo
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FiGURE 4.7: Comparison of ELNEDIN, ANM and ELNémo. Results obtained using an OPEN
or CLOSED structures to carry out the theoretical calculation are presented separately. The cutoff

values used in each approach are reported in nm and the values of ksprrng for the ELNEDIN

models are given in kJ.mol~!.nm=2.

(1.3 nm). These specific cut-offs did not change the results for ANM and ELNémo.

Figure 4.7 summarizes the results of the comparison: models of the open conformations
are again more likely to be able to describe the directions of the functional transitions using all
the approaches; overall the performance of ELNEDIN is comparable (and sometimes slightly

better) to the ANM and ELNémo approaches.

4.6 Domain decomposition effect on the description of

molecular motions

The results of ELNEDIN simulations both in the comparison with atomistic simulation and
in the description of molecular motions showed the flexibility of the EN to influence the

ability of ELNEDIN to reproduce biological transitions. However so far every system was
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treated with a single EN throughout the protein imposing structural restraints that, for
instance, prevented the simulations started from the closed conformation to closely reproduce
the biological transitions. The concept of flexibility dealing with EN models of proteins can
be associated with the EN parameters (Rc and kspring) that define the stiffness of the
network (intrinsic flexibility) but also with the combination of several independent EN in
protein systems with defined domains (e.g EGFR) where the flexibility is introduced letting
the independent networks free to interact but without having springs connecting residues
belonging to different domains (extrinsic flexibility).

We investigated this effect varying the degree of flexibility of the systems by either chang-
ing the ELNEDIN parameters or utilizing a combination of independent EN to describe
different domains of the protein systems. Using the program DYNDOM [149] that allows the
identification of domains and connecting bending/hinge regions in proteins with two available
conformations, we selected a subset of 6 systems (ADK, T4LYZ, GLNBP, LAOBP, CALM
and MoBP) from our original set of 15 benchmark proteins.

These 6 systems were simulated with a new ELNEDIN topology made of a combination of
independent EN for each domain connected by flexible bending/hinge regions where a i-i+4
network (k = 40000 kJ.mol~'.nm~2) was applied (Figure 4.8). The EN parameters (Rc and
kspring) were also varied. The idea was to test if introducing domain decomposition in
the topology of the protein systems affected the ability to reproduce the biological transition
starting from three sets of EN parameters known to yield high (Rc = 1.0 nm and kspring
= 500 kJ.mol™'.nm™?), medium (Rc = 0.8 nm and ksprrne = 500 kJ.mol~'.nm~2) or low

values (Rc = 0.6 nm and kspring = 10000 kJ.mol~t.nm~2) of C'SO;y when used in the
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FIGURE 4.8: Elastic network scaffolds for GLNBP without (no DD) or with (DD) domain de-
composition. Each independent scaffold is colored differently. The flexible hinge regions connecting
the two domains are colored in green.
context of a single network.

Each system was simulated in triplicate varying the set of initial velocities for 1us starting
from both the open and the closed forms using the three sets of EN parameters and in presence
(DD) or absence (noDD) of domain decomposition for a total of 216 independent ELNEDIN
simulations.

PCA were performed for each simulation and each set of eigenvectors was compared to
the linear activation vector.

Figure 4.9 shows how the introduction of DD in the protein topology led to a general
increase in the C'SOqy values for the simulations started form the closed conformations of
the 6 test systems, suggesting that the DD was able to relieve the bias toward the closed

conformation imposed by the utilization of a single EN throughout the protein. No effect was
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FicureE 4.9: DD improves significantly the ability of ELNEDIN to identify the direction of
conformational transitions when starting from the closed structures.

however observed in the simulations started from the open conformations.

4.6.1 Domain decomposition introduce flexibility but can lead to
irreversible transitions

The ability to describe the direction of the molecular motions (expressed by high values of
C'SOy) is not directly related to the ability to reproduce it. To test the effect of the intro-
duction of domain decomposition in the reproduction of the molecular motions we projected
the individual trajectories onto the linear activation vector.

Figure 4.10 represents an example of projections of two independent trajectories (Rc =
1.0 nm and kspring = 500 kJ.mol~t.nm~2) of LAOBP started from the open and closed

conformation onto the linear activation vector. Overall, no transition closed — open were
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FIGURE 4.10: Projections of two open (black curves) and closed (red curves) independent tra-
jectories (Rg = 1.0 nm and ksprrng = 500 kJ.mol~!.nm~2) of the LAOBP system onto the linear
activation vector (AR). The green dotted lines represent the projections of the starting closed struc-
tures and the cyan ones the projections of the starting open structures. The top panels show the
projections of systems simulated without DD. The bottom panels shows the projections of systems
simulated with DD where snapshots were taken to highlight reversible and irreversible transitions.

observed although the projection of the closed trajectories simulated with domain decompo-
sition (DD) were fluctuating more around the initial projection value due to the increased
flexibility. In the case of the simulations started from the open conformations we observed
that the introduction of domain decomposition (DD) in some cases made possible the closure
event not observed in the simulations without domain decomposition (noDD). The analysis

of the projections of the trajectories started from the open or closed conformation for the
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6 selected protein systems revealed that the ability of DD to increase the possibility to de-
scribe the direction of the transitions starting from the closed structures is not correlated to
the ability to reproduce the transitions themselves. The effect of the introduction of DD is
more sensible on the simulations started form the open conformations with an increase in the
number of transitions with respect to simulations without DD. The nature of the transitions,
observed in simulation with or without DD, can be either reversible or irreversible. Overall
the enhanced flexibility seems to promote irreversible transitions with the systems unable
to re-open once closed, we suggested that the increase in the extrinsic flexibility introduced
with the domain decomposition could over-stabilize the closed conformations preventing the
reversibility of the transitions.

Taken together the results on the effect of the EN flexibility suggested that a certain degree
of freedom can improve the dynamic behavior of the system while a high flexibility, both
intrinsic and extrinsic, can lead to erratic behaviors. In the definition of the EN describing
a protein system is therefore important to find the correct balance required to maintain the

scaffold of the protein without altering the protein dynamics.



Computational studies of SEGFR extension

with ELNEDIN

The current state of knowledge of the molecular mechanism of EGFR activation is based
principally on a static view provided by several crystallographic structures. These crystal-

lographic studies have unveiled the end points of the conformational transition leading from

76
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the tethered (autoinhibited) structure to the extended (active) structure that is poised to
dimerize [15, 19, 20].

Mutational studies [14] combined with SAXS spectroscopic measurements involving single
point mutations of EGFR aimed at disrupting the interaction between domain D2 and D4
and even complete truncation of the D4 domain [150] did not relieve the extracellular region
from its tethered conformation. At the same time, inter-domain interactions between the
D2 and D3 domains have been suggested to introduce a rigidity that favors the tethered
conformation. The glycosilation state of the receptor could also be involved in stabilizing the
tethered conformation [3].

The current view is that a critical process such as the activation of EGFR is regulated by
many control mechanisms, all of which have to be overcome in order for the EGF to bring in
close proximity the D1 and D3 domains and eventually promote the extension of the receptor.

In the last five years EGFR has been studied extensively via molecular dynamics (MD)
especially focusing on the sEGFR dimerization [151], the TM helix dimerization and inter-
action with the lipid bilayer [152-157], the interaction of JX region with the TK domain[46],
the mechanisms of activation and dimerization of the TK domain [158, 159] down to the
interactions of intracellular signal mediators with the C-term [160]. However, so far, due to
the size- and time-scale limitations of the MD simulations of atomistic systems, no attempts
have been made to describe the EGFR activation computationally.

We simulated ELNEDIN models of the extracellular region of EGFR (sEGFR) in order to
obtain a dynamical view of the extension process and the structural changes that happen in
the transition from the tethered to the extended conformations. We also investigated the free

energy landscape underneath the sEGFR extension, gathering information on the free energy
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profile of the sSEGFR extension.

5.1 sEGFR model building

Several structures of the extracellular domain (SEGFR or EGFR-ECD) of receptors belonging
to the ErbB family have been crystallized in the last years (EGFR [15, 19, 20], ErbB3 [16],
ErbB4 [12], ErbB2 [17, 18]), however, to date no structures for the whole ECD region of
EGFR in extended conformation are available since the D4 domain is only partially resolved
or completely missing.

To create an ELNEDIN model of the extracellular (ECD) region of EGFR in the tethered
conformation we used the crystal structure of the EGFR in complex with the monoclonal
antibody Cetuximab (PDB ID: 1YY9) which presents a fully resolved ECD region. In order
to build an atomistic model of the whole ECD region of EGFR in the extended conformation
we took advantage of the crystal structure of the SEGFR dimer in complex with EGF (PDB
ID: 1IVO) which shows the entire domains 1 to 3 and part of the D4 domain. We superimposed
residues 480-512 of 1YY9 onto the same residues of one monomer of 1IVO (chain A) using
the first module of the D4 domain from 1IVO to have the D4 domain of 1YY9 oriented as in
1IVO (Figure 5.1A). The two sets of coordinates were finally joined adding residues 481-613
of 1YY9 to 1IVO to obtain a model for the full ECD of EGFR in the extended conformation

(Figure 5.1B).
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FIGURE 5.1: Building of the extended and tethered models of SEGFR. (A) Scheme of assembly of
the different parts of the crystal structures to obtain the extended model. The numeration in black
refers to the crystal structure numbering while the one in red to the model. The region superimposed
(residues 480-512) is boxed in green. (B) ribbon and ball and stick representations of the all-atom
models of SEGFR in extended and tethered conformation. The junction point in the extended model
is highlighted.

5.1.1 EN parameters and protein topologies

The ELNEDIN models and the protein topologies were created using a specific program

(pdb2ELNEDIN MOLSYS) based on the molecular modeling library MOLSYS (Ceruso, M.
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to be published). pdb2ELNEDIN maps the all-atom structures into coarse-grained represen-
tations and builds the EN scaffold linking backbone beads (Car) whose experimental Ca-Ca
distance was within a predefined cut-off value, R.. The residues boundaries of the different
domains can be provided obtaining a combination of independent ENs rather than an unique
EN spreed throughout the protein.

The domains boundaries in SEGFR were defined based on the literature: [19, 20, 161, 162]

Domain 1 (D1): residues 1-162

Domain 2 (D2): residues 163-311

Domain 3 (D3): residues 312-480

Domain 4 (D4): residues 481-613

Based on the results of the ability of ELNEDIN to describe the direction of conformational
transitions with or without domain decomposition (see 4.6) we created two topologies, T17
and T1F .

In T17 (Figure 5.2) the domains D1, D2 and D3, representing the open conformation of
the ligand binding site in the tethered structure, were treated as a unique EN scaffold (noDD)
while the D4 domain was treated as an independent scaffold (DD) being the junction between
the D3 and D4 domains in the "closed” state.

In T1# (Figure 5.2) the D3 and D4 domains were treated as a unique scaffold (noDD)
being the junction between the D3 and D4 domains in the "open” state while the D1 and
D2 domains were described with independent scaffolds (DD) to obtain a representation of

the ligand binding site (in the closed conformation in the extended structure) with domain
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FIGURE 5.2: Elastic networks in the extended and tethered topology T1 of SEGFR. (A) ENs
combination in the extended model; the D3 and D4 domains were treated with a single EN. Each
independent EN is colored differently. (B) ENs combination in the tethered model; a unique EN
encompassed the D1, D2 and D3 domains. Each independent EN is colored differently.

decomposition.

Each independent ELNEDIN scaffold was built with Ro of 1.0 nm and kgprryg of 750
kJ.mol~!.nm~2. These parameters were chosen representing one of the best ELNEDIN param-
eters combination for the reproduction of conformational transitions (see previous chapter).

The parameterization of the coarse-grained beads was based on the version 2.1 of the
MARTINTI force field [2]. The topology obtained using MOLSY'S contained the list of bonds,
constraints, angles, dihedrals and an extra list of harmonic springs (bonds) defining the EN.

The disulfide bridges were added separately to the topology including a list of interacting
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residues with a predefined equilibrium distance defined as follows.
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FIGURE 5.3: Distribution of the calculated lengths (d) of the disulfide bridges in the set of protein.
The atoms utilized to calculate the center of mass of each cysteine residue are shown in a disulfide
bridge connecting one laminin-like module in sSEGFR (PDB ID: 1IVO)

Eight hundred and eighty-eight crystal structures were selected from the protein data
bank [163], having a resolution < 1.80 A and containing one or more disulfide bridges. The
length of the disulfide bridges was calculated for each protein measuring the distance between
the center of mass of C3-Sv of the cysteine residues involved in the interaction. The mean
distance (0.236 nm) was calculated averaging all the calculated lengths (Figure 5.3). The
side chain beads of two cysteine residues involved in a disulfide bridge were connected via

harmonic springs with the equilibrium distance set to 0.236 nm and the force constant to

35000 kJ.mol~'.nm~2.
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5.2 Equilibrium MD simulations

The average properties calculated from a MD trajectory are representative of the degree of
sampling of the conformational space only if the system has reached thermodynamic equilib-
rium.

Several indicators can be monitored to evaluate the system state: potential and kinetic
energies, temperature, pressure, RMSD. These indicators are usually "out of equilibrium”
at the beginning of a MD simulation and will relax towards a new value providing that
the simulation time is much longer than the equilibration time. During equilibrium MD
simulations the system samples the conformational space spontaneously without any external
restraints, forces or potentials applied and it is subjected to the multitude of barriers of the
multidimensional energy surface. The analyses of the equilibrated trajectories will provide
information on the structural stability and dynamics of the ELNEDIN models created with

a combination of independent ENs.

5.2.1 MD protocol and parameters

The extended and tethered ELNEDIN models of SEGFR were inserted in rectangular boxes
with the minimum distance between the protein and the edges of the box initially set to 1.2
nm, and solvated with CG waters (plus a 10% of antifreeze waters). In order to relax both the
solvent molecules and the protein in the force field, each system was initially minimized and
simulated for 200 ps in the NVT ensemble freezing the coordinates of the protein beads; we
then switch to the NPT ensemble performing a new minimization followed by 400 ps of MD,

both with position restraints on the backbone beads. The extended and tethered ELNEDIN
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models were finally simulated for 500 ns without restraints in triplicate changing the initial
set of velocities. The non-bonded interactions were described as in the MARTINI 2.1 force
field with shifted Lennard-Jones and Coulomb potentials. The Berendsen coupling algorithm
was used to maintain temperature and pressure constant respectively at 300 K and 1 bar.
The LINCS algorithm was used for constraining some side chain bond-lengths (see Appendix

A for a more detailed description of the MD parameters).

5.2.2 Determination of the equilibrated portion of the MD trajec-
tories

To determine the equilibrated part of the MD trajectories to be used in the analyses we
monitored the time series of the root mean-square deviation from the initial structure of the
backbone beads during simulations of both the extended and the tethered ELNEDIN models
of sEGFR.

Figure 5.4 represents the RMSD as a function of time for three independent simulations
started from the extended (HOLO, ligand-bound) or tethered (APO, ligand free) sEGFR
conformation. After an initial increase in the RMSD value the extended structures showed
a remarkably stable and low value of RMSD (~ 0.3 nm) considering the size of the protein
system. The tethered structures were more distorted and reached a more stable RMSD value
after ~ 300 ns of simulation. The last 150 ns of the simulations were considered to be more
equilibrated and were used for all subsequent analyses.

In order to evaluate whether the overall RMSD observed was related to a general defor-

mation of the protein or to some domain in particular we calculated the RMSD per domain.
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FIGURE 5.4: RMSD time-series for MD simulations started from the extended (3 red curves)
or tethered (3 black curves) structures. The orange dotted line represent the beginning of the
equilibrated portions of the trajectories that were utilized in the analyses.

Figure 5.5 summarizes the distributions of the time series RMSD of the backbone beads
per domain in the last 150 ns of simulations of the extended or tethered structures; the
globular domains of the receptor (D1 and D3) showed very narrow RMSD distributions with
an average RMSD value < 0.1 nm, suggesting an high structural stability; the D2 and D4
domains, rich in laminin-like motives, on the other hand, were more deformed (RMSD ~ 0.15
nm), however the similar average RMSD value for the D2 and D4 domains in the extended and
tethered simulation suggested that the overall higher deformation observed in the simulations
of the tethered structures was not related to internal deformation in a specific domain but

rather to an interdomain rearrangement.
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FIGURE 5.5: Distributions of the RMSD time series in the last 150 ns of MD simulations calculated
for each domain and for the whole extracellular region in extended (A) or tethered (B) conformation.

5.2.3 sEGFR samples different conformational space in MD sim-
ulations of tethered (open) or extended (closed) ELNEDIN

models

To determine the nature of this rearrangement and whether the overall RMSD values of the
ECD with respect to the initial structures during the equilibrium simulations were related to
the extension (or closure) of the receptor, we calculated the RMSD between the backbone
beads (Ca beads) of each and all the conformations sampled during the simulation (instead of
computing the deviation from the initial structure at each frame of the trajectory) obtaining

two RMSD matrices for the extended and tethered conformations.
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Each matrix was analyzed performing a hierarchical clustering using the average linkage
methods (see Appendix E) where the distance between two clusters was defined as the average
of distances between all pairs of objects, in this case the difference in RMSD. From the cluster-
ing we obtained a dendrogram which illustrates the clusterization made during the analysis.
The lower branches of the dendrogram were collapsed using an RMSD cut-off of 0.5 nm, an
arbitrary defined value that represents a reasonable RMSD cut-off for CG models considering
that it is not a realistic expectation to obtain structural details on the deformations using a
cut-off lower than the van der Waals radius of the CG beads (~ 3 A ).

The result for both tethered and extended matrices was the merging of more “leaves” into
single clusters whose structures were combined to obtain average conformations representing
the more frequently sampled conformations during the equilibrium simulations.

Figure 5.6 summarizes the results in the case of the tethered simulations: the cutoff at 0.5
nm defined three equally populated clusters whose representative average structures (Figure
5.6B) were compared with the tethered crystal structure (Figure 5.6C). The average structure
of cluster 3 was very close to the crystal structure with an overall RMSD of ~ 3 A , while the
other two average structures presented RMSD of ~ 7 A , however in cluster 1 the structure
looked collapsed (over-closed) and in cluster 2 the tethered structure was starting to extend
with the D1 and D3 domains getting closer.

Using a cutoff of 0.5 nm the extended dendrogram was merged in a single cluster (Figure
5.7A) whose average structure reported in Figure 5.7B revealed how during the simulations
of the extended structures, the systems deviated from the initial structure on average by ~

3 A without any apparent “closure” of the receptor toward the tethered conformation. The
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FIGURE 5.6: Hierarchical clustering of the tethered rmsd matrix. (A) Dendrogram obtained from
the clustering; the cut-off at 5 A where the leaves were merged to calculate the average structure is
shown. (B) Average structures with a transparent density map representation at 5 A resolution. The
percentages of occurrence of the average structures are reported. (C) Fitting of the initial tethered
model into the density maps calculated from the average structures.

overall stability of the structure during the simulation of the extended conformation is also
observable form the fitting of the initial structure in the density map representation at 5 A

resolution of the average structure (Figure 5.7C).
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FIGURE 5.7: Hierarchical clustering of the extended rmsd matrix. (A) Dendrogram obtained from
the clustering; the cut-off at 5 A where the leaves were merged to calculate the average structure is
shown. (B) Average structure with a transparent density map representation at 5 A resolution. (C)
Fitting of the initial extended model into the density map calculated from the average structure.

5.2.4 Comparison with SAXS experimental parameters.

Because of the requirement of good crystals for crystallography and the low molecular mass
requirement of NMR, a significant fraction of proteins cannot be analyzed using these two
high-resolution methods. Small-angle x-ray scattering (SAXS) is a fundamental tool in the

study of biological macromolecules. The major advantage of the method lies in its ability to
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provide structural information about partially or completely disordered systems [164].

The program CRYSOL version 2.6 [165] using the default options was used to obtain
predicted scattering curves for the analyzed structures and models. The program PRIMUS
[166] analyzes experimental small-angle scattering data files using GNOM [167] to run series
of regularized Fourier transforms for SAXS data and determine the pair-distance distribution
curve (P(r) curve), the radius of gyration (Rg) and the maximum particle size (Dmax) values.
Using the program PRIMUS [166], we calculated expected SAXS parameters from the average
structures representing the most sampled conformations during the MD simulations and from
the tethered and extended models. The calculated maximum dimensions (D) and the
pair-distribution curves (P(r) curves) were compared to the experimental results of SAXS
experiment [3].

The experimental P(r) curve for the tethered sEGFR showed a primary peak at ~ 40 A
representing the interatomic vectors within two well defined globular zones of the receptor:
the D1-D2 and D3-D4 domains; a second peak/shoulder is observable at ~ 60 A and it was
suggested to represent interatomic vectors between the two globular regions. The experimental
P(r) curve for the extended receptor was calculated using the crystal structure of sErbB2 and
showed a single peak at ~ 35-40 A representing the globular region encompassing D1-D2-D3
and pronounced tail representing the interatomic vectors between the first three domains and
the D4 domain.

In order to compare the results of our model and average cluster ELNEDIN structures
with the experimental ones, all atom representation of the ELNEDIN structures were cre-
ated performing short (50-100 ps) MD simulations restraining the Cas coordinates to the

coordinates of the backbone beads in the average cluster structures (Figure 5.8). To avoid
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2 and

deformation of the molecules the force constant was initially set at 10 kJ.mol~!.nm™
the RMSD with respect to the cluster structure was monitored. Once the RMSD was not
decreasing any further a new MD simulation was launched from the previous final structure

increasing the force constant exponentially until the final RMSD of the all atom structure

with respect to the cluster structure was ~ 0.3 A .

0.7 .
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0 50 100 150 200 250

Time (ps)

FI1GURE 5.8: RMSD time series of short MD simulations with restraining the Cas coordinates to
the coordinates of the backbone beads in the average cluster 1. The force constants are reported
for each simulations that are colored differently. Snapshots of the initial and final conformations are
shown.

The calculated P(r) curves for both the extended model and the average structure from
cluster 1 were very similar to the experimental curve obtained for ErbB2 with a shorter

tail that could be related to a different relative orientation of the D4 domain with respect
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to ErbB2 and hence a smaller distance between atoms of the globular D1-D2-D3 region
and the D4 domain (Figure 5.9A). We also compared the P(r) curve of the extended model
with the calculated P(r) curve for a recently resolved x-ray structure of EGFR in extended
conformation (PDB ID: 3NJP). Figure 5.9B shows the comparison. The two curves resulted
remarkably similar validating the quality of the extended model.

The calculated curves for the tethered model showed the canonical two peaks shape,
however the primary peak in the tethered P(r) curve was shifted to the left with respect to
the experimental curve and was centered to ~ 30 A with the shoulder at ~ 60 A was much
more defined than in the experimental curve (Figure 5.10). The P(r) curves of the tethered
average cluster structures showed three different profiles: cluster 1 had a shoulder at ~ 60 A
resembling the experimental tethered P(r) curve although the primary peak was still shifted
to the left; cluster 2 presented two almost equally peaks and cluster 3 was very similar to the
P(r) curve calculated for the tethered model. The shape of the curve of cluster 1 suggested
that the more collapsed tethered structures could contribute to the definition of the shoulder
observed in the experimental curve.

One parameter that could affect the SAXS parameters calculated for the models with
respect to the experimental results was the absence of glycosylation. To test the effect of the
glycosylation we manually docked Man9GlcN Ac,y oligosaccharides onto the known glycosyla-
tion sites on sEGFR [168, 169] in order to have the sugar moieties almost perpendicular to
the surface of the protein at the glycosylation site. The SAXS parameters were recalculated
for the glycosylated models (Figure 5.9 and 5.10). The resulting P(r) curves showed a unique

broad peak for both the extended and tethered models with higher probability frequency,



COMPUTATIONAL

STUDIES OF SEGFR EXTENSION WITH ELNEDIN

93

- sugars + sugars
15 25
20 VAN |
10 d A
: e/ N L EXT
x = \
= = /
a = 10 / \ N M O DE I_
5 r /I \
N
5 l/ N -
. S
0 T T T T 0 T T T T
o} 25 50 75 100 125 1} 25 50 75 100 125
Radial distance (A) Radial distance (A)
15 25
20 ,' \\ L
10 I / N
2 21 J N - CLUSTER1
= = \
[ a 10 /I \ F
54 - / AY
/ \
5 / N\
’ \
F ~
0 ‘ ‘ ‘ . 0 ‘ ‘ ‘ —
1} 25 50 75 100 125 0 25 50 75 100 125
Radial distance (A) Radial distance (A)
1 5 L I L [ L
| EXT MODEL |
10 -
<+
o
-~
x B L
—_
=
o
5 u
0 T | T | | T l T
0 25 50 75 100 125

Radial distance (A)

FIGURE 5.9: (A) Calculated P(r) curves for the extended model and the average structure ob-
tained from the hierarchical clustering in presence or absence of glycosilation (see text) compared
with the experimental P(r) curve calculated for ErbB2 (red triangles) obtained from Dawson et al.
[3]. (B) Comparison of the calculated P(r) curves for the extended model and the x-ray extended
structure (PDB ID: 3NJP).
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FIGURE 5.10: Calculated P(r) curves for the tethered x-ray structure and the average structures
obtained from the hierarchical clustering in presence or absence of glycosilation (see text) compared

with the experimental P(r) curve calculated for EGFR in tethered conformation (gray squares)
obtained from Dawson et al. [3].

suggesting that the addition of the sugars led to the loss of the ability to discriminate differ-

ent globular regions within the receptor. Interestingly, the glycosylated tethered P(r) curve
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showed a right-shift of the peak to a value close to the experimental one.

The D4, values represent the point where the P(r) curve reach zero and express the
system maximum dimensions. D,,,, values can be utilized to distinguish between tethered
and extended conformations with the extended structures showing higher values ( ~ 125 A )

than the tethered ones ( ~ 100 A ).

TABLE 5.1: Calculated D,,,, values from experimental and ELNEDIN models

sEGFR DyazCA  DipazAA Do AA + sugars
exp ext X-ray ext 118
ext model 117.5 117.5 119.5
ext cluster A 113.5 116 118.5
X-ray teth 106.5 108 117.5
teth cluster A 104.5 107.5 119.5
teth cluster B 110.5 105 117
teth cluster C 107.5 108.5 119

From Table 5.1 is observable how the glycosylation, leading to more globular systems,

made distinguishing between tethered and extended conformation impossible.
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5.2.5 Principal component analyses of trajectories started from the
tethered or extended sEGFR conformations

In order to determine whether the ELNEDIN models of sEGFR were able to describe the
direction of the conformational transition, we calculated the overlap between the linear acti-
vation vector describing the biological motion and the eigenvectors calculated from principal
component analyses of the MD trajectories. The C'SO;q values were calculated between the
activation vector and the first 10 eigenvectors obtained from PCA of the last 150 ns of the
extended and tethered backbone beads trajectories. As observed in our previous analyses the
simulations started from the open conformation (in this case the tethered structure) yielded a
higher C'SO; value (0.85) with respect to the simulations started from the closed (extended)
conformation (0.60). The high C'SO;, values were expected considering the type of system
that presents a high collectivity in the open — closed transition (CI = 0.625) and an high
RMSD values between the two conformations (RMSD = 2.26 nm).

Having performed independent simulations of the same systems in two different confor-
mations, the ensemble of structures obtained could be analyzed together resulting in the
description of both the motions sampled in a single trajectory and the differences between
the combined simulations. This technique, called combined essential dynamic analyses, is an
efficient way to compare two different conformations of the same protein [109-111]. The last
150 ns of simulation of the sEGFR backbone beads trajectories were extracted for all the
systems and fitted onto the tethered reference. Tethered and extended trajectories were then
combined, representing respectively the open and closed state of the receptor. PCA of the

combined trajectory were performed obtaining a set of eigenvectors representing the principal
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directions of fluctuation of the systems during the MD simulations. The visual analysis of
the motion along the first two eigenvectors (that reported the directions of more that 90%
of the total fluctuations) revealed that the 1st eigenvector described mainly the extension
(tethered — extended) of the system while the 2nd eigenvector described a relative tilting
and reorientation of the extracellular domains, especially D1 and D3.

Figure 5.11 represents the projections of the single independent extended and tethered

trajectories onto the plane defined by the first two eigenvectors of the combined trajectory.
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FiGURE 5.11: Projections of MD simulations of extended and tethered conformations onto the
conformational space defined by the first two eigenvectors of the combined trajectory. The three
populations observed for the tethered simulations reflect the three clusters observed in the structural
analyses: (A) cluster 1, (B) cluster 2 and (C) cluster 3.

Two distinct and separate populations were observed, confirming that during the equilib-

rium simulations we were not observing transitions from either of the starting conformations.

The projection of the tethered trajectories revealed three distinct subpopulations that were
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associated with the three different structures observed in the RMSD clustering; consistently
with the analysis of the average cluster structures the population of cluster 2, where D1 and
D3 started to approach each other, is the one that projects more toward the extended con-
formation. Overall, the lack of connection between the extended and tethered populations

suggests the presence of some kind of energetic barrier on the plp2 surface.

5.2.6 sEGFR interdomain distances reflect the receptor conforma-
tion

To monitor possible transitions during the simulations we defined two other parameters spe-
cific for the tethered and extended conformation: the interdomain distances between the D1
and D3 domains and between the D2 and D4 domains. We defined two triads of residues to
calculate the D1-D3 distance measured from the distance of the center of mass (COM) of the
selected residues (residues 11, 21, 37 on the D1 domain and 324, 407, 464 on the D3 domain
in Figure 5.12B); similarly, two pairs of residues were selected to determine the distance be-
tween the D2 and D4 domains (residues 245,250 and 564,574 in Figure 5.12B). The choice of
these two interdomain distances was based on the sensible change in the measurement upon
conformational change: the D1-D3 distance (or d1) measures the level of closure of the EGF
binding site clearly distinguishing between the tethered (open) conformation (huge D1-D3
distance) and the extended (closed) conformation (small D1-D3 distance). The D2-D4 inter-
domain distance (or d2) is proper for the tethered conformation where the dimerization arm
in the D2 domain is involved in interactions with D4, resulting in small D2-D4 distance for

the tethered conformation and a huge distance in the extended conformation.
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FIGURE 5.12: Interdomain distances in extended and tethered conformation of sEGFR. (A)
Projections of MD simulations of extended and tethered conformations onto the conformational
space defined by the interdomain distances d1 (D1-D3) and d2 (D2-D4). The green and purple
diamond represent respectively the extended and tethered initial conformations. The d1 and d2
values are also reported for both the conformations of SEGFR. (B) Close up of the residues whose
Cas were used to calculate the centers of mass (spheres) and the interdomain distances (cylinders)

Values for d1 and d2 were calculated for all the independent equilibrium simulations.
Figure 5.12A represents the projections of the interdomain distances time series on the d1d2

plane, two populations are clearly distinguishable centered around the d1d2 coordinates of
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the extended model and the tethered crystal structure. The two separate populations proved
once again how during equilibrium MD simulation we did not observe structural transitions

between the two conformations of the receptor.

5.3 Non-equilibrium MD simulations: Essential dynamic

samplings of the d1d2 conformational space.

Since we could not observe the full transition of SEGFR from tethered to extended (or vice
versa) during equilibrium simulations we attempted to promote the transition both ways using
the essential dynamic sampling technique (EDSAMP). In order to facilitate the transition
we chose to use the targeting approach, moving along the directions defined by the first
five eigenvectors describing > 99% of the total fluctuations in the equilibrium simulations
(from the above combined essential dynamic analyses) but operating a radius contraction
(see Methods) that directed the initial structures toward a specific target conformation: in
this case the extended structure for the tethered initial structure and the tethered structure
for the extended ones. We also repeated the EDSAMP simulations using as a direction for the
radius contractions the linear activation vector that describe the extension of the receptor,
from tethered to extended conformation. We used the extended and tethered ELNEDIN
models as starting points for the samplings, performing 20 simulations of 2 ns each starting
from the same structure (changing the initial set of velocities) in order to add statistical
significance to the results. Monitoring the variation of d1 and d2 during the sampling, we
observed that just a few steps (~ 700 ps) were necessary for the initial structures to be driven

to (or close to) their targets and that for the remaining part of the simulations they were
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sampling conformational space in the neighborhood of the target structures.

The results of the EDSAMP simulations are shown in Figures 5.13, 5.14 and 5.15 . The
essential dynamic samplings performed along the first five eigenvectors obtained from PCA of
the combined equilibrium simulations were able to reach the target or to reach a region close to
the target in the d1d2 space; on the other hand when the samplings were performed along the
direction described by the linear activation vector, the target was almost never reached (Figure
5.13). This suggested that the restraints imposed during the sampling to force the systems to
move along the activation vector removed the degrees of freedom necessary to complete the
conformational transition as opposed to the sampling along the first five eigenvectors.

The choice of the EN scaffold was also critical to successfully reach the target during the
samplings: simulation of the systems with the networks of the target (e.g. tethered systems
simulated with the extended networks combination) favored the reaching of the target and
indicated that the type of EN scaffold can influence the sampling of the conformational space
(Figure 5.14).

Finally, the presence of the ligand, particularly in the sampling of the extension (tethered-
EGF — extended) seemed to partially restrain the conformational transition resulting in
simulations that did not reach the target (Figure 5.15), this effect was less pronounced in
the transitions from extended to tethered and more evident for sampling along the activation
vector.

The results of the EDSAMP simulations showed how the transition from the starting
structure to the target in both directions took consistently an L-shaped path, suggesting an

energetic preferential path for the extension.
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FicUrE 5.13: Effect of the choice of the direction along which the targeting is performed. The
average of 20x2 ns targeting EDSAMP simulations were projected onto the d1d2 plane. The purple
and green diamond represent the tethered x-ray structure and extended model, respectively.

The observation that external constraints imposed by the choice of the EN scaffold or
the presence of the ligand limited the sampling of the essential subspace in some EDSAMP
simulation sets that failed to reach the target implies that these EDSAMP simulations were

hindered by some energetic barriers.
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FIGURE 5.14: Effect of the EN scaffold. The average of 20x2 ns targeting EDSAMP simulations
were projected onto the d1d2 plane. The purple and green diamond represent the tethered x-ray
structure and extended model, respectively.

5.4 Free energy landscape of the sEGFR extension.

The analyses of MD simulation at equilibrium and the EDSAMP simulations suggested that
the EGFR has to overcome some energetic barriers to achieve the extended conformation. We
set out to study the free energy landscape underneath the SEGFR extension path calculating

a series of 2D potential of mean force (PMF) maps from umbrella sampling simulations using
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tethered x-ray structure and extended model, respectively.

the two interdomain distances (d1 and d2) as reaction coordinates and a different set of
protein topologies to test the effect of the EN on the free energy topography.

One major issue dealing with free energy surfaces calculations is the achievement of con-
vergence in the energy values: often the simulation time necessary to reach the convergence

becomes too costly computationally and a compromise must be made. It is worth noting that
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the definition of the precise energy values of the barriers present on the free energy surface is
not a realistic goal considering the intrinsic coarse nature of the system (an extremely costly
sampling of all atom models of sSEGFR would be needed to obtain such results), however

using ELNEDIN we were able to gather information on the topography of the surface.

5.4.1 Interdomain distances grid preparation.

Using a combination of EDSAMP and steered MD simulations (see Methods) we built a grid
of structures with defined interdomain distances (d1 and d2) covering the conformational
space between the tethered and extended conformations (Figure 5.16A). These structures
represent the starting points (windows) for the umbrella sampling simulations. The choice
to combine the two computational techniques arose from the observation that the simple
pull of a structure to completely fill the conformational space resulted in highly deformed
conformations with very high RMSD values especially in the d1d2 conformational space close
to the tethered model and so not suitable to be used as a starting point for energy calculations
(Figure 5.17A).

We first pulled along d1 the tethered conformation of the sEGFR in the HOLO (ligand
bound) form. The EGF was placed on the D1 domain of the tethered structure superimposing
the D1 domain with the D1 domain of the extended x-ray structure utilized to build the
extended model (PDB ID: 1IVO) and obtaining a tethered structure with the same D1-EGF
interactions observed in the crystal structure.

A force constant of 1000 kJ.mol~!.nm~2 was used to maintain the d2 fixed while d1 was

pulled at a rate of 0.05 nm/ns (with a pull;, of 1000 kJ.mol~!.nm~?), increasing and decreasing



COMPUTATIONAL STUDIES OF SEGFR EXTENSION WITH ELNEDIN 106

A B
9:. A
8 SMD 8L
————eo—0—0—0o0—> £
T R 7E
SMD F
o o) EGE_
Els BXT % Es5¢C
3 5 34
8|3 8 S
3¢
v 2
~t—o—o—eo—o—o—o— 15_
O SMD TETH C | st N
0_Illllll\I]IlIIlIlIJIllll|LJJII\III[JJII\I!JI_
D1-D3 (nm) 0 1 2 3 4 5 6 7 8 9

D1-D3 (nm)

FIGURE 5.16: Building of the ELNEDIN models for the free energy landscape calculation. (A)
Schematic representation of the combination of EDSAMP and SMD simulations performed (see
text). (B) Ensembles of independent EDSAMP simulations started from the bottom structures
(black curves) or from the top structures (red curves). The green circle represents the coordinates
of the x-ray tethered structure while the red circle the coordinates of the extended model.

the interdomain distance so as to span values from 1 to 6.5 nm. The extended HOLO confor-
mation was first pulled along d2, keeping fixed d1 in order to reach a d2 coordinate of ~ 7.5
nm (a force constant of 1000 kJ.mol~'.nm~2 was used to keep the d1 fixed) and then along d1
fixing the d2 value until the interdomain distance was as large as 6.5 nm. The initial vertical
pulling was functional to obtain a more wide sampling of the d1d2 space. Equally spaced
structures on d1 (~ 2 A apart) were selected from the pulling simulations and a series of
EDSAMP simulations were launched targeting each structure with a determined d1 selected
from the pulling of the tethered conformation to the structure with the same d1 but resulting
from the pulling of the extended conformation (same d1 but different d2) and vice versa. 10
independent runs of 2 ns each were performed for both teth — ext (with T17) and ext —
teth (with T1¥) obtaining an ensemble of trajectories from which structures were selected to

fill the grid.
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Figure 5.16B represents the ensembles of independent EDSAMP simulations. It is clear
how the sampling (although restricted to the essential subspace defined by the first 5 eigenvec-
tor) was hindered by the presence of barriers on the energy surface that could not be crossed.
This confirmed the hypothesis (already observed in the EDSAMP simulation from the open
to the closed conformations) that EDSAMP is not forcing the system to cross the barrier
but rather follows more energetically favorable paths. The criteria for choosing a structure
coming from an ensemble of EDSAMP simulations from teth — ext or from ext — teth

were the following:

e [or conformations with a d2 between 0 and 3 structures were selected from the EDSAMP

teth — ext trajectory ensemble if available.

e For conformations with a d2 between 3 and 5 structures were selected randomly from

the all the EDSAMP trajectory ensemble if available.

e [or conformations with a d2 between 5 and 8 structures were selected from the EDSAMP

ext —> teth trajectory ensemble if available.

If structures from both EDSAMP simulations performed in both directions were available
in a grid quadrant one of the three conditions above was applied. If only one structure was
available in a grid quadrant that was chosen independently from the EDSAMP simulations
which generated it. If no structures were present in a grid quadrant short SMD simula-
tions were performed starting from the closest filled quadrant in order to obtain the missing
structure.

1134 structures were selected with the described protocol. The grid was characterized by

structures equally spaced (~ 2 A ) on the x axis representing the D1-D3 interdomain distance
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(d1) and ranging from 1.3 nm to 6.5 nm (resulting in 27 structures). The y axis represented
the D2-D4 interdomain distance (d2) and equally spaced structures were selected ranging from
0.3 nm to 8.5 nm (resulting in 42 structures). The selection criteria were based also on the
minimization of the distortion of the selected structures generally choosing structures derived
form the tethered crystal structure in the bottom part of the grid and from the extended

model in the top part of the grid.
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FIGURE 5.17: RMSD with respect to the extended or tethered reference structures of the 1134
structures selected for the free energy calculations. (A) structures selected from SMD simulations
only; (B) structures selected from a combination of SMD and EDSAMP simulations. The RMSD
values of each contour are expressed in nm.

Figure 5.17 represents the lowest RMSD with respect to the extended or the tethered

starting structure of structures selected utilizing SMD simulations only (Figure 5.17A) or a

combination of SMD and EDSAMP simulations (Figure 5.17B). Not surprisingly, structures
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with combinations of high (respectively low) D1-D3 and D2-D4 interdomain distance values
resulted far from both the initial conformations and with high RMSD values.

To test the effect of the presence of the ligand we also prepared the APO (ligand free)
version of the grid, the ligand was removed from each of the structures of the HOLO grid and
200 ps of MD with position restraints on the Ca were run to equilibrate the waters without
altering the d1d2 coordinates of each structure. No counter ions were added to neutralize the

total net charge of the systems upon removal of the ligand.

5.4.2 ELNEDIN topologies created varying the EN scaffolds.

A new topology (named T2) was defined for the umbrella sampling analyses, varying the
definition of the ENs but not the R and ksprinvg parameters. The purpose of this topology
was to enhance the extrinsic flexibility of the sSEGFR introducing more degrees of freedom in
the relative motion of the domains.

The domains were defined using a sequence-based domain decomposition based on the
literature data [19, 20, 161, 162] (D1): residues 1-162, (D2): residues 163-311, (D3): residues
312-480 and (D4): residues 481-613.

Each domain of the tethered and extended models was treated with and independent
ELNEDIN scaffold with Ro of 1.0 nm and kspriye of 750 kJ.mol~'nm~2 obtaining the
topologies T2 and T2% respectively (Figure 5.18).

Umbrella sampling simulations (see Methods) were performed for structures of both the
APO and HOLO grid using the T1 and T2 topologies so as to compare the effect of the

presence or absence of the ligand and the network definition on the topography of the free
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FIGURE 5.18: Representation of the EN scaffold in the T2¥ and T2” topologies. Each independent
scaffold is colored differently.

2 was applied on both the

energy landscape. A restraining potential of 1000 kJ.mol~!.nm~
dl and d2 reaction coordinates in order to let each system to explore the surface in the
neighborhood of its d1d2 grid coordinates. 15 ns of sampling were performed for each structure
in both the HOLO and APO grids using the T1 topology. PMFs maps were calculated for

intervals of 5 ns and the 10-15 ns parts of the sampling trajectories were analyzed representing

a compromise between an acceptable computational cost and the approach to convergence

(Figure 5.19).
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FI1GURE 5.19: Convergence of the free energy landscape values in umbrella sampling simulations
of the APO grid with T2 topology. The first 5 ns of simulation (0-5 ns) shows higher values of
free energy that seemed to converge after 5-10 ns. The 10-15 ns parts of the sampling trajectories
(boxed in red) were analyzed representing a compromise between an acceptable computational cost
and the approach to convergence.

5.4.3 Effect of the ligand and EN scaffold on the free energy land-
scape

The PMF map of the APO grid simulated with the T17 topology showed a minimum in the
region of the tethered crystal structure, to evaluate the effect of the addition of EGF on the
free energy surface we calculated the difference between the HOLO T17 and the APO T17

free energy surfaces (Figure 5.20).
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FiGURE 5.20: Effect of the presence of EGF on the free energy landscape of the APO grid
simulated with the T17 topology. The difference map shows the relative contributions from the
ligand binding. Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axis
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances respectively.

The difference map showed how the addition of the ligand lowered the central barrier
observed in the APO T17 map favoring the region of the extended structure; two zones
remained high in energy and hence were unfavorable (located in the top right and the bottom
left corners). The high energy in the top right zone could be related to the fact that the
presence of EGF bridging the D1 and D3 domains creates unfavorable zones on the d1d2
space where D1 and D3 domains are away from each other; the high energy in the bottom
left corner, where the D1-D3 distance is appropriate for harboring the ligand, could reflect
the hindrance created by a too close distance between the D2 and D4 domain.

The effect of the EN scaffold was evaluated calculating the difference between APO T1%
and APO T17 free energy surfaces. The resulting difference map showed how the switch
from the tethered network to the extended one switched also the topography of the landscape
making extremely favorable the region of the d1d2 space close to the extended structure and

at the same time making the tethered region unfavorable.
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FI1GURE 5.21: Effect of the EN switch on the free energy landscape of the APO grid simulated with
the T17 topology. The difference map shows the contributions from the switch from the tethered
network to the extended one. Every contour layer on the free energy surfaces represents 5 kcal. The
x- and y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

To evaluate how meaningful these contributions calculated from different PMF maps were,
as a control experiment we added up both the EGF and the network switch contributions to
the APO T17 map and obtained a free energy surface that was remarkably similar to the one
obtained performing umbrella sampling of the HOLO grid with T1¥ (Figure 5.22).

We also performed the reverse cycle, starting from the HOLO T1¥ and extrapolating the
APO T17 map. The contribution of the removal of the EGF ligand was calculated from the
difference of the APO T1¥ and HOLO T1¥ maps: taking away the ligand allowed a more
free sampling of the d1d2 space in the neighborhood of the tethered structure and in those
regions made unfavorable by the addition of EGF (the top right and the bottom left corners).

The difference map calculated from HOLO T17 and HOLO T1% showed the contribution
of the network switch that made the tethered region highly favorable and the extended one

unfavorable in a specular way to what observed before for the tethered to extended switch in
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FIGURE 5.22: Combined effect of ligand binding and EN switching on the free energy landscape.
The sum of the ligand binding and the EN network switch contributions to the APO T17 free
energy surface resulted in a free energy landscape (“HOLO T17”) that closely resemble the one
obtained performing umbrella sampling of the HOLO grid with the T1¥ topology (shown sideway
as a comparison). Every contour layer on the free energy surfaces represents 5 kcal. The x- and
y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

the APO systems.
Once again summing the effect of the EGF removal and the network switch contribution

to the HOLO T1¥ map we obtained a free energy surface that was very similar to the one

obtained from the sampling of the APO T17 grid (Figure 5.25).
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FIGURE 5.23: Effect of the removal of EGF on the free energy landscape of the HOLO grid
simulated with the T1F topology. The difference map shows the relative contributions from the
ligand removal. Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axes
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

HOLO T17 - HOLO T1E Network switch
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FI1GURE 5.24: Effect of the EN switch on the free energy landscape of the HOLO grid simulated
with the T1¥ topology. The difference map shows the contributions from the switch from the
extended network to the tethered one. Every contour layer on the free energy surfaces represents
5 kcal. The x- and y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances,
respectively.

The consistency of these observations was confirmed from the results obtained simulating
the APO and HOLO grids with a different topology (T2) where each extracellular domain was
treated with an independent EN introducing more flexibility and degrees of freedom in the

relative motion of the domains. The effects of the EGF and EN network on the free energy
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FI1GURE 5.25: Combined effect of ligand removal and EN switching on the free energy landscape.
The sum of the ligand removal and the EN network switch contributions to the HOLO T1¥ free
energy surface resulted in a free energy landscape (“APO T177) that closely resemble the one
obtained performing umbrella sampling of the APO grid with the T17 topology (shown sideway as
a comparison). Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axes
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

landscape when the grids were simulated with the T2 topology were qualitatively the same
observed using the T1 topology, with the EGF favoring the extended region when present or

the tethered one if removed and the EN favoring the region of the d1d2 space close to the
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FIGURE 5.26: Effect of the presence of EGF on the free energy landscape of the APO grid
simulated with the T2” topology. The difference map shows the relative contributions from the
ligand binding. Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axes
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.
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F1GURE 5.27: Effect of the EN switch on the free energy landscape of the APO grid simulated with
the T27 topology. The difference map shows the contributions from the switch from the tethered
network to the extended one. Every contour layer on the free energy surfaces represents 5 kcal. The
x- and y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

structure it was built on (Figure 5.26 to 5.31).

The free energy surface obtained from umbrella samplings of the APO grid with the T27

topology showed three minima: the first close to the extended conformation, the second in
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FIGURE 5.28: Combined effect of ligand binding and EN switching on the free energy landscape.
The sum of the ligand binding and the EN network switch contributions to the APO T2T free
energy surface resulted in a free energy landscape (“HOLO T2F”) that closely resemble the one
obtained performing umbrella sampling of the HOLO grid with the T2 topology (shown sideway
as a comparison). Every contour layer on the free energy surfaces represents 5 kcal. The x- and
y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

the expected region close to the tethered conformation and a less pronounced third minimum
was also observed in the top right corner of the PMF map.
This singular topography suggested a possible equilibrium between extended and tethered

conformation if these are simulated with a combination of independent ENs conferring an
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FIGURE 5.29: Effect of the removal of EGF on the free energy landscape of the HOLO grid
simulated with the T2F topology. The difference map shows the relative contributions from the
ligand removal. Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axes
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.
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F1GURE 5.30: Effect of the EN switch on the free energy landscape of the HOLO grid simulated
with the T2 topology. The difference map shows the contributions from the switch from the
extended network to the tethered one. Every contour layer on the free energy surfaces represents
5 kcal. The x- and y-axes represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances,
respectively.

high level of flexibility. Also, this particular landscape highlighted two putative paths for the
extension of the receptor from tethered to extended (Figure 5.32): the first (similar to the L-
shaped one observed in the EDSAMP simulations along the first 5 eigenvector from the PCA

of combined MD equilibrium simulations) is based on a decrease of the D1-D3 distance starting
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FI1GURE 5.31: Combined effect of ligand removal and EN switching on the free energy landscape.
The sum of the ligand removal and the EN network switch contributions to the HOLO T2F free
energy surface resulted in a free energy landscape (“APO T27”) that closely resemble the one
obtained performing umbrella sampling of the APO grid with the T2 topology (shown sideway as
a comparison). Every contour layer on the free energy surfaces represents 5 kcal. The x- and y-axes
represent the D1-D3 (nm) and D2-D4 (nm) inter-domain distances, respectively.

from the tethered conformation followed by an increase in the D2-D4 distance to reach the

extended minimum; the second, is based on an initial increase in the D2-D4 distance followed

by a decrease in the D1-D3 distance.

Taken together these results suggest that the free energy surface underneath the extension

process changes upon the binding of EGF to EGFR favoring the transition to the extended
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FIGURE 5.32: Representation of two putative paths for the sSEGFR extension onto the free energy
landscape obtained from umbrella sampling simulations of the APO grid with topology T2”.

conformation, however our findings point to the network switch as another major contribution
to the transition.

The network switch is based on the fact that there are spatial and structural differences
between and within the extracellular domains of EGFR in tethered or extended conformation
that are reflected in different assembly of springs in the EN networks built from the two
conformations of the receptor. Therefore, the EN switch could be interpreted in the EGFR
activation in vivo as some major rearrangements in the structure of EGFR that are necessary
to complete the transition.

The network switch effect observed in umbrella sampling simulations with the T1 topology

was influenced by the fixed inter-domain orientation imposed by the EN in the tethered and
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extended conformations; however, the same effect using the T2 topology could have been
promoted by structural changes within a single domain. The similar network switch effect
observed in simulations with both T1 and T2 topologies suggested that the effect on the free

energy landscape could be related to both intra- or inter-domain changes.

5.4.4 Effect of inter-domain interactions on the free energy land-
scape

Having observed how the utilization of a more flexible EN combination is able to change the
topography of the free energy surface we set up two new tethered topologies, T3T (Figure
5.33) and T4% (Figure 5.35) characterized by the treatment of the D1 and D2 or D2 and D3
domains with a single EN respectively. The idea behind these new topology definitions was to
test whether one or both of these two inter-domain interfaces are crucial to favor the tethered
conformation, possibly revealing a key region responsible to unlock the tethered structure
and promote the extension. Umbrella samplings of the APO grid were performed with both
topologies and the resulting PMF maps were compared with the previous results.

Figure 5.34 shows how the free energy landscape obtained from umbrella sampling with
the T3T topology displayed again three minima as observed with the T27 topology, however
the primary minimum was now in the tethered region;

The free energy map from samplings with the T4” topology (Figure 5.36) showed a single
well defined minimum close to the tethered conformation as seen with the T17 topology.

The results seemed to point out how inter-domain interactions involving the D2 domain
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FIGURE 5.33: Representation of the EN scaffold in the T3” topology. Each independent scaffold
is colored differently.
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FicURE 5.34: Effect of the D1-D2 inter-domain interactions on the free energy landscapes cal-
culated via umbrella sampling of the APO grid with the T3” topology. The d1d2 coordinates of
the extended model and the tethered crystal structure are shown. Every contour layer on the free
energy surfaces represents 5 kcal.
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FIGURE 5.35: Representation of the EN scaffold in the T4” topology. Each independent scaffold
is colored differently.
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FI1GURE 5.36: Effect of the D2-D3 inter-domain interactions on the free energy landscapes cal-
culated via umbrella sampling of the APO grid with the T4” topology. The d1d2 coordinates of
the extended model and the tethered crystal structure are shown. Every contour layer on the free
energy surfaces represents 5 kcal.
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hold the key for the tethered — extended transition.

Taken together the results suggested that the D1-D2 interface is necessary but not sufficient
to hold the receptor in the tethered conformation (the minimum at the extended conformation
infers that this conformation is not forbidden) but it is the D2-D3 interface that is critical to
allow the structural transition.

Notably in both cases the L-shaped path observed previously in the targeting EDSAMP

simulations was now unfavorable.

5.4.5 The intrinsic flexibility of D2 defines the free energy land-
scape

With the D2 domain taking the center stage in the definition of the free energy surface we
tried to address the question whether the tethering was exclusively related to interactions at
the inter-domain interfaces (especially D2-D3) or if the intrinsic nature of the D2 domain,
structurally different in extended and tethered conformation, was also involved. Two new
topologies (T5% and T67) were created from the T2 topologies, where each domain was
treated as an independent EN, switching the EN of the D2 domain between extended and
tethered T2 topologies (Figure 5.37). The idea was to have structural representation of both
extended and tethered topologies, with the EN of the D2 domain describing the springs (the
spatial interactions) proper of the other topology.

The results reported in Figure 5.38 revealed how the switch in the D2 domain scaffold
transformed the free energy landscape: the single minimum observed for sampling with the

T2E topology was changed into the three minima topography (already observed with the
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FIGURE 5.37: Representation of the EN scaffold in the T5% and T6” topologies. Each independent
scaffold is colored differently. The D2 domain whose EN scaffold was switched between the tethered
and extended topologies are highlighted.

T2 topology) in simulations with the T5% topology. Similarly, in simulations with the T6”
topology the three minima topography observed in simulations with the T27 topology was
converted into a single minimum landscape as in the simulations with the T2¥ topology.
These results showed how internal changes in the structure of the D2 domain were able to
dramatically change the landscape of the free energy landscape and allowed us to refine our
previous finding that pointed to the EN switch as a fundamental contributor to the receptor
extension, suggesting that the network switch effect is mostly based on structural changes in

the D2 domain.
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FIGURE 5.38: Effect of the intrinsic flexibility of the D2 domain on the free energy landscapes
calculated via umbrella sampling of the APO grid with the T5% and T67 topologies. The d1d2
coordinates of the extended model and the tethered crystal structure are shown. Every contour
layer on the free energy surfaces represents 5 kcal.

Focus on the last module of D2: is this the tethering keeper?

The overall picture emerging from the umbrella sampling simulations with specific designed

topologies aimed to test the effect of inter- (T3”, T4”) or intra-domain (T5%, T6”) interactions
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on the free energy landscape of the d1d2 conformational space pointed to the D2 domain
conformation together with its specific interactions with the D1 and mostly D3 domains as
one of the major players in maintaining the tethered conformation. In particular, it has been
hypothesized [34] that the degree of rigidity in the connection between the domains D2 and
D3 could be involved in the stabilization of the tethered conformation.

To test the stabilizing effect of the rigidity in the EN encompassing this terminal region
of the D2 domain on the tethered conformation we defined another extended topology (T7%
in Figure 5.39) treating each domain with an independent EN but redefining the boundary
between the domains D2 and D3: we used as first residue of the D3 domain, K310, a strained
residue with observed unfavorable ¢ and 1 angles in the x-ray extended conformation. The
choice of K310 formerly belonging to the D2 domain EN as new boundary between the D2 and
D3 domains decreased the flexibility in the connecting region between D2 and D3 resulting
in a more rigid description that should stabilize the tethered conformation.

Figure 5.40 summarizes the outcome of the redefinition of the boundary between the
D2 and D3 domains; the increased number of springs encompassing the connecting region
between the D2 and D3 domains introduced more rigidity in the region eventually favoring
the tethered conformation.

Several experimental observation seem to reinforce our findings: analyses of the x-ray
crystal structures [34] and SAXS studies [3] of EGFR in extended and tethered conformation
led to the hypothesis that the degree of rigidity in the connection between the D2 and D3
domains could be involved in the stabilization of the tethered conformation. Further evidence

of the importance of this region were the observations of the conservation of the disulfide
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FIGURE 5.39: Representation of the EN scaffold in the T7F topology. The EN scaffold of the T2
topology is show as a comparison. the boundary between the D2 and D3 domains is represented by
a red dot. Each independent scaffold is colored differently.

bond C305/C309 present also in the IGF1/insulin receptor family and thought to contribute
in maintaining the rigidity of the region (Figure 5.41). Mutations of this disulfide bond in
C.elegans EGFR ortholog LET-23 have shown that the change promotes a gain-of-function
phenotype [170].

Some somatic mutations identified in glioblastoma cell lines (R300L, E306K)[69], have
also been found to cluster close to the connecting region between the D2 and D3 domains and
could also be involved in destabilizing the rigidity of this region (Figure 5.41). The B-values

(or temperature factors) indicate the confidence in the location of each atom in a protein.
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F1GURE 5.40: Effect of the re-definition of the boundaries of the EN on the free energy landscape
calculated via umbrella sampling of the APO grid with the T7¥ topology. The d1d2 coordinates of
the extended model and the tethered crystal structure are shown. Every contour layer on the free

energy surfaces represents 5 kcal.

Low values (under 10) indicate models with well localized atoms in the crystal. High values

(greater than 50) indicate that the atoms are moving so much that they can barely been seen

in the crystal structure.

B-factors of the connecting region between the D2 and D3 domains revealed low values

in the tethered conformation, while high values were observed for the extended conformation

suggesting the presence of strain in this region.

Our results confirmed the structural importance of the C-terminal region of the D2 domain

in the receptor extension and at the same time demonstrated how the EN parameters and

the definition of the EN can significantly alter the free energy landscape.
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FIGURE 5.41: Representation of the disulfide bridge C305/C309 (colored in orange)thought to
stabilize the D2-D3 domain relative orientation . Two somatic mutations identified in glioblastoma
cell lines and clustering in regions close to the D2-D3 domains are shown.

5.4.6 Concluding remarks

The first step in the definition of the structural mechanisms that regulate the extension of the
extracellular region of EGFR is the understanding of the interactions that keep the receptor
in the auto-inhibited tethered conformation.

Despite contributing in the stabilization of the tethered conformation, the interactions
between the D2 and D4 domains have been found not to be essential to keep the receptor in
the auto-inhibited conformation; removal of these interaction did not relieve the extracellular
region from its tethered conformation and induced only a slightly increase in the ligand affinity.

The results of our computational studies of the free energy landscape underneath the

extension process pointed to the connecting region between domains D2 and D3 as the key
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to maintain the tethered conformation.

From our free energy analyses we found that the presence of the ligand alone is not enough
to promote the transition and only a combination of intra- and inter-domain structural changes
can effectively promote the extension of the receptor (5.4.3).

The analyses of the effect of the inter-domain interactions on the free energy landscape re-
vealed that interactions between domains D1-D2 and mostly D2-D3 are involved in stabilizing
the tethered conformation (5.4.4) and that internal structural changes in the D2 domain are
necessary to promote the tethered — extended transition (5.4.5) pointing to the junction
between the D2-D3 domains as the region that stabilize the tethered conformation.

Experimental evidences supported our findings that the particular structural orientation of
the D2-D3 connecting region could represent the “lock” that keep the EGFR in the tethered
conformation, however one unanswered question remains: which one is the “key”? Our
preliminary tests varying the definition of the EN scaffolds at the D2-D3 boundary revealed
how varying the spring patterns in the ENs at specific position can drastically affect the free
energy landscape suggesting that specific residues in the D2-D3 connecting region could be
involved in the stabilization of the tethered conformation.

Looking forward, the utilization of different EN scaffolds could lead to the identification of
one or more residues which are crucial to stabilize the tethered conformation; once identified
these specific residues, atomistic simulations will be used to performed in silico mutagenesis
and gather more detailed structural insights, eventually highlighting putative sites that could

represent new targets for anticancer therapies.



Computational studies of EGFR behavior in

the full receptor context using ELNEDIN

In order to build a model of the full EGFR, the previously built sEGFR models in tethered
and extended conformations were joined to models of the transmembrane (TM) helix, jux-

tamembrane (JX) regions and the tyrosine kinase (TK) domain (see Appendix D for details

133
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on the models building). The different structural parts were joined following the build-map

shown in Figure 6.1.

2 512

11vVO

(671) 688 959

F1GURE 6.1: Building map of the full EGFR model. The numeration in black refers to the crystal
or NMR structure numbering while the one in red to the model. The regions superimposed are
boxed in green. The structural pieces from the different x-ray or NMR crystal structures that were
utilized in the building are colored in red.

6.1 Building a full EGFR model

6.1.1 Joining the D4 domain and the TM helix

No crystal structures of the TM helix of EGFR are available, so we used an NMR structure of
the TM helix of ErbB2 (PDB ID: 2JWA). A sequence alignment of the TM regions in EGFR
and ErbB2 was performed in order to substitute the residues in the ErbB2 TM helix with the
sequence of EGFR. Figure 6.2 shows the different steps in the building of the junction between

the D4 domain and the TM helix. The first step was superimposing the first 4 residues of
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the TM helix onto the last 4 residue of the full ECDs (residues 610-613). The second step
was a rotation around the ¢ bond between residues 615-616 performed to have the TM helix
pointing down and not toward the ECD part of the receptor. Finally the residue 613 from

the ECD was joined to the residue 47 of the TM helix.

STEP 1

FiGURE 6.2: Building scheme of the sEGFR-TM helix junction. The sEGFR crystal structure
in tethered conformation is shown in red, the TM-helix NMR structure in blue. The superimposed
region is highlighted in green. The pieces from the experimental structures that were utilized in the
building are colored in red. The numbering refers to that of the corresponding PDB entries.



COMPUTATIONAL STUDIES OF EGFR BEHAVIOR IN THE FULL RECEPTOR CONTEXT
USING ELNEDIN 136

6.1.2 Addition of JX and TK domains

As for the TM helix, no X-ray structures are available for the JX region of EGFR, however
an NMR structure of the JX region in complex with DPC micelles [44] was resolved (PDB
ID: 1Z9I). In order to model the TK domain we used a crystal structure of the EGFR-TK
domain in the active conformation (PDB ID: 2ITW).

The NMR structure available for the JX region presented three a-helical segments, however
it is not known if they represent experimental artifacts in the definition of a structurally
variable region (Figure 1.10). Thus we chose to keep the structural information corresponding
to the JX region in the experimental entries for the TM helix and TK domain structures.

The junction between the TM helix and the JX region was built in two steps: the first 8
residues of the first NMR model of 1Z91 were superimposed onto the last 8 residues of the
TM helix, then residue 651 (residue 8 in 1Z91 model 1) of the fitted JX region was joined to
residue 84 in the TM helix (Figure 6.3).

Figure 6.4 represents the two step process to build the junction between the JX region
and the TK domain. The last 10 residues of the JX region (residues 44-53 in 1791 or 687-696
in the model) were superimposed to the corresponding residues in the TK structure, then
residue 44 of the JX structure was joined to residue 713 of the TK structure.

Once joined together the different structural pieces, we obtained two models one for the full
EGFR in extended (Fble) and tethered (Fblt) conformation differing only for in extracellular

domain conformation (Figure 6.5).
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STEP 1 STEP 2

2JWA

1291

F1GURE 6.3: Building scheme of the TM helix - JX region junction. The TM-helix NMR structure
is shown in blue while the JX NMR structure in purple. The superimposed region is highlighted in
green. The structural pieces from the different NMR structures that were utilized in the building
are colored in red. The numbering refers to that of the corresponding PDB entries.

STEP 2

STEP 1

1291

FIGURE 6.4: Building scheme of the JX region - TK domain junction. The JX domain NMR
structure is shown in purple and the TK structure in cyan. The superimposed region is highlighted
in green. The structural pieces from the different x-ray or NMR crystal structures that were utilized
in the building are colored in red. The numbering refers to that of the corresponding PDB entries.
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FIGURE 6.5: Structural representation of the built Fbl models in tethered and extended confor-
mation.

6.1.3 Definition of the full receptor topologies

Two topologies were defined for the full EGFR model based on the T1 and T2 topologies
utilized for the simulations of the SEGFR. These two topologies were chosen since they rep-
resent two extremes in the treatment of the flexibility. The extracellular domain of the full
receptor models were treated with different independent EN scaffold combinations (R¢ of 1.0

nm and ksprrng of 750 kJ.mol™'.nm~2) as in the sEGFR simulations.

Domain 1 (D1): residues 1-162

e Domain 2 (D2): residues 163-311

Domain 3 (D3): residues 312-480

Domain 4 (D4): residues 481-613

In the T1 topology, the D1, D2 and D3 domains in the tethered conformation were repre-

sented as a unique EN scaffold while the D4 domain was treated as an independent scaffold
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(T17); in the case of the extended conformation the D3 and D4 domains were fixed in a unique
EN treating the D1 and D2 domains as independent scaffolds (T1%). In the T2 topology each
extracellular domain was treated with an independent EN scaffold.

The TM helix and intracellular domain were described as follows for both the topologies:

D4-TM junction (614-615): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~2)

TM helix (616-646): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~?)

JX (647-651): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~2)

JX (652-659): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~2)

hinge (660-670): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~?)

hinge (671-682): i-i+4 connectivity (k = 40000 kJ.mol~!.nm~?)

TK-N lobe (683—766) EN Rc = 1.0 nm and kspring = 750 kJ.mol~'.nm~2

TK-C lobe (767-959): EN R¢ = 1.0 nm and kspping = 750 kJ.mol~!.nm 2

6.1.4 Insertion of the full EGFR models into a lipid patch

Each full EGFR model was embedded in a lipid patch made of DOPC lipids that will be
simulated explicitly in the MD simulations. A lipid patch of dimension of 16.26 x 15.60 x
6.78 nm made of 511 coarse grained DOPC lipids was obtained from the MARTINI web site
and was used to mimic the plasma membrane where the EGFR is embedded (Figure 6.6B).
DOPC (dioleoyl-phosphatidylcholine) presents two oleic acid (2x18:1 or 36:2) chains attached

to a glycerocholine moiety and is a widely used model phospholipid in experimental and
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computational studies. We chose to use a patch composed of a single lipid type for the sake
of simplicity in order to have an explicit representation of the lipidic environment without
the need to develop a model for a raft-like membrane, where EGFR is usually localized on

the plasma membrane, with the addition of cholesterol and sphingolipids.

FIGURE 6.6: (A) tethered and extended models (Fbl) of the full EGFR embedded in a DOPC
lipid patch. the D1 domain is colored in blue, the D2 domain in orange, the D3 domain in red and
the D4 domain in green. The TM helix is represented in black and the JX region in light green. The
TK N-lobe is shown in purple and the C-lobe in yellow. The NC3 and PO4 beads representing the
charged heads of the DOPC lipids are shown in blue and orange respectively. (B) Atomistic CPK
representation of a DOPC lipid and coarse grained representation as in MARTINT 2.1.
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The full EGFR models were embedded in the DOPC patch (Figure 6.6A), first aligning
the axis of the TM helix with the z axis normal to the membrane plane and then translating
the TM helix in the middle of the patch. Small translations along the z axis were made
manually with the visual aid of the VMD program [171] to minimize the overlap between the
lipids and the receptor. The overlapping lipids were finally eliminated and each embedded
system was minimized and simulated for 50 ns with position restraints on the Ca beads of
EGFR to equilibrate the water and the lipids around the receptor, especially to close the gaps
left from the elimination of the overlapping lipids.

Because the orientation of the ECD with respect to the membrane plane is not known we
prepared 5 different systems termed builds Fb1, Fb2, Fb3, Fb4 and Fbb. Figure 6.7 represents

the five different builds characterized by a different orientation with respect to the membrane.

6.2 Equilibrium MD simulations of full EGFR models.

Extended HOLO and tethered APO conformations of all the builds were simulated in triplicate
for 500 ns using both topologies T1 and T2.

In order to monitor the position of the receptor with respect to the membrane plane
we calculated the vertical extension (d) of a glycine residue (G263) situated in the back of
the dimerization arm in a well resolved region with low B-factors. The vertical extension
was calculated as the difference between the z coordinates of the G263 Ca bead and the z

coordinate of the center of mass of the PO4 beads in the top layer of the DOPC patch.



COMPUTATIONAL STUDIES OF EGFR BEHAVIOR IN THE FULL RECEPTOR CONTEXT
USING ELNEDIN 142

FIGURE 6.7: Alternative builds obtained changing the relative orientation of the extracellular
domain with respect to the DOPC membrane.

Figure 6.8 and 6.9 represent the vertical extension of G263 during equilibrium MD simu-
lations of the different builds of EGFR in extended and tethered conformation, respectively.
During equilibrium MD simulations of the extended builds (Figure 6.8) the distance of G263

from the top of the membrane seemed to increase especially in simulations with T2, while
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FIGURE 6.8: Vertical extension of G263 during the equilibrium MD simulations of the extended
builds. The black dots represent the initial distances in the different builds. G263 is represented as
a green sphere in the top panel.

in the case of the tethered builds only a slight increase in the distance was observed in sim-
ulations with both T1 and T2 (Figure 6.9). The bigger deviations from the initial distance
observed in the simulations of the extended systems reflect the more sensibility of the vertical
extension value when the receptor is in the extended conformation, where inter-domain rear-
rangements could results in more pronounced changes in the distance of G263 from the top

of the membrane. The observation that simulation with domain decomposition (T2) led to
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FIGURE 6.9: Vertical extension of G263 during the equilibrium MD simulations of the tethered
builds. The black dots represent the initial distances in the different builds. G263 is represented as
a green sphere in the top panel.

a more marked increase in the vertical extension of G263 in the extended systems, could be
related to a inter-domain rearrangement that changed the relative position of G263 without
necessarily implying an overextension or collapse of the receptor with respect to the membrane
plane.

To better investigate the position of the receptors with respect to the membrane, 4 com-
bined trajectories of the extracellular region Cas (613 BAS beads) were created joining the
last 150 ns of the three independent equilibrium simulations for each build (Fbl to Fb5) with

both topologies:
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EXT Fbl-5 T2% BAS

EXT Fbl-5 T1¥ BAS

TETH Fb1-5 T27 BAS

e TETH Fb1-5 T1T BAS

Each trajectory was translated so that the center of mass (COM) of the D3-D4 region of
the ECD was at the origin (0,0,0) and fitted in 2D (x and y dimension) onto the D3-D4 of
the extended or tethered reference. Each translated and fitted trajectory was averaged over
windows of 20 frames to reduce the cost of calculating a matrix of RMSD values among all
the frames (from 112515 total frames to 5625). Each RMSD matrix was calculated computing
the RMSD between each frame and all the others and the results were hierarchically clustered
using Matlab that performs hierarchical clustering collapsing lower branches to a maximum
of 30, so that some leaves in the dendrogram plot correspond to more than one data point.

Figures 6.10 and 6.11 represent the average structures of each of the 30 clusters obtained
from the hierarchical clustering analyses of the RMSD matrices obtained for the extended
trajectories simulated with T2% and T1%.

To determine how to consider a structure as "flat” or ”vertical” with respect to the mem-
brane plane the tilt of the D4 domain with respect to the z axis was calculated for all the
structures: structures with an angle between the D4 domain and the z axis < 40° were con-
sidered to be ”"vertical”, while structures with an angle > 50° were considered to be ”flat”
on the membrane, if the angle was between 40° and 50° the structures were classified as

”intermediate” .
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PRO386

Extended
model

FIGURE 6.10: Average cluster structures obtained from the hierarchical clustering analyses of
the RMSD matrix obtained for the extended trajectories simulated with the T2 topology. The
D3 and D4 domains which were fitted in 2D are colored in red and cyan respectively. As a visual
aid to determine the orientation of the structures with respect to the membrane plane (x,y) several
residues were highlighted: PRO386 in the D3 domain (yellow), the tip of the ”dimerization arm”
(purple) and four residues in the back of the D4 domain (ASP512, LEU517, PRO539, GLY589 all
shown in orange). The occurrence of each average structure is reported as a percentage (with the
highest percentage shown in red).

In MD simulations with topology T2F (Figure 6.10), ~66% of the structures were classified
as flat on the membrane, ~16% were vertical and ~18% were classified as intermediate while
in simulations with topology T1¥ (Figure 6.11), ~79 % of the structures were defined as flat
on the membrane while 12 % were vertical and ~9 % were classified as intermediate. Among
all the flat structures observed from simulations with both T1¥ and T2 topologies, three

ways of going flat were observed:
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Extended
model

FIGURE 6.11: Average cluster structures obtained from the hierarchical clustering analyses of
the RMSD matrix obtained for the extended trajectories simulated with the T1¥ topology. The
D3 and D4 domains which were fitted in 2D are colored in red and cyan respectively. As a visual
aid to determine the orientation of the structures with respect to the membrane plane (x,y) several
residues were highlighted: PRO386 in the D3 domain (yellow), the tip of the ”dimerization arm”
(purple) and four residues in the back of the D4 domain (ASP512, LEU517, PRO539, GLY589 all
shown in orange). The occurrence of each average structure is reported as a percentage (with the
highest percentage shown in red).

1. On the back of the D4 domain: ~29.5% (T27) or ~21.7 % (T1%)

2. On the back of the D4 domain tilting sideways via a negative rotation around the x

axis: ~26.5% (T2%) or ~49.4 % (T1F)

3. On the back of the D4 domain tilting sideways via a positive rotation around the x axis:

~10.3% (T2%) or ~8.7 % (T1%)
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The results for the tethered trajectories are shown in figures 6.13 and 6.12. Domains D3
and D4 which were fitted in 2D are colored in blue and green respectively and the same
residues marked in the extended average structures were highlighted to help the identification

of the orientation.

PRO386

Tethered
x-ray

FIGURE 6.12: Average cluster structures obtained from the hierarchical clustering analyses of
the RMSD matrix obtained for the tethered trajectories simulated with the T27 topology. The D3
and D4 domains which were fitted in 2D are colored in blue and green respectively. As a visual
aid to determine the orientation of the structures with respect to the membrane plane (x,y) several
residues were highlighted: PRO386 in the D3 domain (yellow), the tip of the ”dimerization arm”
(purple) and four residues in the back of the D4 domain (ASP512, LEU517, PRO539, GLY589 all
shown in orange). The occurrence of each average structure is reported as a percentage (with the
highest percentage shown in red).

In MD simulations with the T2 topology (Figure 6.12), ~39 % of the structures were
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x-ray

FIGURE 6.13: Average cluster structures obtained from the hierarchical clustering analyses of
the RMSD matrix obtained for the tethered trajectories simulated with the T17 topology. The D3
and D4 domains which were fitted in 2D are colored in blue and green respectively. As a visual
aid to determine the orientation of the structures with respect to the membrane plane (x,y) several
residues were highlighted: PRO386 in the D3 domain (yellow), the tip of the ”dimerization arm”
(purple) and four residues in the back of the D4 domain (ASP512, LEU517, PRO539, GLY589 all
shown in orange). The occurrence of each average structure is reported as a percentage (with the
highest percentage shown in red).

defined as flat on the membrane while 37 % were vertical and ~23 % were classified as
intermediate; using the T17 topology (Figure 6.13) 77 % of the structures were defined as flat
on the membrane while 17 % were vertical and ~6 % were classified as intermediate. Two

different ways of going flat were observed :

1. On the back of the D4 domain : ~3 % (T27) or ~7 % (T17)

2. On the back of the D4 domain, tilting sideways via a negative rotation around the x
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axis: ~36 % (T2T) or ~70 % (T17)

Overall, more than half (~ 65 %) of all the average structures (extended or tethered con-
formations simulated with topologies T2 or T1) were flat on the membrane (angle between
the D4 domain and z axis > 50°). This predominance of flat structures had already been
observed in experimental studies [172-174], where interactions with the membrane were sug-
gested to be involved in the definition of populations of EGFR with high and low affinity for

the ligand.

6.3 Conformational dynamics of the ECD in the full

receptor constructs.

Combined PCA were performed for the last 150 ns of simulations using the Ca of the ECD
region only (residues 1-613) form three independent MD simulations of the Fbl and Fb2
builds and all the independent trajectories were projected onto the conformational spaces
defined by the first two eigenvectors (p1p2) and the interdomain distances (D1-D3/D2-D4).

As observed in the equilibrium MD simulations of the sEGFR models, no connectivities
between the two populations were observed both in the p1p2 and in the D1-D3/D2-D4 confor-
mational spaces (Figure 6.14) suggesting that even using a full receptor model and an explicit
representation of the lipid bilayer we did not observe spontaneous activation of EGFR during

equilibrium MD simulations.
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FIGURE 6.14: (A) Projections of MD simulations of extended and tethered conformations onto
the conformational space defined by the first two eigenvectors of the combined trajectory for Fbl
and Fb2. (B) Interdomain distances calculated for MD simulations of extended and tethered con-
formations of Fbl and Fb2.

6.3.1 The D2-D3 domain relative orientation can favor the spon-
taneous activation of EGFR.

We launched two sets of EDSAMP simulations starting from the HOLO extended confor-
mations of build Fbl and Fb2. These simulations used the radcon algorithm to target the

tethered structure. 50x2 ns EDSAMP simulations with T2 were performed moving along
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the first 5 eigenvectors calculated from the PCA of the combined trajectory for each build (see

Figure 6.19). From the two EDSAMP simulation sets, we selected the conformations with
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FIGURE 6.15: Projections of the 50x2 ns EDSAMP simulations started from the HOLO Fble
and Fb2e (green diamonds) and targeted to the tethered structure (red diamonds) onto the the
conformational space defined by the first two eigenvectors of the combined trajectory for Fbl and
Fb2.

the lowest RMSD with respect to the tethered target (Fbl-frame61 and Fb2-frame93 with
RMSD values of 0.43 and 0.60 nm, respectively) and compared the two structures. Struc-

tural alignment of D3 with the extended and tethered model as references revealed that the
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Fb2-frame93 showed an outward tilt of D2 that was completely disengaged from D4 and the
last module of D2 was in a intermediate position between the two reference configurations
(Figure 6.16B). In the case of Fbl-frame61 the last D2 module was more close to the position
observed in the tethered model (Figure 6.16A) and the D2-D4 inter-domain interaction was

maintained.

FIGURE 6.16: Structural alignment of D3 for the selected conformations with the lowest RMSD
with respect to the tethered target in the EDSAMP simulations. (A) Superimposition of the tethered
(in cyan) and extended (in red) models with Fbl-frame61 (in green) and close-up on the last D2
module. (B) Superimposition of the tethered (in cyan) and extended (in red) models with Fb2-
frame93 (in black) and close-up on the last D2 module.
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Having observed in the free energy study of the SEGFR region how the C-terminal module
of D2 is crucial to determine the extracellular domain conformation we launched a series of
10x100 ns independent MD simulations with the T2 starting from both the two selected
conformations (Fbl-frame61 and Fb2-frame93). Figure 6.17 shows the results of the MD
simulations: the simulations started from Fb2-frame93 once projected onto the plp2 plane
showed a clear movement toward the extended population suggesting a spontaneous exten-
sion of the receptor. As a comparison, the simulations started from Fbl-frame61 were also
projected onto the same plp2 subspace however, the spontaneous extension was not observed
although the trajectories moved away from the equilibrium ensembles.

The observation of the spontaneous activation obtained with Fb2 was in agreement with
the findings from the studies on the free energy of the activation of SEGFR: the position of
the last module of D2 in Fb2-frame93 imposed a D2-D3 relative orientation that poised the
structure to the extension.

The fact that Fb2 was able to sample this kind of ”pre-activation” conformation not
observed in Fbl (whose D2 is more close to the membrane surface) also raised the question
whether the relative position of the SEGFR with respect to the membrane plane could be a

factor able to promote or hinder the extension.
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FIGURE 6.17: Spontaneous activation in MD simulations started from the Fbl-frame61 (cyan
diamond) and Fb2-frame93 (purple diamond) structures. The running averages (1000) of 10x100 ns
independent simulations were projected onto the the conformational space defined by the first two
eigenvectors of the combined trajectory for Fbl and Fb2. The red and black diamonds represent
the extended and tethered models respectively.
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6.4 Behavior of the TM helix during equilibrium MD
simulations: evaluation of the tilt and rotation an-

gles

In order to study the behavior of the TM helix during the equilibrium simulations we calcu-
lated the tilt angle (7) of the TM helix with respect to the z axis (normal to the membrane
plane and parallel to the helix axis) and the TM helix rotation angle (p) around its axis.
In-house programs were written using the MOLSYS library to calculate the tilt and rotation
angles in the last 150 ns of the equilibrium MD simulations.

The calculated tilt angle in our equilibrium simulations for all the builds and topologies
yielded an average value of 7 = 13° for the tethered systems and 7 = 13.6° for the extended
ones. These results were compared with the data from literature: MD simulations of the
ErbB2 TM helices yielded average tilting values of ~ 20° both in the dimers context [152] or
as a single TM helix embedded in DMPC bilayer [175]. Aller et al. showed that in left-handed
dimers of ErbB2 both helices tilt by 8-11° while in right-handed dimers, one helix remains
almost parallel to the axis parallel to the membrane normal and the other helix is more tilted
(~ 16°) [155].

The rotation angle (p) of the TM helix was calculated monitoring the rotation angle on
the x,y plane (the membrane plane) of three vectors defined by three pairs of residues in the
TM helix (top: residues 618-620; middle: residues 629-631 and bottom: residues 640-642 in
Figure 6.18). At each frame of the equilibrium MD simulations, each vector was projected

onto the x,y plane, normalized and its rotation angle was calculated.
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FIGURE 6.18: Schematic representation of the TM rotation angle (p). The three vectors defined
at the top, middle and bottom part of the TM helix are represented by red arrows. Each vector
was projected onto the x,y plane and the time series of the rotation angles were represented in polar
plots where each concentric circle represents 30 ns of simulation.

Figure 6.18 shows a typical result for the TM helix rotation during MD simulations with
the T2F topology; generally for all the simulations with the different builds and topologies the
rotation of the three vectors was well correlated suggesting a rod-like rotation of the whole
TM helix. To establish whether the rotation of the TM helix was ”sensed” by the rest of
the receptor we calculated in the same way the rotation angle for the D4 (defining a vector
between residues 480-613) and the TK domains (defining a vector between residues 738-792)

and computed the correlation coefficient between the various rotation angles (Table 6.1).
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TABLE 6.1: Rotational correlation between TM, D4 and TK.

EGFR conformation domain  TM top  TM middle  TM bot

extended T2F TK -0.22£0.30 -0.08%+0.29 -0.16=+0.29
extended T1F TK -0.14+0.40 -0.19+0.37 -0.15+£0.35
tethered T27 TK -0.09£0.31 -0.13£0.25 -0.13+0.29
tethered T17 TK 0.03£0.30  0.05%=-0.32  0.03%0.31
extended T2F D4 0.16£0.31  0.09£0.33  0.00+0.33
extended T1F D4 -0.16£0.29 -0.08+0.29 -0.02+0.30
tethered T27 D4 -0.05+£0.38  0.01£0.30  0.07£0.37
tethered T17 D4 -0.03+£0.39  0.04£0.33  0.19£0.35

Table 6.1 reports the correlation values between the rotation angles of the TM helix and
the D4 or TK domain. The correlation between the rotation of the D4 and TK domains
was also calculated yielding average values of ~ 0.1 for both the T2 and T1 topologies. Our
results indicate that neither in the extended form nor in the tethered form of the receptor
there are any rotational motions of the ECD, the TM helix and the TK domain coupled to

one another.

6.5 Vertical coupling of the TM helix translation during

EDSAMP

We launched two sets of EDSAMP simulations starting from the APO teth conformation of
each build (Fb1t and Fb2t) and targeting the 613 Ca beads to the coordinates of the respective

beads in the extended structure. 50x2 ns sampling simulations with the T27 topology were
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performed moving along the first 5 eigenvectors calculated from the PCA of the combined

trajectory for each build (Figure 6.19).
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FIGURE 6.19: Projections of the 50x2 ns EDSAMP simulations started from the APO Fblt and
Fb2t tethered structures (red diamonds) and targeted to the extended structure (green diamonds)

onto the conformational space defined by the first two eigenvectors of the combined trajectory for
Fbl and Fb2.

We monitored the distance of the center of the TM helix (center of mass of residues
631-634) from the bottom layer of the DOPC membrane during a series of 50x2ns EDSAMP

simulations started from Fbl and Fb2 tethered models and targeted to the extended structure.
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FIGURE 6.20: Motion of the TM helix in the DOPC membrane patch during EDSAMP simulations
started form the tethered Fbl (black curve) or Fb2 (red curve) models. The increase in the distance
between the center of the TM helix (yellow sphere) and the bottom layer of the membrane means
that the helix is being pulled out of the membrane.

Figure 6.20 shows how during the extension process the TM helix was pulled vertically (out
of the membrane) with an increase in the distance from the bottom layer of the membrane:
Fb2 showed a constant pulling as big as ~ 3 A | while Fb1 showed a bigger motion (~ 7 A )
with a final pushing toward the end of the EDSAMP simulations.

These observations raised several questions: does this pulling of the TM helix represent
one way to transmit signals across the membrane? How big is the energetic cost of this
pulling? Are we observing a “false” pulling that simply represents a local reorganization of
the lipids close to the TM helix due to hydrophobic mismatch?

The hydrophobic mismatch arising from the correspondence between the length of a TM
domain and the thickness of the lipid bilayer is considered the driving force for protein-lipid

interactions. To overcome an hydrophobic mismatch the protein undergoes conformational
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changes or tilts or translations in the membrane to properly accommodate its hydrophobic
residues in the bilayer.

The effect of the hydrophobic mismatch does not affect only the protein but can be trans-
mitted also to the neighboring lipids in close contact with the TM helix and, in turn, activate
an horizontal wave of signaling that could be sensed by other receptors.

Based on these considerations, we tested the effect of the TM helix dynamics on the lipid
bilayer during the equilibrium MD simulations, calculating the bilayer thickness in terms of
average z coordinates of selected lipids within an inner radial cut-off of 1 nm from the TM
and outside an outer cut-off of 7 nm for both the top and the bottom layer of the DOPC
patch (Figure 6.21). The two cut-offs were chosen to monitor the behavior of the lipid in close

proximity to the TM and very far from the region where the EGFR was inserted.
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FIGURE 6.21: Schematic representation of the measurement of the lipid bilayer thickness. The z
coordinate of the top and bottom PO4 beads within or without predetermined cut-offs were recorded
during the MD simulations. The blue and red curves represent the z coordinates of the PO4 beads
within the inner cut-off of 1 nm from the TM helix, while the yellow and black curves the coordinates
of the PO4 beads farther than the outer cut-off of 7 nm. As a comparison, the z coordinates of the
COM of the TM helix center are reported in green.



COMPUTATIONAL STUDIES OF EGFR BEHAVIOR IN THE FULL RECEPTOR CONTEXT
USING ELNEDIN 162

TABLE 6.2: DOPC bilayer thickness during MD simulations.

EGFR conf (B4-8) Topology Outer (nm) Inner (nm) Athickness % decrement

extended T2F 4.4 3.8 0.6 13.6
extended T1% 4.4 3.9 0.5 11.3
tethered T27 4.3 3.9 0.4 9.3
tethered T17 4.4 3.8 0.6 13.6

Table 6.2 reports the average thickness values from equilibrium MD simulations of the
five different builds in tethered and extended conformation and simulated with the T1 or T2
topologies. An average decrement! of ~ 12 % was observed in the bilayer thickness in the
proximity of the TM helix insertion point in the membrane suggesting a partial invagination
at the insertion point. This observation supports the idea that the movement of the TM is

able to disturb the membrane.

Evaluating the energetic cost of translating the TM helix in the membrane

To investigate the energetic cost of translating the TM helix in the membrane, we prepared
a construct made of the last laminin-like module of the D4 domain, the whole TM helix and
the JX region (Figure 6.22) extracted from the full EGFR model. The choice of keeping part
of the D4 domain and the JX region was made to mimic the full receptor while reducing the
computational cost of calculating a PMF in the context of a whole receptor model.

The last module of the D4 domain (residues 1-21 in the construct) was treated with

Lcalculated from the ratio between the Athickness and the Outer thickness
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FIGURE 6.22: Representation of TM helix system. The last module of the D4 domain is colored
in orange, the TM helix in green and the COM of the residues being pulled via SMD is shown as a
red sphere. The JX region is represented in blue.
an EN (R¢ of 1.0 nm and ksprrng of 750 kJ.mol™!.nm™2), the TM helix (residues 22-52)
with an i-i+4 connectivity (force constant of 40000 kJ.mol~*.nm~?) and the JX region with a
combination of i-i+4 connectivities (residues 53-57,58-65,66-76,77-88). The N- and C-terminal
coarse grained bead types were changed to the neutral P5 bead type with no charge.

The center of mass (COM) of four residues in the middle of the TM helix (37-40) was
pulled via SMD along the z axis, using the GROMACS pull code. SMD simulations were
performed for 100 ns with a pull rate of 0.01 nm/ns with the cylinder geometry, designed to
pull with respect to the COM of a local cylindrical part of the reference group (in this case
the PO4 beads of the top DOPC bilayer). The COM of the four central residues of TM helix
was pulled and pushed so that the distance from the top of the membrane (initially at 1.74
nm) ranged from 0.66 nm to 2.74 nm. Equally spaced structures ( ~ 1A ) were selected along
the z axis and 15 ns of umbrella sampling were run for each structure using a force constant

of 1500 kJ.mol~t.nm~2 to restrain the structure at the original position.
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FiGURE 6.23: PMF curve for the translation of the TM helix along the z axis. The distance
distributions are represented at each window along the reaction coordinate. The top and bottom
layers of the DOPC membrane are represented with cartoons on the right and left side of the plot
respectively.

Figure 6.23 shows the PMF curve for the translation of the TM construct in the DOPC
lipid bilayer. The PMF shows how at relative low energetic cost of 0.5-1 kcal /mol it is possible
to push or pull the TM helix by as much as 3 A . A steeper increase in the free energy profile
was observed when the TM construct is translated toward the top layer of the membrane
suggesting that the JX region acts as a mechanical anchor so that pulling the TM out of
the membrane is more expensive than pushing it into the membrane. Taken together our
results suggest that the ligand induced extension may produce sufficient energy to pull the

TM upward and send a disruptive ”jolt” to the JX domain that sits on the membrane. In
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other words the extension of the ECD can mechanically be sensed by the intracellular region.

6.6 Membrane and intracellular effects on the free en-

ergy landscape of the sEGFR extension.

To determine how the presence of the membrane would influence the free energy maps calcu-
lated for the soluble constructs, we built two new grids (for the APO and the HOLO forms)
using the full EGFR construct embedded in the lipid patch. The grids were prepared following
the same procedure described for the sEGFR (see 5.4.1). 15 ns of umbrella sampling simula-
tions were then performed using the T27 topology for the APO grid and the T2 topology
for the HOLO grid, obtaining two new free energy maps.

Figure 6.24 compares the free energy landscape obtained with models of the SEGFR or the
full EGFR. Although limited to these two test cases, the remarkably similar landscapes ob-
served in umbrella sampling simulations with the T27 and T2 topologies suggested that the
explicit treatment of the lipid during the sampling as well as the presence of the intracellular

region of the receptor did not change the overall topography of the free energy surface.
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Conclusions and future issues

In this thesis project we developed a new computational approach that combined together
a structure-based and a physics-based coarse-grained model of protein systems. This new
structural representation, called ELNEDIN, is based on an elastic network (EN) as a scaffold
to maintain the structure of the molecule and a physics-based coarse-grained force field, the

MARTINTI force field, to model its intermolecular interactions.
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ELNEDIN models were extensively tested and compared with atomistic models especially
studying the correlations between the EN parameters (R and ksprine) and the ability of the
models to reproduce the structural and dynamical properties observed in molecular dynamic
simulations of atomistic models. It was established that values within 0.8 and 1.0 nm for R
and ranging from 500 to 1000 kJ.mol~'.nm~2 for kgprrne could provide adequate quantitative
agreement with atomistic simulations independently from the protein system. Moreover, the
use of ELNEDIN models allowed the overcoming of the time- and size-limitations that usually
put macromolecular systems out of reach of the atomistic MD simulations.

MD simulations of ELNEDIN models showed the ability of ELNEDIN to describe the
direction of biologically relevant structural transitions and in some case to reproduce the
transition in real time. The studies of several protein systems characterized by two known
conformational states (i.e. open and closed) showed how ELNEDIN models well describe
the direction of functional transitions in protein systems characterized by an high level of
collectivity and RMSD between the two conformations. Simulations of the open conformations
are more likely to reproduce the structural transitions with a degree of accuracy comparable
to the results obtained with established techniques such as NMA and ELNémo.

The ELNEDIN approach was applied to the study of the activation of the extracellular do-
main of epidermal growth factor receptor (sEGFR), a large transmembrane receptor with two
known and distinct conformational states. Equilibrium MD simulations of ELNEDIN models
of SEGFR revealed that the transition between the open (tethered) to closed (extended) con-
formations is prevented by some energetic barrier that prevents the spontaneous extension (or
closure) of the receptor. The study of the free energy landscape of the conformational space

defined by the inter-domain distances between the D1-D3 and D2-D4 domains, revealed that
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the D2 conformation, together with its specific interactions with D1 and mostly D3 is one
of the major players in maintaining the tethered conformation. The analysis of the changes
in the free energy landscape using different EN scaffolds pointed to the connecting region
between the D2 and D3 domains as the structural region responsible to stabilize the tethered
conformation.

We built an ELNEDIN model of the full EGF receptor that was simulated with an explicit
representation of water and coarse grained lipids in order to mimic the EGFR embedded in
the plasma membrane in vivo. Equilibrium MD simulations revealed the propensity of the
extracellular region of EGFR to fall flat on the membrane surface. The TM helix behavior
during the simulations revealed a lack of rotational coupling between the TM helix and the
extracellular and intracellular domains while a translational movement was observed during
EDSAMP simulations, suggesting a putative mechanical coupling during the EGFR extension.
Finally, the study of the free energy landscape in the context of the full receptor suggested
that the free energy of the extension process is not influenced by the presence of the membrane
or the intracellular region.

The next stage of this project will be based on the construction of a new ELNEDIN
model of the full receptor taking advantage of new structural informations on the intracellular
region of EGFR revealed by recently resolved crystal structures. Full EGFR models will be
simulated in different patches of lipids to evaluate the effect of the membrane composition
on the dynamics of the receptor. The use of full receptor models will allow the study of the
dimerization and oligomerization events simulating multiple copies of EGFR in large lipidic

patches and focusing on the dynamics of the TK activations.



Appendix: Molecular Dynamics simulations

A.1 Atomistic-MD

Atomistic (AT) simulations were performed in the NPT ensemble with the GROMACS sim-

ulation package [176] using either the GROMOS-43al or OPLS force fields. The non bonded

170



APPENDIX: MOLECULAR DYNAMICS SIMULATIONS 171

interactions included a Lennard-Jones potential (twin-range 1.0 nm cutoff with rlist param-
eter set to 1.4 nm). Short range (rcut 0.9 nm or 1.0 nm) electrostatics interactions were
described by a Coulomb potential. Long-range electrostatics interactions were treated using
either the reaction field (G43al) or the PME (OPLS) approach. The LINCS algorithm [89]
was used to constrain the length of all bonds. Berendsen coupling to an external bath was
used to maintain the temperature (7 = 0.1 ps ) and the pressure (7p = 1 ps) constant at
300 K and 1 bar respectively. Each system was immersed in a cubic box (d = 1.2 nm) filled
with SPC waters [177] some of which were replaced by counterions (Na®™ or C17) in order to

obtain an electrically neutral system. The general simulation protocol was as follows:

1. Energy minimization restraining all the heavy atom of the protein system and letting

the SPC water free.

2. Neutralization of the box charge via water-counterion substitution.

3. Energy minimization restraining all the heavy atom of the protein system and letting

the SPC waters and counter ions free.

4. 100 ps simulation (dt = 2fs) with restraints on the protein backbone (1000 kJ.mol~'.nm=2).

5. 100 ps simulation (dt = 2fs) with restraints on the protein Cas.

6. 20 to 100 ns simulation without position restrains.

As an alternative to steps 4 and 5 after the second minimization the temperature was brought
from 50 K to 300 K in a stepwise manner (50 K intervals) with 2 ps consecutive runs and

then the MD simulation will be continued from step 6.
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A.2 ELNEDIN-MD

The coarse-grained (CG) simulations were performed in NPT ensemble with the GROMACS
simulation package using the coarse-grain force field MARTINT [2, 94]. The non bonded
potentials were shifted Lennard-Jones and Coulomb potentials (rlist =1.2 nm). The pair
list were updated every 5 steps. Long range electrostatic forces were calculated from the
Coulombic potential assuming a dielectric constant of ¢ = 15. The LINCS algorithm was
used for constraining some side chain bond-lengths (see Appendix D.1). The Berendsen
coupling algorithm was used to maintain temperature (7 = 0.5 ps) and pressure (7 = 1.2 ps)
constant respectively at 300K and 1bar. Each system was immersed in a cubic box (d = 1.2
nm) filled with CG water molecules and 10% of these water molecule were substituted with
anti-freeze water particle. Initially the systems was minimized and then simulated for 50 ps
(dt = 1 fs) restraining first all the heavy atoms of the proteins (1000 kJ.mol~'.nm=2) and
successively only the Cas for 1 ns (dt = 20 fs). The MD simulations were then continued

without position restrains for 100 ns (dt = 20 fs).

A.2.1 ELNEDIN-MD sEGFR specific parameters.

The non bonded potentials were shifted Lennard-Jones and Coulomb potentials (rlist =1.2
nm). The pair list were updated every 5 steps. Long range electrostatic forces were calculated
from the Coulombic potential assuming a dielectric constant of € = 20. The LINCS algorithm
was used for constraining the side chain bond-lengths for some amino acids. The Berendsen
coupling algorithm was used to maintain temperature (7 = 0.5 ps ) and pressure (7 = 1.2

ps ) constant respectively at 300K and lbar. Each system was immersed in a rectangular
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box (d = 1.2 nm) filled with CG water molecules and 10% of these water molecule were
substituted with anti-freeze water particle. In order to relax both the solvent molecules and
the protein in the force field, each system was initially minimized and simulated for 200 ps
(dt = 20 fs) in the NVT ensemble freezing the protein beads; we then switch to the NPT
ensemble performing a new minimization followed by 400 ps of MD (dt = 20 fs), both with
position restraints (1000 k.J.mol™'.nm™2) on the backbone beads. The extended and tethered
ELNEDIN models were finally simulated for 500 ns without restraints in triplicate changing

the initial set of velocities.
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TABLE B.1: Non bonded interaction matrix

Q P N c
sub®  da d a 0 5 4 3 2 1 da d a 0 5 4 3 2 1
Q da o o o I o o o I I I I I IV V. VI vI  IX IX
d ) 1 o 11 o o o) I I I mr 1 Iv VvV VI VI IX X
a o o I 11 o o o I I I I mr 1v. v VI VIl IX X
0 11 11 11 v I e} I I mr I I oI IV V.o VI VII  IX X
P 5 e} e} e} I e} e} o o o I I I IV V. VI VI VII VI
4 o o o 1) 1) I I 11 11 mr I 1 v V.o VI VI VII VI
3 o e} e} I o I I I I 11 I 11 v IV vV Vv VI VII
2 I I I 11 o I I I I 11 I I ar v 1w v VI VII
1 I I I 111 e} I I I I I I 11 m 1 Iv IV vV VI
N da I I I 111 I 111 I I I 11 I 11 v IV VvV VI VI VI
d I mr I mr I 111 I I I I o I Iv IV V VI VI VI
a I I mr I I 111 I I I8} I I8 m v IV vV VI VI VI
0 v v v v v v v m IV oIV IV IV IV IV IV v VI
c 5 v v v v v v v v Iv IV IV IV IV IV IV IV V v
4 VI VI VI VI VI VI \ v v Vv \ \ v IV IV IV \% \%
3 VII VII VII VI VI VI \Y% \Y% v VI VI VI IV IV IV IV v v
2 IX IX IX IX VII VII VI VI % VI VI VI V VoV v v v
1 IX IX IX IX VIII VII VI VI VI VI VI VI VI V V v v v

%Level of interaction indicates the well depth in the Lennard-Jones potential:

0, € = 5.6 kJ.mol™};
I, e =50 kJmol % II, ¢ = 4.5 kJomol™!; III, ¢ = 4.0 kJ.mol™!; IV, ¢ = 3.5 kJmol™!; V, ¢ = 3.1
kJ.mol™!; VI, e = 2.7 kJ.mol™!; VII, ¢ = 2.3 kJ.mol™!; VIIL, ¢ = 2.0 kJ.mol™!; IX, ¢ = 2.0 kJ.mol~!.
The Lennard-Jones parameter ¢ = 0.47 nm for all interactions levels except for level IX for which ¢ =
0.62 nm. Four different CG sites are considered: charged (O), polar (P), nonpolar (N) and apolar (C).
Subscripts are used to further distinguish groups with different chemical nature: 0, no hydrogen-bonding
capabilities are present; d, groups acting as hydrogen bond donor; a, groups acting as hydrogen bond
acceptor; da, groups with both donor and acceptor options; 1-5 indicating polar affinity.



APPENDIX: MARTINI 2.1 PARAMETERS 176

TABLE B.2: Mapping of the amino acids in MARTINT force field v2.1

Side chain  CG representation = Mapping scheme®

Leu C1b -
Ile C1 -
Val C2 -
Pro C2 -
Met Cb5 -
Cys Ch -
Ser P1 -
Thr P1 -
Asn P5 -
Gln P4 -
Asp Qa -
Glu Qa -
Arg NO0-Qd N0:CB-Cy-Cé-Ne
Lys C3-Qd C3:Cp-C~-Co
His SC4-SP1-SP1 SC4:CB-Cy
SP1:Cé-Ne
SP1:Né§-Ce
Phe SC4-SC4-SC4 SC4:Cp-CH-Cé1
SC4:CH2-Ce2
SC4:Cel-C¢
Tyr SC4-SC4-SP1 SC4:CB-Cy-Cé1
SC4:C62-Ce2
SP1:Ce1-C¢{-OH
Trp SC4-SP1-SC4-SC4 SC4:Cp-Cy-Cé2
SP1:C61-Ne-Cel
SC4:Ce2-C¢2
SC4:Cel-Cwl

%he mapping scheme is reported only for
amino acids side chains consisting of more
than one CG bead

bFor the C1 and C2 particle types of the
amino acids, the interactions with Q particles
has been modified from the standard MAR-
TINI force field. In order to avoid clashes be-
tween these particles pairs, the Lennard-Jones
parameters o has been restored from 0.62 nm
to the standard value of 0.47 nm
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TABLE C.1: Side chain parameters

Residue # of beads Parameter® Reference value Force constant”

Gly 1 - - -

Ala 1 - - -

Cys 2 d(BAS-SI1) 0.24 94000

Val 2 d(BAS-SI1) 0.20 constrained

Leu 2 d(BAS-SI1) 0.265 81500

Ile 2 d(BAS-SI1) 0.225 13500

Met 2 d(BAS-SI1) 0.31 2800

Pro 2 d(BAS-SI1) 0.19 constrained

Asn 2 d(BAS-SI1) 0.25 61000

Gln 2 d(BAS-SI1) 0.30 2400

Asp 2 d(BAS-SI1) 0.255 65000

Glu 2 d(BAS-SI1) 0.31 2500

Thr 2 d(BAS-SI1) 0.195 constrained

Ser 2 d(BAS-SI1) 0.195 constrained

Lys 3 d(BAS-SI1) 0.25 12500
d(SI1-SI2) 0.30 9700
0(BAS-SI1-SI2) 150.0 20.0

Arg 3 d(BAS-SI1) 0.25 12500
d(SI1-S12) 0.35 6200
6(BAS-SI1-SI2) 150.0 15.0

His 4 d(BAS-SI1) 0.195 constrained
d(SI1-S12) 0.193 constrained
d(SI2-SI3) 0.216 constrained
d(SI1-SI3) 0.295 constrained
6(BAS-SI1-SI2) 135.0 100.0
0(BAS-SI1-SI3) 115.0 50.0

Phe 4 d(BAS-SI1) 0.34 7500
d(BAS-SI2) 0.34 7500
d(SI1-S12) 0.24 constrained
d(SI1-SI3) 0.24 constrained
d(SI2-SI3) 0.24 constrained
6(BAS-SI1-SI2) 70.0 100.0
6(BAS-SI1-SI3) 125.0 100.0

Tyr 4 d(BAS-SI1) 0.335 6000
d(BAS-SI2) 0.335 6000
d(SI1-S12) 0.24 constrained
d(SI1-SI3) 0.31 constrained
d(SI2-SI3) 0.31 constrained
6(BAS-SI1-S12) 70.0 100.0
6(BAS-SI1-SI3) 130.0 50.0

Trp 5 d(BAS-SI1) 0.255 73000
d(SI1-S12) 0.22 constrained
d(SI2-SI3) 0.25 constrained
d(SI3-S14) 0.28 constrained
d(SI4-SI1) 0.255 constrained
0(BAS-SI1-SI2) 142.0 30.0
0(BAS-SI1-SI3) 143.0 20.0
0(BAS-SI1-S14) 104.0 50.0
6(SI1-SI12-S14-S13) 180.0 200.0

“Distances are given in nm, angles in degrees and force
constant in kJ.mol~'.nm~2 and kJ.mol~! for bond and an-
gle potentials respectively. The symbol d(X-Y) designates
the distance between beads X and Y, and 6(X-Y-Z) desig-
nates the angle between beads X, Y and Z.

®The term “constrained” indicates that the bond was
constrained during the simulations.



Appendix: Full EGFR models building

D.1 Building of Fb1l

To create an ELNEDIN model of the ECD region of EGFR in the tethered conformation we
used the crystal structure of the EGFR in complex with the monoclonal antibody Cetuximab

(PDB ID: 1YY9) which presents a fully resolved ECD region. In order to build an atomistic
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model of the whole ECD region of EGFR in the extended conformation we took advantage
of the crystal structure of the sEGFR dimer in complex with EGF (PDB ID: 1IVO) which
present the whole domains 1 to 3 and part of D4 resolved. We superimposed residues 480-512
of 1YY9 onto the same residues of one monomer of 1IVO (chain A) using the first module of
D4 from 1IVO to have the D4 of 1YY9 oriented as in 1IVO. The two sets of coordinates were
finally joined adding residues 481-613 of 1YY9 to 1IVO to obtain a model for the full ECD

of EGFR in the extended conformation.

D.1.1 Addition of the TM

No crystal structures of the TM of EGFR are available, so we took advantage of an NMR
ensemble of structure of the TM of ErbB2 (PDB ID: 2JWA). The sequence of the first model
of 2JWA was changed to the EGFR one (based on a sequence alignment of the two sequences).
The junction between D4 and TM was made first superimposing the first 4 residues (GCPT)
of the TM onto the last 4 residue of the full ECDs (610-613) and then translating the last
residue of D4 onto residue 46 of the TM. In doing so we overcame the first two gaps in the
sequence alignment. The other two gaps present are canceling each other possibly affecting
just the position of some residues in the last turns of the TM helix. Finally a rotation around
the phi bond 615-616 was performed to have the TM pointing down and not toward the ECD

part of the receptor.

D.1.2 Addition of JX and TK

No crystal structures are available for the JX of EGFR however an NMR structure is present

(PDB ID: 1Z91I). As for the TK we used a crystal structure of the TK domain in the inactive
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conformation (PDB ID: 2ITW).

The NMR structure available presented three -helical segments, however it is not known
if they represent experimental artifacts in the definition of the structure of a very flexible
region. We chose to superimpose the common parts between JX and TM and JX and TK
and to maintain the structural information available from the TM and TK structures.

The junction between the TM helix and the JX region was built in two steps: the first 8
residues of the first NMR model of 1Z91 were superimposed onto the last 8 residues of the
TM helix, then residue 651 (residue 8 in 1Z9I model 1) of the fitted JX region was joined to
residue 84 in the TM helix. The junction between the JX region and the TK domain was
built superimposing the last 10 residues of the JX region (44-53 in 1791 or 687-696 in the
model numbering) to the corresponding residues in the TK structure, then residue 44 of the
JX structure was joined to residue 713 of the TK structure.

Once joined together the different structural pieces, we obtained two models (named full
build 1 or Fbl) for the full EGFR in extended (Fble) and tethered (Fblt) conformation

differing only in the extracellular domain conformation.

D.2 Building of Fb2

Since the D2 of Fbl was very close to the top layer of the membrane we lifted if increasing
the tilting of D4 with respect to the membrane creating Fb2e and Fb2t. This lift was done

arbitrarily using the program VMD.
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D.3 Building of Fb3, Fb4, Fb5

A further lifting of the D2 from the membrane plane was performed rotating the D4 around
the axis perpendicular to the membrane plane by 20 degrees (build 3 or Fb3). Two other
models (build 4 and 5 or Fb4 and Fb5) were created tilting sideways the D4 by -30 and -60

degrees around the x axis after orienting the principal axis of the TM helix with the z axis.



Appendix: Hierarchical Clustering

Cluster analysis, is a statistical technique that allows to group a set of data into subsets or
“clusters”, such that elements within each cluster are more closely related to one another
than elements assigned to different clusters[178].

Hierarchical Clustering is subdivided into agglomerative methods (bottom-up clustering),
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which proceed by series of fusions of the n objects into groups, and divisive methods (top-
down clustering), which separate n objects successively into finer groupings. Hierarchical
clustering may be represented by a two dimensional diagram known as dendrogram (Figure

E.1B) which illustrates the fusions or divisions made at each successive stage of analysis'.

A Cluster S

Cluster R

B
1,2,3,4,5,6,7

NOISIAIQ

AGGLOMERATION

006

FIGURE E.1: (A) Schematic representation of the average linkage method, the distance between
two clusters is defined as the average of distances between all pairs of objects; (B) Example of
dendrogram, the agglomerative and divisive methods are highlighted

There are several agglomerative methods: single linkage, complete linkage, average linkage,

average group linkage, etc. In the average linkage method (that we used), the distance

From http://nlp.stanford.edu/IR-book /html/htmledition
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between two clusters is defined as the average of distances between all pairs of objects, where

each pair is made up of one object from each group. The distance D(r,s) is computed as

D(r,s) = ( Nf:fvs) where T'rs is the sum of all pairwise distances between cluster r and cluster
s and Nr and Ns are the sizes of the clusters r and s respectively. At each stage of hierarchical

clustering, the clusters r and s , for which D(r, s) is the minimum, are merged?.

In our analysis we utilized the average linkage agglomerative methods.

2From http://www.resample.com /xIminer/help/HClst
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*okok *kk
*okok CRYSOL Wintel/UNIX/Linux version 2.6 ok

**x Please reference: D.Svergun, C.Barberato *okok

**kx & M.H.J.Koch (1995) J. Appl.Cryst., 28, 768-773 *xx
*x*x*%  Version (LMAX=50) for small and wide angles *kk

*okok Last revised --- 16/06/06 16:00 Hokok

**x  Copyright (c) ATSAS Team *kok

*okk EMBL, Hamburg Outstation, 1995 - 2006 *okok

*okok Hokok

Program options

0 - evaluate scattering amplitudes and envelope

1 - evaluate only envelope and Flms

2 - read CRYSOL information from a .sav file

Type crysol26 /help for batch mode use
Enter your option ...................... < 0 >:
Brookhaven file name ................... < .pdb >: INPUT.pdb

Following file names will be used:

INPUT00.log -- CRYSOL log-file (ASCII)

INPUT00.sav -- save CRYSOL information (binary)

INPUTOO.flm -- multipole coefficients (ASCII)

INPUT00.int --  scattering intensities (ASCII)

INPUTOO.fit -- fit to experimental data (ASCII)

INPUT00.alm -- net partial amplitudes (binary)

Maximum order of harmonics ........... < 15 >:
Order of Fibonacci grid ............... < 17 >:
—————————— Reciprocal space grid -------------

( in s = 4*pi*sin(theta)/lambda [1/angstrom] )

Maximum s value ............ccvuvinnennnn < 0.5000 >:
Number of points ...................... < 51 >:
Account for explicit hydrogens? [ Y / N ] < No >:
Read atoms and evaluate geometrical center ...

Number of atoms read ............. ...ttt : 6255
Number of discarded hydrogens ................... ... ... : 4557
Percent processed 10 20 30 40 50 60 70 80 90 100
Processing atoms IOOOOOOOOOO55555555555555555555555555>>
For 201 zero directions radius 3.63 assumed
Center of the excess electron density: 0.319 -0.606 0.187

Processing envelope:>>>>>>>>>>>5553>>>5555555>555555555>555555>

Coeffic
CRYSOL
--- Str
Electro:
Shape

Shell

Shell

Shell

Molecul
Displac
Number
Fit th
Electro
Contras
Average
Exclude
Average
Radius

Rg ( At
Rg from
Average
Intensi
Net amp

ients saved to file INPUTO00.flm
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